
Academic Editor: Antonella Piozzi

Received: 10 July 2025

Revised: 29 July 2025

Accepted: 31 July 2025

Published: 4 August 2025

Citation: Logigan, C.-L.; Peptu, C.;

Stan, C.S.; Luta, G.; Tiron, C.E.;
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Abstract

Liposomes (LPs) represent one of the most effective nanoscale platforms for drug delivery
in cancer therapy due to their favorable pharmacokinetic and various body tissue com-
patibility profiles. Building on recent findings showing that carbon dots derived from
N-hydroxyphthalimide (CDs-NHF) possess intrinsic antitumor activity, herein, we investi-
gate the possibility of preparing complex nano-platforms composed of LPs encapsulating
CDs-NHF and/or doxorubicin (DOX) for breast and lung cancer. Various LP formulations
were prepared and characterized using Cryo-TEM and Cryo-SEM for morphological analy-
sis, while zeta potential and fluorescence assessments confirmed their stability and optical
properties. Cellular effects were evaluated through immunofluorescence microscopy and
proliferation assays. LPs-CDs-NHF significantly reduced cancer cell viability at lower
concentrations compared to free CDs-NHF, and this effect was further amplified when
combined with doxorubicin. Mechanistically, the liposomal formulations downregulated
key signaling molecules including pAKT, pmTOR, and pERK, indicating the disruption
of cancer-related pathways. These findings suggest that LPs containing CDs-NHF, either
alone or in combination with DOX, exhibit synergistic antitumor activity and hold strong
promise as multifunctional nanocarriers for future oncological applications.

Keywords: liposomes; carbon dots (CDs-NHF); drug delivery; breast cancer; lung cancer;
doxorubicin synergy; signal transduction inhibition

1. Introduction
During the last decade, new, advanced, and promising applications have been de-

veloped based on carbon dots (CDs). The CDs are attractive nanomaterials due to their
outstanding physicochemical and photoluminescent properties facilitating the synthesis
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and encapsulation of novel materials, with potential applications in optoelectronics, catal-
ysis, and biomedicine [1,2]. As well, CDs have unique structural, thermal, mechanical,
electrical, and optical properties, respectively; facile functionalization, the possibility of
entrapment in various polymeric matrices, low toxicity, and biocompatibility, which gener-
ate particular interest for different biomedical applications including drug/gene delivery,
tissue engineering, bioimaging, respectively; and diagnoses and cancer therapy [2,3].

Within the last years, different types of drug delivery systems targeting breast and lung
cancer were developed for imparting the selective delivery of drugs to the desired site [4–7].
Moreover, there is an increasing interest in the development of nano-theranostically engi-
neered multimodal platforms for cancer treatment. In this context, few studies are focused
on the usefulness of a natural/polymeric delivery system capable of integrating CDs’
physicochemical and photoluminescent properties [8].

Liposomes are usually sphere-shaped vesicles with a size range of 10 nm−1 µm or
greater, consisting of multi-lipid layers surrounding an aqueous core enclosed by phospho-
lipid bilayers of natural or synthetic origin. LPs present a good affinity for cell membranes
and can easily bind to cell surfaces and facilitate drug transfer. Liposomal formulations
have been extensively investigated as a carrier and a great choice for the delivery of thera-
peutic agents. Compared with other delivery systems, LPs possess good properties like
cell-like membrane structure, biocompatibility, biodegradability, low toxicity, and a hy-
drophobic, hydrophilic character which facilitates the incorporation and targeted delivery
of both hydrophobic and hydrophilic molecules [9,10].

Several approved LPs for the treatment of cancer include Onivyde™, a pegylated
liposomal formulation for the treatment of pancreatic cancer; Marqibo®, a liposomal
formulation based on vincristine liposome for the treatment of blood cancer; Doxil®,
a liposomal doxorubicin formulation for the treatment of breast cancer; Visudyne®, a
liposomal formulation containing verteporfin used along with laser light treatment to treat
certain serious eye conditions (such as macular degeneration, pathologic myopia, and
ocular histoplasmosis); and Depocyt®, used for the treatment of acute nonlymphocytic
leukemia, meningeal leukemia, refractory leukemia, and lymphomatous meningitis [11].

All the recent advancements in the clinical management of many types of cancers,
such as breast, lung, and colorectal cancers, are still challenging due to advanced evolution,
escape from screening, and rapidly acquired resistance [12]. Cancer therapy, typically
surgery, chemotherapy, and radiotherapy, have several limitations like nonspecific targeting,
inducing multi-drug resistance, and excessive toxic effects leading to treatment failure and
disease recurrence [13–15].

Various signaling pathways, like PI3K/AKT/mTOR and EGF/RAS/RAF/MEK/ERK,
are pivotal in oncogenesis, associated with cancer progression and drug resistance in
different types of human cancer [16–18]. Several drugs targeting those pathways are in
clinical trials, mainly in combination with different therapies since monotherapy was not
satisfactory [19,20].

One of the most popular anticancer agents, Doxorubicin (DOX), is used for the treat-
ment of different types of cancers like ovarian, breast, prostate, lung, etc. [13]. One of
our recent studies demonstrated that the pyrolytic processing of chemicals such as NHF
(N-hydroxyphthalimide) and NHS (N-hydroxysuccinimide) results in CDs with interesting
antitumor activities [21].

Nanomedicine progress concerning cancer therapy allows for a more personalized
and precise delivery, and combined with other treatments, had a direct effect on local tumor
development and outcome [22]. The nanomedicine approach may comprise nanostructured
materials between 5 and 200 nm in diameter which carry therapeutic, diagnostic, and
theranostic compounds. In oncology, clinically approved nanostructures are molecular drug
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carriers designed to improve tumor drug delivery which includes polymeric/inorganic
nanoparticles, liposomes (LPs), protein–drug conjugates dendrimers, etc. [23–25]. Due to
the typically leaky and disorganized nature of tumor vasculature, cancer cells can readily
escape systemic circulation and infiltrate the surrounding extracellular space. Because of
that, nanomaterial drug carriers are preferentially entrapped in tumors and excluded by
normal tissues. Also, nanocarrier surfaces can be decorated with diverse structures like
polymers, proteins, and antibodies designed to prevent immune detection and improve
targeting and uptake in specific cell populations [26–29].

Embedding CDs in different matrices such as LPs [9], natural/polymeric nanoparticles
or capsules [30], and dendrimers [31] has great potential as a delivery system with enhanced
anticancer activity of the CDs. Moreover, a theranostic system formed from a liposomal
system including CDs or a drug or both can allow the observation of the CDs/drug
localization at a particular site (through fluorescence detection), visualization of its bio-
distribution, and evaluation of the therapeutic efficacy [32].

In this context, the literature includes only a few studies on liposomal formulations
encapsulating CDs. Demir et al. demonstrated in a relatively recent study the use of
liposomes for a theranostic purpose as a novel multimodal platform for a CDs, curcumin,
and anti-CD44 antibody combination for cancer treatment. They found that the prepared
theranostic LPs-loaded anti-CD44 antibody showed an enhanced effect on cancer cells
compared to curcumin-loaded and CUR/CD-loaded LPs [33]. Guan et al. [34] succeeded in
preparing glycosylated LPs-loaded CDs for the targeted recognition of HepG2 cells. The
results showed that obtained Man-CDs-LPs have a dual use and can be used for specific
recognition, but also for tracking the interaction between carbohydrates and glycoprotein by
the fluorescence images of CDs. Another study concerning CDs-loaded LPs was performed
by Ren et al. [35] The developed multifunctional LPs were loaded with a hydrophilic
near-infrared CD as a nanocarrier and tracer of the lipophilic anticancer agent cinobufagin.
The LPs displayed some advantages such as lysosomes-targeted cellular imaging, tumor-
targeted delivery, enhanced photoluminescence emission/imaging, enhanced cellular
uptake, and improved anticancer activity.

This study focuses on developing various LPs formulations as multifunctional delivery
systems for CDs-NHF and/or DOX. We hypothesize that LPs formulations can enhance
the efficacy of CDs-NHF by improving their water solubility and reducing aggregation,
which otherwise limits their clinical antitumor potential. Liposomes (LPs) prepared using
the reverse-phase evaporation method demonstrated an effective and reliable approach for
liposome production. The resulting LPs showed an excellent capacity for encapsulating
CDs-NHF/DOX and may be considered as a potential nano-formulation for antitumor
applications. Moreover, our previous works [36,37] succeeded in proving that CDs-NHF
entrapped in a polymeric matrix presented antitumoral activity. In this investigation, we
describe a slightly modified method for preparing various LPs formulations based on
Phospholipon G and cholesterol using the reverse-phase evaporation technique. LPs char-
acterization was carried out in terms of size (dynamic light scattering—DLS), morphology
visualized via Cryo-Transmission Electron Microscopy (Cryo-TEM), Cryo-Scanning Elec-
tron Microscopy (Cryo-SEM), fluorescence analysis, and drug loading properties. In vitro
studies of prepared LPs formulations were performed. The results revealed that LPs-loaded
CDs-NHF significantly reduced mammary and lung cancer cell viability at lower doses
compared to control CDs-NHF. That effect was further potentiated by LPs-CDs-NHF associ-
ation with DOX. CDs-NHF-loaded LPs affected the expression of major molecules involved
in oncogenesis like AKT, mTOR, and ERK.

Among various clinically used chemotherapeutic agents, doxorubicin (DOX) was
selected in this study due to its extensive application in breast and lung cancer therapies,
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which represent the main focus of this investigation. Additionally, DOX is known for its
compatibility with liposomal encapsulation—as evidenced by several approved liposomal
formulations such as Doxil®—and possesses intrinsic fluorescence, which facilitates dual-
tracking when combined with CDs-NHF. Furthermore, its amphiphilic nature allows for
efficient entrapment within lipid bilayers, making it an ideal candidate for inclusion in a
multifunctional liposomal delivery system with both therapeutic and diagnostic potential.

2. Results and Discussion
2.1. Preparation and Characterization of LPs Formulations

An important role in the preparation of LPs formulations is played by the selection
of lipid composition which usually dictates the drug binding, distribution, and retention
capacity of the LPs, respectively, and the drug release rate from the LPs. Also, another
important parameter that can modulate membrane permeability and biological stability is
cholesterol. This study aimed to examine the antitumoral activity of developed LPs loaded
with CDs-NHF; DOX or CDs-NHF-DOX. LPs size, zeta potential, drug/lipid content, and
the antitumoral effect using in vitro cancer cell line models were studied.

2.1.1. LPs Formulations Preparation

The reverse-phase evaporation (REV) method was selected for liposome preparation
due to its versatility and high encapsulation efficiency, especially for amphiphilic and
hydrophilic molecules such as CDs-NHF and DOX. Unlike other methods, like thin-film
hydration or ethanol injection, the REV method facilitates the formation of multilamellar
vesicles (MLVs) with large internal aqueous volumes, providing an ideal microenvironment
for the co-loading of therapeutic agents with different solubility profiles. Additionally,
the process allows for better control over vesicle size and lamellarity, which is critical for
the reproducibility and scale-up of multifunctional liposomal systems. Given the goal
of integrating two bioactive compounds with distinct mechanisms of action into a stable
nanosystem, REV proved to be the most appropriate and efficient approach.

The proposed pathway to obtain LPs based on Phospholipon 90G and cholesterol was
a reverse-phase evaporation method, slightly modified [38]. The selected method involves
the dissolution of the PC-G and CHOL in 10 mL of solvent (diethyl ether).

Next, a fixed volume of the previously prepared PBS or CDs-NHF/CDs-NHF-DOX/DOX
suspension was slowly added dropwise to the solvent phase using a 1 mL syringe, through
a rubber septum. During this step, the lipids spontaneously rearranged at the water/oil
interface, leading to the formation of a microemulsion. The microemulsion was then subjected
to sonication for 2 min to ensure the formation of a homogeneous dispersion.

Subsequently, the resulting microemulsion was transferred to a rotary evaporator,
where the solvent phase was slowly removed under reduced pressure. The gradual removal
of the solvent facilitated the formation of liposomes (LPs). The resulting LPs suspension
was further homogenized using a vortex mixer for 2 min and placed in an ultrasonic
bath for 30 min to obtain a uniform dispersion and dissociate any pre-formed aggregates.
To reduce the size of the LPs, the final aqueous suspension was sequentially extruded
through 400 nm, 200 nm, and 100 nm polycarbonate membranes using a mini-extruder
(Avanti Polar Lipids, Alabaster, AL, USA). The obtained LPs were then purified by dialysis
against distilled water for five days. The parameters used in the LP preparation process are
summarized in Table 1.
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Table 1. LPs formulations preparation parameters.

Sample ID

Pre-Purification Post-Purification

PC-G,
mg/mL

CHOL,
mg/mL

Diethyl
Ether, mL

PC-G,
mg/mL

CDs-NHF or
DOX/Lipid,

mg/mL

Control cells - - - - -

Cells-loaded LPs - - - - -

Cells-loaded
LPs-CDs-NHF - - - - -

CDs-NHF - - - - -

Control LPs 60 40 10 23 -

LPs-CDs-NHF 60 40 10 17 0.13

LPs-DOX 60 40 10 13 0.35

LPs-CDs-NHF-DOX 60 40 10 12
0.219 (CDs)

0.373 (DOX)

Next, the LPs PC-G concentration (mg/mL) was determined via a Stewart assay
and the results can be seen in Table 1. The variation in the PC-G concentration after the
purification step was between 12 and 23 mg/mL. Moreover, the LPs’ potential for effective
use as a controlled drug delivery system for different biomedical applications was analyzed.
Considering the possibility of reducing the nonspecific organ toxicity, LPs were loaded
with CDs-NHF, DOX, and CDs-NHF-DOX, respectively. The prepared liposomes were
capable of including 98.2% of CDs-NHF and 97.7% of DOX, showing a high capacity of the
LPs to entrap biologically active compounds.

DOX and CDs-NHF encapsulation efficiency (DEE) represents the drug quantity
added (%) in the LPs preparation step and divided by the total drug quantity which is
encapsulated in the LPs formulation. The DEE of DOX/CDs-NHF from LPs was calculated
with Equation (1).

DEE =
Actual drug(DOX or CDs − NHF) content loaded in LPs

Theoretical drug content (DOX)
× 100 (1)

As shown in Table 1, the LP formulations exhibited a good encapsulation capacity.
A higher drug concentration was observed for DOX (4.57 mg/mL) compared to CDs
(2.27 mg/mL). However, when both CDs-NHF and DOX were co-loaded into the LPs, the
overall concentration remained within a similar range.

2.1.2. LPs Formulations Morphology

LPs morphology was investigated by Cryo-TEM (Figure 1) and Cryo-SEM (Figure 2),
respectively.

Cryo-TEM micrographs of the unloaded liposomes, as well as those loaded with CDs-
NHF, DOX, or both, confirmed the successful preparation of liposomal formulations as
multilamellar vesicles (MLVs) with a spherical morphology (Figure 1). Also, the obtained
MLVs are presenting several concentric bilayers with a mean particle size ranging from
300 to 1000 nm, in concordance with the DLS analysis results (Table 2, Figure S1). Cryo-
TEM images of the LPs revealed discrete and intact structures without aggregation. A
further investigation via Cryo-SEM (Figure 2) for control LPs also demonstrated that the
LPs were obtained and presented a spherical shape.
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(a) LPs 

     
(b) LPs-CDs 

     
(c) LPs-CDs-DOX 

     
(d) LPs-DOX 

     
(e) CDs-NHF 

Figure 1. Cryo-TEM images for all LPs formulations and CDs-NHF. (a) Cryo-TEM images for LPs,
(b) Cryo-TEM images for LPs-CDs, (c) Cryo-TEM images for LPs-CDs-DOX, (d) Cryo-TEM images
for LPs-DOX, (e) Cryo-TEM images for the prepared CDs-NHF via the pyrolytic process revealed
that obtained CDs-NHF are small entities in the 20–50 nm range.
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Figure 2. Cryo-SEM images of control LPs.

Table 2. Size distribution of LPs formulations.

Sample ID Diameter (DLS ± SD), nm Zeta Potential (mV)

Control cells - −8.11

Cells-loaded LPs - −6.10

Cells-loaded LPs-CDs-NHF - −11.98

CDs-NHF 44 −10.47

LPs 384 −33.12

LPs-CDs-NHF 1016 −24.86

LPs-DOX 917 −23.67

LPs-CDs-NHF-DOX 801 −26.57

2.1.3. LPs Formulations Size and Zeta Potential

The size and zeta potential (ZP) of the liposomal formulations were evaluated, and
the results are summarized in Table 2 and Supplementary Figure S1. The measurements
revealed an average vesicle size ranging from 384 to 1000 nm. These findings confirm that
the employed preparation method successfully yielded multilamellar vesicles (MLVs) with
a characteristic spherical morphology, composed of multiple lipid bilayers encapsulating an
aqueous core. Dynamic light scattering (DLS) analysis further indicated a size increase for
LPs loaded with CDs-NHF, DOX, and CDs-NHF-DOX compared to the unloaded (control)
liposomes. This enlargement in vesicle size may be attributed to interactions between the
encapsulated CDs-NHF and/or DOX molecules and the lipid bilayers, potentially affecting
the structural organization of the vesicles. Similar effects have been reported in the litera-
ture, where the incorporation of hydrophilic or amphiphilic agents leads to modifications
in liposomal size and membrane dynamics due to drug–lipid interactions [39,40].

ZP knowledge of the prepared liposomal formulation is critical for the LPs design
and quality control. LPs’ ZP was evaluated to establish surface charge stability via the
Smoluchowski Equation (2):

ξ =
ηµ

ε
and kα ≫ 1 (2)

where

η—viscosity;
ε—dielectric constant;
k and α—Debye-Hűckel parameter, and LPs radius.

As a result, the LPs’ ZP (Supplementary Figure S2 and Table 2) revealed that MLVs
formulations are presenting a high dispersion stability, which leads to a strong electrostatic
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repulsion interaction preventing the aggregation of MLVs and a higher entrapment capacity,
respectively [40,41].

2.1.4. LPs Formulations Fluorescence Abilities

Figure 3 and Table 3 present the emissions profiles of CDs-NHF, unloaded lipo-
somes (LPs), LPs loaded with CDs-NHF, and LPs loaded with CDs-NHF-DOX, recorded
at an excitation wavelength of 370 nm. The results show that the control LPs exhibit
no detectable emissions, in contrast to the pronounced photoluminescence of CDs-NHF
and the corresponding loaded LP formulations. For free CDs-NHF, a maximum emission
intensity was observed at 447 nm. In comparison, the emission peaks of CDs-NHF in
the LPs-CDs-NHF and LPs-CDs-NHF-DOX systems were shifted to 408 nm and 405 nm,
respectively, (as shown in Table 3). Furthermore, the emission intensity of CDs-NHF was
reduced by approximately 50% upon encapsulation within the liposomal structure. This
decrease in emission intensity could be attributed to the interaction with the liposomal
bilayer, which may partially quench or shield the fluorescent signal, potentially through
the interference with the optical pathway or limited accessibility of the excitation/emission
light. These observations suggest that the phosphatidylcholine-based lipid (PC-G) matrix
plays a significant role in modulating the photoluminescence behavior of CDs-NHF within
the LP formulations.

 

Figure 3. Emission spectra of CDs-NHF, LPs, LPs-CDs-NHF, and LPs-CDs-NHF-DOX formulations
suspended in H2O.

Table 3. Fluorescence results obtained for CDs-NHF, LPs, LPs-CDs-NHF, and LPs-CDs-NHF-DOX
formulations.

Sample ID Excitation (nm) Emission Peaks (nm) Intensity (Counts)

CDs-NHF 370 447 9.27641 × 105

Control LPs 370 0 0

LPs-CDs-NHF 370 408 4.55403 × 105

LPs-CDs-NHF-DOX 370 405 5.26137 × 105(CDs-NHF)

LPs-CDs-NHF-DOX 370 557 3.46898 × 105(DOX)

LPs-CDs-NHF-DOX 370 593 3.42876 × 105(DOX)

In addition, the photoluminescent properties of the LPs formulations were visually
assessed under both daylight and UV illumination using a Philips UVA TL4WBLB lamp (emis-
sion maximum at 370–390 nm) and a 50 mW laser diode at 440 nm (Supplementary Figure S3).
The visual observations were consistent with the fluorescence spectroscopy results, further
confirming the presence and emission behavior of the CDs.



Int. J. Mol. Sci. 2025, 26, 7535 9 of 21

2.2. In Vitro Studies

The liposomal formulations containing CDs-NHF significantly inhibited the viability of
breast (MDA-MB-231) and lung (A549) cancer cells. Given the high mortality and incidence
associated with these types of cancer, we evaluated the effects of several formulations:
empty liposomes (LPs), unencapsulated CDs-NHF, and LPs-CDs-NHF. All were tested at
concentrations of 0.1%, 1%, and 5%.

Figure 4 shows that CDs-NHF at a 5% concentration inhibited cancer cell proliferation,
consistent with our previous findings [37]. Moreover, liposomal encapsulation of CDs-
NHF amplified the antitumor effect, particularly in MDA-MB-231 and A549 cell lines
(Figure 4A,B, columns 9–10). Notably, this treatment did not affect the viability of the
normal breast epithelial cell line MCF-10A (Supplementary Figure S4).

 

 

Figure 4. The effect of LPs-loaded CDs-NHF in cancer cell viability: (A) MDA-MDB231; (B) A549.
1 untreated; 2–4 empty LPs; 5–7 unencapsulated CDs-NHF; and 8–10 LPs encapsulated CDs-NHF.
* p <0.05; ** p < 0.005; *** p < 0.0005; and ****** p < 0.00000005.

DOX-loaded liposomes also reduced breast and lung cancer cell viability. While DOX
is a widely used chemotherapeutic agent, its clinical application is limited by systemic side
effects [22]. LPs have been shown to enhance the therapeutic index of drugs, and this effect
was also evident in our study (Figure 5). Four different formulations were tested: free
DOX, DOX-loaded LPs, LPs containing both CDs-NHF and DOX, and LPs with CDs-NHF
suspended in a DOX solution.

DOX significantly reduced cancer cell viability (Figure 5A,B, columns 2–4), and this
effect was further enhanced by DOX-loaded liposomes (columns 5–7). Interestingly, LPs
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containing both CDs-NHF and DOX (columns 8–10) did not show further potentiation
compared to DOX-LPs alone. However, when CDs-NHF-loaded LPs were administered
alongside free DOX (columns 11–13), a marked reduction in cell viability was observed.
This suggests that co-encapsulation may limit the efficacy of CDs-NHF, potentially due to
interference within the same endocytic pathway, while separate administration allows each
agent to exert its effect independently and synergistically.

 

 

Figure 5. The effect of Doxorubicin in cancer cell viability: (A). MDA-MDB231; (B). A549. 1 un-
treated; 2–4 DOX; 5–7 LPs encapsulated DOX; 8–10 LPs encapsulated CDs-NHF—DOX (0.1%, 1%,
and 5%/1:8000); and 11–13 LPs encapsulated CDs-NHF (0.1%, 1%, and 5%) suspended in DOX
(1:8000). * p < 0.05; ** p < 0.005; *** p < 0.0005; **** p <0.00005; ***** p <0.000005; ****** p < 0.0000005,
******* p < 0.00000005, and ********* p < 0.0000000005.

CDs-NHF treatment also reduced the expression of phosphorylated Akt (pAkt 1/2/3),
a key player in the PI3K/Akt/mTOR pathway implicated in tumor progression and treat-
ment resistance [17,18]. The Akt family members—Akt 1,2,3—have different roles in
invasion, migration, and metastasis dissemination [42].

Figure 6 shows that 5% CDs-NHF significantly downregulated pAkt in both MDA-
MB-231 and A549 cells (Figure 6Ab,Bb) compared to untreated controls (Aa, Ba). DOX
treatment, on the other hand, increased pAkt expression and altered cell morphology,
particularly in A549 cells (Ad, Bd). The combination of LPs-loaded CDs-NHF with free
DOX further reduced the pAkt expression, except in the MDA-MB-231 group treated with
1% CDs-NHF, likely due to insufficient concentration to overcome treatment resistance.
All the obtained data highlights the important ability of CDs-NHF encapsulated in LPs to
reduce metabolic activities in investigated malignant cells.



Int. J. Mol. Sci. 2025, 26, 7535 11 of 21

 

Figure 6. Level of pAkt (1,2,3): (A). MDA-MB231 cells; (B). A549 cells; (Aa,Ba) untreated; (Ab,Bb) un-
encapsulated CDs-NHF 5%; (Ac,Bc) LPs; (Ad,Bd) free DOX; (Ae,Be) LPs encapsulated CDs-NHF 1%
suspended in DOX; (Af,Bf) LPs encapsulated CDs-NHF 2.5% suspended in DOX; and (C,D) quantifi-
cation of fluorescence straining.

To further investigate the underlying mechanisms, pmTOR expression was assessed
and found to be reduced following CDs-NHF treatment. The mammalian target of ra-
pamycin (mTOR), a downstream effector of Akt, plays a key role in cancer cell proliferation,
apoptosis, and cell cycle regulation [43].

Downstream of pAkt, pmTOR expression was also reduced following CDs-NHF
treatment Figure 7Ab,Bb, whereas it increased in DOX-treated groups (Ad,Bd). Co-
administration of LPs-loaded CDs-NHF and soluble DOX reduced pmTOR expression
across all treatment groups (Ae–f,Be–f), highlighting the potential of this combination to
inhibit the PI3K/Akt/mTOR signaling axis.
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Figure 7. Expression levels of pmTOR: (A). MDA-MB231 cells; (B). A549cells; (Aa,Ba) untreated;
(Ab,Bb) unencapsulated CDs-NHF 5%; (Ac,Bc) LPs; (Ad,Bd) free DOX; (Ae,Be) LPs encapsulated
CDs-NHF 1% suspended in DOX; (Af,Bf) LPs encapsulated CDs-NHF 2.5% suspended in DOX; and
(C,D) quantification of fluorescence straining.

Treatment-dependent changes were also observed in the pERK1/2 expression. This
protein, part of the MAPK signaling cascade, is involved in cancer cell migration and
invasion [44].

Moreover, triple-negative breast cancer (TNBC) patients with a high ERK expression
have a poorer survival rate than those with ERK with a low expression [45–48]. Both cell
lines exhibited high baseline pERK1/2 levels, which were significantly reduced by CDs-
NHF (Figure 8Ab,Bb). DOX treatment increased the pERK expression in A549 cells only
(Figure 8Ad,Bd), indicating cell-type-specific responses. Notably, LPs-loaded CDs-NHF
combined with DOX reduced pERK1/2 levels in both cell types, although 1% CDs-NHF
showed an unexpected increase, again suggesting a concentration-dependent effect.
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Figure 8. Level of pERK1/2: (A). MDA-MB231 cells; (B). A549 cells; (Aa,Ba) untreated; (Ab,Bb) un-
encapsulated CDs-NHF; (Ac,Bc) LPs; (Ad,Bd) free DOX; (Ae,Be) LPs encapsulated CDs-NHF 1%
suspended in DOX; (Af,Bf) LPs encapsulated CDs-NHF 2.5% suspended in DOX; and (C,D) quantifi-
cation of fluorescence straining.

Our previous studies demonstrated that CDs-NHF reduce HSP90 expression in both
in vivo and ex vivo cancer models, supporting their role in modulating oncogenic stress
responses. Specifically, in a 4T1 murine breast cancer model, CDs-NHF treatment led to a
decreased HSP90 and Ki67 expression as well as reduced metastatic dissemination, while
in U87 glioma cells, CDs-NHF suppressed pAKT, p70S6Kinase, and other key signaling
molecules involved in tumor survival and progression. These results suggest that the
observed downregulation of HSP90 may be mediated indirectly through the inhibition of
the PI3K/AKT axis and related pathways [45,46].

CDs-NHF treatment reduced HSP90 expression, a molecular chaperone involved in
cancer progression (Figure 9). Combined treatment with encapsulated CDs-NHF and
DOX further suppressed HSP90 levels, except in the group with 1% CDs-NHF, which was
comparable to CDs-NHF alone. DOX treatment alone increased HSP90 expression.
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Figure 9. Expression levels of HSP90: (A). MDA-MB231 cells; (B). A549 cells; (Aa,Ba) untreated;
(Ab,Bb) unencapsulated CDs-NHF; (Ac,Bc) LPs; (Ad,Bd) free DOX; (Ae,Be) LPs encapsulated CDs-
NHF 1% suspended in DOX; (Af,Bf) LPs encapsulated CDs-NHF 2.5% suspended in DOX; and
(C,D) quantification of fluorescence straining.

The intrinsic antitumor activity of CDs-NHF is likely mediated through a combination
of mechanisms. Prior in vivo and ex vivo studies have demonstrated that CDs-NHF induce
oxidative stress and mitochondrial dysfunction, while also modulating key oncogenic
signaling cascades such as PI3K/Akt and MAPK. These effects result in the downregulation
of HSP90, Ki67, pAKT, p70S6K, and pERK, impairing tumor cell viability, proliferation,
and invasiveness [45,46]. Notably, these effects appear to be selective for malignant cells, as
no significant cytotoxicity was observed in normal epithelial cells, further supporting the
therapeutic potential of CDs-NHF as a multifunctional antitumor agent.

Together, these results indicate that CDs-NHF impacts key oncogenic pathways
(PI3K/Akt/mTOR and MAPK) and that combining CDs-NHF with DOX enhances this
effect. Nanotechnology-based formulations, such as LPs, offer promising strategies to
improve drug efficacy and reduce toxicity [29,47–53].
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3. Materials and Methods
3.1. Materials

The following materials were used for the experiments: Phospholipon 90G (phos-
phatidylcholine, from Lipoid), cholesterol, N-hydroxyphthalimide, ferric chloride hexahy-
drate, ammonium thiocyanate, and diethyl ether were purchased from Sigma-Aldrich
(St. Louis, MO, USA), doxorubicin (from Teva Pharmaceuticals Srl, Bucharest, Roma-
nia) and Milli-Q ultrapure distilled water from Merck Chemicals (Darmstadt, Germany).
MCF-10A (ATCC) (a gift from Prof. Dr. J. Lorens) was maintained in DMEM/F12 sup-
plemented with 5% horse serum; 20 ng/mL EGF; 10 ug/mL insulin; 0.5 ng/mL hydro-
cortisone; 10 ng/mL cholera toxin; 1% Pen/Strep; and bovine serum were purchased
from Sigma-Aldrich (St. Louis, MO, USA). MDA-MB-231 (ATCC) was cultured in F-12K
Medium, supplemented with 100 U/mL of penicillin and 100 µg/mL of streptomycin
and 5% bovine serum; A549 (ATCC) was cultured in F-12K Medium, supplemented with
100 U/mL of penicillin and 100 µg/mL of streptomycin and 5% bovine serum. Mouse
anti-human pAkt sc-271966, Mouse anti-human pmTOR sc-293133, Mouse anti-human
pERK1/2 sc-13652, and HSP90 (Cell Signaling Technology, Bucharest, Romania, E289) were
used for immunofluorescence staining. All reagents were used as provided, without further
purification or modification.

3.2. Instrumentation

The morphology of LPs, CDs, LPs-CDs-NHF, LPs-DOX, and LPs-CDs-NHF-DOX was
characterized by Cryogenic Transmission Electron Microscopy (Cryo-TEM) images, which
were obtained using a Tecnai F20 X TWIN microscope (FEI Company, Hillsboro, OR, USA)
equipped with a field emission gun, operating at an acceleration voltage of 200 kV. Images
were recorded on the Gatan Rio 16 CMOS 4k camera (Gatan Inc., Pleasanton, CA, USA) and
processed with Gatan Microscopy Suite (GMS) software (Gatan Inc., Pleasanton, CA, USA).
Specimen preparation was performed by vitrification of the aqueous solutions on grids
with holey carbon film (Quantifoil R 2/2; Quantifoil Micro Tools GmbH, Großlöbichau,
Germany). Prior to use, the grids were activated for 15 s in oxygen plasma using a Femto
plasma cleaner (Diener Electronic, Ebhausen, Germany). Cryo-samples were prepared
by applying a droplet (3 µL) of the suspension to the grid, blotting with filter paper, and
immediately freezing in liquid ethane using a fully automated blotting device Vitrobot
Mark IV (Thermo Fisher Scientific, Waltham, MA, USA). After preparation, the vitrified
specimens were kept under liquid nitrogen until they were inserted into a Cryo-TEM-holder
Gatan 626 (Gatan Inc., Pleasanton, CA, USA) and analyzed in the TEM at −178 ◦C.

Also, LPs’ morphology was investigated by the Cryo-SEM technique. SEM images
were recorded using a Hitachi SU 1510 (Hitachi Company, Japan) Scanning Electron Mi-
croscope, LPs were fixed on an aluminum stub and frozen at −20 ◦C with a Peltier stub
before observation.

CDs-NHF, all LPs formulations, and cells mean diameter, size distribution, and zeta
potential were analyzed via Delsa Nano C Submicron Particle Size Analyzer using the
dynamic light diffusion (DLS), which measures the Brownian motion of the particles and
correlates it with their size. The relationship between the size of a particle and its speed is
given by the Stokes–Einstein Equation (3):

DH =
kBT

3πηD
(3)

where

DH is the hydrodynamic diameter;
D is the diffusion coefficient;
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kB is Boltzmann’s constant;
T is the temperature;
η is the viscosity of the medium.

For sample preparation, 1–2 drops of each concentrated LPs formulation were dis-
persed in 2 mL of distilled water, followed by ultrasonication for 1 min. The zeta potential
(ZP) analysis was conducted using the same protocol as the particle size measurements.
All measurements were performed in triplicate to ensure reproducibility.

The photostability of CDs-NHF and all LPs formulations was assessed using a Horiba
Fluoromax-4P spectrofluorometer (Fluor Essence software, Version 35.1.20) equipped
with a Quanta-φ integrating sphere. Additionally, visual testing of photoluminescence
properties was performed under a Philips UVA TL4WBLB lamp (München, Germany;
λ_max = 370 nm) and a 50 mW laser diode emitting at 440 nm.

Cell viability studies were carried out using a multi-mode plate reader (FilterMax F5),
while immunofluorescence imaging was performed on a Zeiss Axio Observer Z1 micro-
scope (TissueGnostics platform, Zeiss, Hilden, Germany).

3.3. Methods
3.3.1. Preparation of LPs Formulations

First, the carbon dots (CDs) were synthesized using a simple one-step pyrolytic
method, as described by Stan et al. [54]. The resulting CDs exhibited a small average size
of approximately 44 nm and were utilized in their suspension form for incorporation into
the liposomal (LP) formulations.

To prepare the liposomal formulations—namely control liposomes (LPs), liposomes
loaded with carbon dots (LPs-CDs-NHF), liposomes loaded with doxorubicin (LPs-DOX),
and dual-loaded liposomes (LPs-CDs-NHF-DOX)—a slightly modified reverse-phase evap-
oration method, adapted from Xue et al. [38], was employed. Initially, Phospholipon 90G
(phosphatidylcholine, PC-G; 60 mg) and cholesterol (CHOL; 40 mg) were dissolved in
10 mL of diethyl ether (in a 1:1.5 molar ratio) in a round-bottom flask.

For the preparation of control LPs, 1.5 mL of distilled water was added dropwise
via a syringe through a rubber septum to form a water-in-oil emulsion. The mixture was
then subjected to sonication for 2 min to facilitate emulsification. Subsequently, the solvent
was removed by rotary evaporation (Heidolph Laborota 4002, 60 rpm, 35 ◦C, and under
reduced pressure) until the disappearance of the gel phase was observed.

The resulting LPs suspension was homogenized by vortexing for 2 min and then
placed in an ultrasound bath for 30 min to ensure uniform dispersion and to break potential
aggregates. The liposomes were further size-reduced by sequential extrusion through
polycarbonate membranes with pore sizes of 400 nm, 200 nm, and 100 nm using a mini-
extruder (Avanti Polar Lipids, Alabaster, AL, USA).

For the preparation of LPs-CDs-NHF, LPs-DOX, and LPs-CDs-NHF-DOX, the same
protocol was followed, with the exception that the 1.5 mL of distilled water was replaced
with 1.5 mL of either an aqueous suspension of CDs-NHF (4 mg/mL), a DOX solution
(2 mg/mL), or a combined CDs-NHF and DOX suspension.

Finally, all liposomal suspensions were purified by dialysis against Milli-Q water
using cellulose ester membrane bags (molecular weight cutoff: 12,400 Da) for 5 days to
remove unencapsulated components. The encapsulated amounts of carbon dots and/or
doxorubicin were quantified by disrupting the liposomes with Triton X-100.

3.3.2. Determination of Phospholipids Concentration by Stewart Assay

Phosphatidylcholine (PC) content was determined using the Stewart assay [55], a
colorimetric method based on the formation of a red-colored complex between the phos-
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pholipid headgroups and ammonium ferrothiocyanate. This complex is extractable into
an organic phase (chloroform) and can be quantitatively analyzed spectrophotometri-
cally without interference from inorganic phosphate. All purified LPs formulations were
analyzed using this technique.

The assay procedure included several key steps. Initially, a 0.1 M ammonium ferroth-
iocyanate solution was prepared, along with a standard calibration curve using known
concentrations of PC-G. Standard solutions and six liposomal samples were transferred
into 10 mL volumetric tubes, sealed with aluminum foil, and processed in triplicate. Each
tube was vortexed vigorously for 15 s and left to stand at room temperature for 20 min to
ensure complete reaction.

Following incubation, the aqueous phase (containing excess ammonium ferrothio-
cyanate) was carefully removed using a Pasteur pipette. The remaining organic (chlo-
roform) phase, containing the PC-G complex, was analyzed at 485 nm using a UV-Vis
spectrophotometer. The phosphatidylcholine concentration was calculated by comparing
the absorbance values with the previously established calibration curve.

3.3.3. In Vitro Studies
Cell Viability

Cell viability was assessed using the CellTiter-Glo® Luminescent Cell Viability Assay.
Cells were seeded in 96-well flat-bottom tissue culture plates at a density of 2000 cells/well
and incubated overnight at 37 ◦C in a 5% CO2 atmosphere to allow adherence. After
attachment, the cells were treated with different concentrations (0.1%, 1%, 2.5%, and 5%)
of the following: empty liposomes (LPs), unencapsulated CDs-NHF, liposomes loaded
with CDs-NHF, and liposomes loaded with CDs and suspended in DOX solution. Control
cells received the same volume of medium used as a vehicle, as per the manufacturer’s
instructions. After 72 h of treatment, 50 µL of the CellTiter-Glo® reagent was added to each
well, followed by 4 h of incubation. Luminescence was then measured using a multi-well
plate reader (FilterMax F5).

Immunofluorescence (IF)

Samples were fixed with 4% paraformaldehyde for 30 min, then blocked in PBS
containing 5% normal goat serum. Permeabilization was performed using 0.1% Triton
X-100. Samples were incubated with the following primary antibodies for 72 h at 4 ◦C: anti-
human pAkt (1:50), pmTOR (1:25), pERK44/42 (1:50), and HSP90 (1:25). After washing, cells
were incubated with Alexa Fluor 647-conjugated secondary antibodies (1:200; Invitrogen).
Images were acquired with a Zeiss Axio Observer Z1 microscope using TissueFaxs 4.2
software, and fluorescence intensity was quantified with TissueQuest 6.0.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism, version Prism 8.0.0. The
specific tests used are indicated in the figure legends. Grouped data were analyzed using
one-way ANOVA, and statistical significance was considered at p < 0.05.

4. Conclusions
This study demonstrates the feasibility of liposome (LP) preparation using a slightly

modified reverse-phase evaporation method. The resulting LPs formulations were char-
acterized by Cryo-TEM and Cryo-SEM microscopy, which confirmed the formation of
multilamellar vesicles (MLVs) with a spherical morphology. MLVs exhibited multiple con-
centric bilayers and had an average particle size ranging from 300 to 1000 nm. Furthermore,
Cryo-TEM images revealed discrete, intact vesicles with no signs of aggregation, findings
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that were further corroborated by Cryo-SEM analysis. The drug loading capacity of the LPs,
evaluated using CDs-NHF and/or free DOX, demonstrated high encapsulation efficiencies
of up to 98.2% for CDs-NHF and 97.7% for DOX. The LPs formulations also exhibited good
polydispersity and a negative zeta potential, indicating a high colloidal stability, which
contributes to their enhanced drug entrapment capacity.

Finally, the antitumoral potential of CDs-NHF, DOX, and the co-loaded formulation
(CDs-NHF-DOX) encapsulated within LPs was investigated, highlighting the promising
application of these nano-formulations as drug delivery systems in biomedical contexts.

The in vitro study demonstrates that liposomes encapsulating CDs-NHF significantly
reduce cancer cell viability in breast and lung cancer models compared to unencapsulated
CDs-NHF. DOX-loaded liposomes were also more effective than free DOX. The combi-
nation of LPs-CDs-NHF with soluble DOX showed the highest cytotoxicity, likely due
to synergistic effects. Mechanistically, CDs-NHF reduced the expression of pAkt (1,2,3),
pmTOR, and pERK1/2, particularly when co-administered with DOX. HSP90 expression
followed a similar trend. These findings support the use of CDs-NHF-loaded LPs, es-
pecially in combination therapies, as a promising nano-delivery platform for anticancer
applications. Compared to conventional DOX–liposomal systems, the CDs-NHF/DOX
co-loaded formulation presented here offers the added value of integrating a bioactive
nanomaterial with proven antitumor potential, enabling a dual-action strategy that may
enhance therapeutic efficacy while reducing DOX-associated toxicity.
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Abstract: Chitosan (CS) crosslinking has been thoroughly investigated, but the chemical reactions
leading to submicronic hydrogel formulations pose problems due to various physical/chemical
interactions that limit chitosan processability. The current study employs the chemical modification
of chitosan by Michael addition of poly (ethylene glycol) methyl ether acrylate (PEGA) to the amine
groups to further prepare chitosan particulate hydrogels (CPH). Thus, modified CS is subjected to a
double crosslinking, ionic and covalent, in water/oil emulsion. The studied process parameters are
polymer concentration, stirring speed, and quantity of ionic crosslinker. The CPH were structurally
and morphologically characterized through infrared spectroscopy, scanning electron microscopy,
light scattering granulometry, and zeta potential, showing that modified CS allows better control
of dimensional properties and morphology as compared with neat CS. Swelling properties were
studied in acidic and neutral pH conditions, showing that pH-dependent behavior was maintained
after grafting and double crosslinking. The applicability of the prepared materials was further tested
for drug loading and in vitro delivery of levofloxacin (LEV), showing excellent capacity. CPH were
found to be cyto- and hemocompatible demonstrating their potential for effective use as a controlled
release system for different biomedical applications.

Keywords: chitosan particulate hydrogels; poly (ethylene glycol) methyl ether acrylate; double
crosslinking; levofloxacin; biomedical applications

1. Introduction

The nanotechnology field is dedicated to designing and producing materials with
nanometric dimensions by using different devices, structures, and systems that are inspired
constantly by nature. The rapid progress of nanotechnology involved the development of
new materials with different proprieties, such as biodegradability, biocompatibility, versatil-
ity, stimuli-sensitive properties, and the ability to deliver therapeutic biomolecules (drugs,
proteins, genes, and photosensitizer) to a target in a controlled manner. Nanotechnology
is already used in biomedicine applications through the use of liposomes, nanoparticles,
and nanotubes, which are currently interesting and promising alternatives. Moreover, the
chemical functionalization of natural/synthetic polymer nanomaterials offers a variety of
opportunities such as tolerability of the polymer proprieties such as solubility, bioadhesivity,
antibacterial properties, and antifungal activity [1].
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Advanced nanomedicine systems require the combination of targeted delivery, imag-
ing, and therapeutics in a single nanocarrier system. Hydrogel nanoparticles are promising
nanomaterials due to advantages such as targeting, decreasing drug dose, the possibility of
maintaining a desired therapeutic concentration, and low toxicity effects [2]. Moreover, a
hydrogel is a polymer three-dimensional network, capable of capturing large amounts of
water or active principles due to its hydrophilic structure, presenting excellent properties
such as a porous structure, sensitivity to different environmental factors (pH, temperature,
light), biocompatibility, and the similarity of their physical properties to natural tissue,
which led to its use as support material in tissue engineering [3–8].

Chitosan (CS) is a cationic polysaccharide obtained via deacetylation and partial
depolymerization of chitin under alkaline conditions or enzymatic hydrolysis, and is the
second most common natural polysaccharide after cellulose”.

Although chitin is insoluble in most organic solvents, CS is soluble in dilute acidic
solutions with pH < 6 due to the presence of primary amino groups (with pKa = 6.3)
which become protonated. An increase in pH above 6, leads to the deprotonation of
amino groups and CS loses its soluble character [9]. Chitosan represents a natural poly-
mer with outstanding properties such as bioadhesivity, biocompatibility, biodegradability,
non-toxicity, bioavailability, etc., which justify its attractiveness, especially for bio-related
applications [2,9]. Moreover, CS shows important biological activity, including antiviral,
antifungal, and antibacterial properties; antihyperglycemic, hypocholesterolemic, and
antitumoral effects; genetic material transfection; and wound healing promotion [2].

The highly reactive amine moieties may be employed in a wide range of phys-
ical/chemical reactions for CS modification to gain a specific effect. One example is
ionotropic gelation through ionic interactions between chitosan’s amine groups and nega-
tively charged crosslinking agents, which results in a simple and flexible materials prepara-
tion procedure [10].

The diversity and efficiency of chitosan-based micro/nano-particulate hydrogel sys-
tems for drug targeting and controlled drug release applications have been extensively
recorded in the literature [9,11–13]. Thus, physical crosslinking using small molecular
weight anionic crosslinkers, such as sodium tripolyphosphate (TPP), has been employed
in many studies [14]. However, the crosslinking process is reversible, and a pH increase
leads to fast destructuring of the hydrogels through dissociation of the TPP/CS complexes
into free chitosan chains [15]. Such phenomena are creating problems for applications
that involve high pH variations, e.g., the passage through the gastrointestinal tract. A
solution to alleviate the problems associated with the reversibility of ionic crosslinking in
chitosan-based systems employs a supplementary covalent crosslinking step [13,15–17].
Chitosan’s particular chemistry favors crosslinking processes using aldehydes which form
imine bonds with the amine functions [18]. Chitosan double ionic and covalent crosslinking
has rarely been performed [18,19].

CS nanoparticles prepared via emulsification and crosslinking using the amino group
of CS and the aldehyde group of glutaraldehyde (GA) were first obtained and characterized
by Ohya et al. The nanoparticles were used as a system for circulatory delivery of 5-
fluorouracil [20]. Furthermore, as an anionic crosslinker for CS, TPP is widely used and has
been extensively investigated for the preparation of micro/nanoparticles, hydrogels, and
scaffold systems in biomedical applications. For increasing micro/nanoparticle systems
stability, both types of crosslinkers (e.g., TPP and GA) are needed [21]. Few studies are
mentioned in the literature concerning the preparation of nanoparticle system-based CS or
modified CS via the double ionic/covalent crosslinking method [16,17,22–25]. Adrenalin-
loaded gelatin/CS particles for application in ocular drug administration were prepared
using a two-step cross-linking process performed in an emulsion-phase separation sys-
tem by Peptu et. al., (2010) [17]. Another interesting study concerning the obtaining of
nanoparticles-based CS and gelatin via double crosslinking for drug targeting was realized
by Jatariu (Cadinoiu) et. al, (2012) [22]. For the first time, polymer magnetic nanoparticles
based on the chitosan-maltose derivative and magnetite double crosslinking technique
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(ionic and covalent) in reverse emulsion for antitumor drug delivery were prepared by
Alupei et al., (2016) [16].

Damour I. and Muti H., (2021) succeeded in obtaining stable CPH based on lecithin/CS
conjugates via a dual ionic/covalent crosslinking method. They found that the dual
ionic/covalent crosslinking improved nanoparticles’ drug loading/releasing properties [26].

On the other hand, the chemical modification of CS is a promising method for achiev-
ing desired polymer properties. CS solubility in acidic solutions, its polycationic character,
and the presence of NH2 groups in its structure, allow a variety of chemical modification
strategies leading to new CS derivatives with new physical or biological properties [27].

The aim of this work is the chemical modification of chitosan by Michael addition
of poly (ethylene glycol) methyl ether acrylate (PEGA) to the amine groups to further
prepare submicronic particulate hydrogels. In this investigation, the synthesis of new
submicronic particulate hydrogels based on CS grafted with poly (ethylene glycol) methyl
ether acrylate (CS-PEGA) through a two-step cross-linking technique (ionic followed by
covalent), in a reverse emulsion, is described for the first time. CPH characterization was
carried out in terms of structural, size, morphological, swelling, and drug loading/release
properties which were controlled by varying the synthesis parameters (polymer concen-
tration, dispersion speed, and amount of ionic cross-linking agent). In vitro tests were
performed to demonstrate CPH capacity for drug loading and release, hemocompatibility,
and cytotoxicity. The two-step cross-linking technique was revealed to be a valid method
for the synthesis of nontoxic CPH-based materials.

2. Results and Discussion

The work presented herein is focused on the effect of CS modification with PEG-
acrylate on polymer processability during the preparation of submicronic nanoparticulate
hydrogel drug formulations. The use of PEGA to chemically modify CS may lead to the
improvement of its solubility in water and diminish its pH-dependent water swelling
character by adding hydrophilic segments to the CS linear chain. In principle, native
chitosan may be used for emulsion double crosslinking using ionic gelation in the first step
followed by network fixation via covalent crosslinking at the emulsion interface level in
the second step. Amine groups of CS are involved in both crosslinking steps and partial
grafting with PEG-acrylate may be the source of uncertainties concerning the double
crosslinking process. Moreover, the pegylated chitosan will further affect pH-dependent
water swelling and drug release properties.

2.1. Synthesis and Characterization of CS-PEGA

The proposed pathway to synthesize CS-PEGA is a Michael addition reaction, which
involves the addition of the acrylate PEGA end chains to the amino groups of CS, at 50 ◦C,
as presented in Scheme 1.
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CS-PEGA structural characterization was performed via FTIR and 1H NMR aiming to
have qualitative and quantitative proofs of CS grafting. Figure 1 illustrates the overlapped
FTIR spectra of the starting precursors (CS and PEGA) and the synthesized polymer (CS-
PEGA obtained using a molar ratio of NH2:PEGA = 1:0.5). The assigned characteristic
bands from the obtained spectra are presented in Table S1.
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FTIR CS spectra (Figure 1) showed absorption bands at 1076 cm−1 (C-O-C stretching
vibration) [28], 1659 cm−1, 1423 cm−1, and 1378 cm−1 (NHAc units, amide I, NH2 bending,
and amide III, respectively) [29]; and a strong peak at 3355 cm−1 attributed to the axial
stretching vibration of (OH) overlapped with the (NH2) stretching band of CS molecules.
The PEGA spectra show characteristic signals at 1631 cm−1 (C=C starching vibration),
1724 cm−1 (C=O asymmetrical and symmetrical stretching), and intense peaks at 2874 cm−1

(CH) and 3522 cm−1 (OH stretching vibration). The FTIR spectrum of CS-PEGA proves
PEGA grafting onto CS through the appearance of the specific signal of (C=O) at 1733 cm−1,
as highlighted.

1H NMR spectroscopy was employed to obtain more information regarding the chem-
ical composition of the synthesized polymer. Figure 2 displays the 1H-NMR spectra of CS,
PEGA, and CS-PEGA (molar ratio NH2:PEGA = 1:0.5 in PEGA synthesis feed).

The 1H NMR spectrum recorded for CS (Figure 2a) reveals the characteristic signal of
methyl protons from the chitin residue, the resonance peaks of the acetylated group found
at 1.90 ppm, and the peak corresponding to the H2 methine protons of the deacetylated
groups at 3.01 ppm. H3, H4, H5, and H6 protons of the deacetylated and acetylated groups
were observed in the 3.5–3.8 ppm range. Based on the spectrum, the hydrolysis degree of
the CS was determined to be D = 88%.

The PEGA 1H NMR spectrum (Figure 2b) was recorded in D2O and the characteristic
observed peaks were as follows: 6.44 ppm (CH2 = CHCOO), 6.24 ppm (CH2 = CHCOO),
6.005 ppm (CH2 = CHCOO), 4.35 ppm (–COOCH2–), 3.6–3.83 ppm (–COOCH2CH2–,
–OCH2CH2–, –CH2CH2OCH3), and 3.38 ppm (–OCH3).

In the case of CS-PEGA, compared to CS, the peaks corresponding to the (–COOCH2CH2–)
and (–NH-CH2CH2COO–) appear at 4.33 ppm and 2.60 ppm, respectively. A clear signal at 3.37
ppm corresponds to the (–OCH3) group of the PEGA structural unit. The signals of PEGA and
in-chain methylene groups overlap with the signals of H3, H4, H5, and H6 protons of CS. The
CS-PEGA spectrum (Figure 2c) was similar to that obtained by Han et al., also confirming the
successful synthesis of CS-PEGA [30].

The obtained spectrum was further used to calculate the CS substitution yield. Previ-
ously, the calculation of DS used the peak intensity of the PEG graft (–COOCH2–, 4.33 ppm)
and (–CH3, 2.00 ppm) specific to chitin residues. Thus, DS calculated using Equation (1)
was around 16%.

DS =
3·I4.3 ppm·(1−DD)

2·I2.0 ppm
(1)
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However, because of the influence of neighboring peaks, such calculations may be
highly biased, and a different protocol was used for DS calculation taking into consideration
only the CS backbone peaks:

DS =
I2′

I2 + I2′
100 (2)

where I2 is the integration of the peak found at 3.17 ppm, corresponding to the unmodified
chitosan rings, and I2′ represents the integration of the modified chitosan, probably situated
at 2.6 ppm. However, the NMR spectrum previously reported was slightly different [30]
and in our case, the 2′ peak is overlapping with the peaks corresponding to the PEG
methylene protons, a and b. Therefore, the 2′ integration value was indirectly obtained
using the calculated CS hydrolysis degree, through Equation (3):

I2′ =
Ia′xD

3x(100−D)
− I2 (3)

where D represents the calculated hydrolysis degree.
Finally, the obtained functionalization degree using Equation (2) was DS = 20%, much

lower than that previously obtained by Han et al. In principle, higher substitution degrees
may be reached (e.g., a 1:1 NH2:PEG molar ratio led to a DS of 51%) but our goal was
to leave a certain amount of amine groups available while achieving complete water
solubilization of CS-PEGA.
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2.2. Preparation and Characterization of CPH

The proposed pathway to obtain CPH is a double crosslinking technique in reverse
emulsion (w/o) [10,11,16–19]. The main problem related to the crosslinking procedure
consists of the CS chemical modification impact on amine groups’ availability for further
reactions. Furthermore, the improved water solubility of CS-PEGA should provide better
preparation conditions for the particulate hydrogel’s formulation. The prepared systems
were evaluated according to the following parameters: size and polydispersity, morphology,
and zeta potential FTIR.

The selected method for particle preparation was the double crosslinking (ionic and
covalent) technique in a water-in-oil emulsion, the advantage being the use of a lower
amount of covalent crosslinker, which leads to a decrease in final product toxicity. The
fundamental principle of the process is the formation of an interconnected/interpenetrated
network in the first stage through the majority ionic crosslinking process, followed by the
covalent crosslinking step. The experimental program concerning the preparation of CHP
is presented in Table 1.

Table 1. CPH—preparation parameters and size measurements.

Sample
Code

Polymer Solution
Concentration, %

Molar Ratio
NH2/Na5P3O10

Speed,
Rpm

Water
Phase,

mL

The
Organic

Phase, mL

Surfactants
Concentra-

tion, %

Ionic
Crosslink-

ing
Time, min

Yields %
Average

Diameter
(LD), µm

Potential
Zeta (mV)

A1 0.5 1:05 5000 50 200 2 60 32 Aggregates -

A2 0.5 1:1 5000 50 200 2 60 41 Aggregates -

A3 0.5 1:2 5000 50 200 2 20 36 Aggregates -

A4 0.5 1:2 5000 50 200 2 40 44 Aggregates -

A5 0.5 1:2 5000 50 200 2 60 79 3.548 15.4 ± 0.2

A6 0.5 1:2 9000 50 200 2 60 80 3.263 15.2 ± 0.1

A7 0.5 1:2 12,000 50 200 2 60 76 0.708 14.9 ± 0.2

A8 0.5 1:2 15,000 50 200 2 60 78 0.562 14.8 ± 0.2

A9 0.35 1:2 15,000 50 200 2 60 56 0.089 11.9 ± 0.2

A10 0.5 1:3 15,000 50 200 2 60 59 0.141 15.5 ± 0.1

A11 0.75 1:2 15,000 50 200 2 60 51 0.730 15.8 ± 0.1

The parameters taken into consideration for the preparation process are CS-PEGA
initial concentration, NH2/TPP molar ratio, and stirring speed in the emulsion formation
phase. The initial water/oil phase ratio, surfactants concentration, and GA content in the
organic phase were kept constant throughout the study.

Samples from A1 to A4 were obtained in the first experiments of the study and the
molar ratio NH2/Na5P3O10 was varied at 1:0.5 (A1) and 1:1 (A2), the time of the ionic cross-
linking process was varied at 20 min (A3) and 40 min (A4), while the water/oil phase ratio,
surfactants concentration, and GA content in the organic phase were kept constant. SEM
microphotographs showed a nonuniform spherical shape, which suggests that the amount
of the ionic crosslinker (A1 and A2) or ionic reaction time (A3 and A4) were insufficient for
their favorable formation. In addition, the formation of aggregates with average sizes of
2–3 µm and a fairly wide dimensional polydispersity, proves that they couldn’t be used
in further investigations. After the first stages of optimization, which involved increasing
the time of the ionic cross-linking/polymer ratio and molar ratio NH2/Na5P3O10, the
prepared CPH presented a spherical shape, were individualized, and the diameter and
polydispersity were much reduced compared to the first attempts.

The preparation yields (Table 1) revealed that the initial CS-PEGA amount was dimin-
ished during thorough purification procedures. Final yields were around 80% (samples
A5, A6) at lower speeds and decreased at higher speeds to 76% (sample A7). Although
yield variation is almost negligible, it could be considered that the centrifugation-washing
cycles led to fractionation through the loss of the particle populations having the smallest
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size. Thus, after correlating the preparation yields with the preparation parameters, it
may be observed that the highest yields are obtained at the lowest emulsification speeds
because the emulsification conditions (stirring speed) favor the formation of larger size
particles. The formation of larger size particles may lead to the encapsulation of CS-PEGA
material with low network connectivity as compared with lower size particles. In principle,
the polymers which do not benefit from crosslinking during the preparation process are
eliminated during the purification step, contributing to lower yields. Thus, larger-sized
particles may encapsulate free chains that are not eliminated by purification, increasing the
final yields.

Particle size measurements confirm that preparations performed at lower emulsifi-
cation speeds result in larger particle size. Furthermore, the initial concentration of the
CS-PEGA affected the preparation yields. Thus, switching the initial concentration from
0.5% to 0.35% (wt) led to a decrease in the preparation yields from 78% to 56% together with
a drastic reduction in particle average size from A8 to A9. On the other hand, increasing
the polymer concentration to 0.75% (wt) also led to diminished yields associated with the
loss of free polymer. Higher polymer density may affect the crosslinking processes, both
ionic and covalent. Finally, the increase in TPP amount is correlated with a particle size
reduction, from 562 nm (A8) to 141 nm (A10) and, consequently, with diminished yields
from 78 to 59%.

CPH samples were also analyzed by zeta potential measurements and Table 1 summa-
rizes the arithmetic average of zeta potentials. The analyzed samples were dispersed in
distilled water at a mass concentration of 1.25 g/L and sonicated for 15 min to avoid ag-
glomeration. In principle, a large negative or positive value of zeta potential for suspended
particles in an aqueous medium indicates that the system is stable against flocculation
or coagulation. As shown in Table 1, the obtained results for samples A8, A9, and A10
indicate that CPH have good stability in aqueous suspension. The measured zeta potential
values are explained by the lower availability of the amine groups due to PEG grafting and
covalent crosslinking.

2.2.1. CPH Characterization

To better understand the polymer network formation after the double crosslinking
process, CPH were first investigated by FTIR spectroscopy. The recorded spectra revealed
a similar profile for all CPH and confirmed the success of both crosslinking processes,
thus only the FTIR spectra for sample A8 are displayed (Figure 3). Table S2 presents in
detail the characteristic absorption bands. The first crosslinking process confirmed was the
ionic one, the spectra revealing at 846 cm−1 the presence of a new bond formed between
P3O10

5− anions of TPP and NH3
+ cations from CS-PEGA. The characteristic absorption

bands corresponding to the covalent crosslinking process, namely C=N, were observed at
1573 cm−1 [13,16,31–34].

Furthermore, the CPH were also subjected to TGA analysis (Figure 4). The data results
from the TGA analysis indicated that CPH decomposition proceeds in three steps as shown
in Figure 4. TGA thermograms (Figure 4) showed a steady weight loss in the tempera-
ture range of 100–500 ◦C. The slight weight losses (9.514% and 10.13%) up to 116 ◦C, and
119 ◦C respectively, correspond to adsorbed water and moisture loss by the CS and CPH.
The second decomposition step (A8—54.65%, CS—52.73%) in the temperature range of
116/119–500 ◦C is mainly due to the degradation of oligosaccharides and PEG. The main
difference between CS and A8 samples is related to the early onset of A8 degradation due to
the chemical modification in correlation with the native CS. Thus, the presence of covalent
GA bridges is probably the reason for the decrease in thermal stability. Moreover, the A8
sample presents a distinct extra shoulder in DTG corresponding to the additional PEG,
between 350 and 400 ◦C. Overall, thermal analysis confirms the structural composition of
A8 concerning CS-PEGA content and covalent crosslinking. Supplementary TGA analysis
performed on A9 and A10 samples (Figure S1, Supplementry Material) showed that differ-
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ent preparation conditions, such as concentration and TPP amount, do not significantly
influence the TGA profile.
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2.2.2. CPH Morphology

SEM technique was used to inspect the morphology of the prepared submicronic gel
systems, Figure 5. Results indicate that they have a spherical shape, are well individualized,
generally have a submicronic diameter, and reduced dimensional polydispersity. The
adapted emulsion double crosslinking procedure allows the obtaining of clear particulate
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systems with relatively low dimensional dispersity, as observed from SEM micrographs.
Furthermore, it may be remarked that particles are homogeneous, separated, and lack
impurities resulting from surfactants, crosslinkers, or CS-PEGA residues from faulty emul-
sion crosslinking.
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The influence of the preparation parameters is well reflected in the size of CPH,
especially the lowering of the concentration of CS-PEGA, which produced particulate gels
with the lowest dimensions. A visual comparison between the A8 and the A9 samples
(Figure 5) clearly shows the dimensional decrease.

Furthermore, a more quantitative idea of the dimensional distribution of particle
populations is obtained by dimensional analysis via laser diffraction (Figure 6), which
provides the diameter and dimensional polydispersity of CPH. The analysis was carried
out in acetone, known as a poor solvent for CS, and the measured average diameters were
in good agreement with SEM observations. The experimental data confirmed that the
particle size is dependent on the polymer solution concentration and stirring speed used
during preparation. Thus, a higher stirring speed implies higher energy dissipated in the
stirred emulsion, i.e., a higher energy transfer, which causes the emulsion to break into
smaller droplets, resulting in nanometric particles. The granulometric distribution curves
of the CPH obtained (determined by laser beam diffraction (LD)) have a unimodal allure
and a diameter falling in the submicronic range, depending on the preparation conditions
(Figure 6 and Table 1). Thus, for samples A5–A8, after increasing the stirring rate from 5000
to 15,000 rpm/min, it was noticed that particle size decreases due to better dispersion and
formation of small droplets in the emulsion phase.
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The influence of the concentration of CS-PEGA solution on particle size was also
analyzed for three different polymer concentrations, namely 0.35%, 0.5%, and 0.75%, while
the other parameters were kept constant (samples A 8, A9, A11, Table 1). The lowest
polymer concentration led to particles with sizes in the nanometric range and an average
diameter of 89 nm, and higher concentrations resulted in larger particles. Additionally,
increasing the polymer solution concentration led to a considerable increase in the mean
diameter and particle polydispersity, as well as a decrease in agglomeration tendency. The
observed tendency is explained by the fact that higher concentrations lead to an increase in
solution viscosity, and therefore to the formation of larger emulsion droplets, as presented
by other studies [35,36].
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Another studied parameter, the increased polymer/ionic crosslinker ratio (A8 vs. A10),
caused a noticeable decrease in particle diameter, from 562 to 141 nm. Better availability
of TPP may favor ionic gelation in smaller colloids in the early emulsification process.
Furthermore, in the ionic crosslinking phase, due to the increase in the cohesion of the
polymer matrix, the emulsion droplets should better maintain their colloidal stability.
Covalent crosslinking improves and fixates the resulted particles which otherwise may
suffer modifications in size.

Overall, considering the small size and dimensional uniformity of the prepared partic-
ulate hydrogels, the use of CS-PEGA in double crosslinking processes is an improvement on
previous efforts. TPP ionotropic gelation alone leads to particle sizes of around 300 nm [14]
while previous double crosslinking attempts on native or modified CS led to a minimum
particle size of 500 nm. The current work shows that PEG grafting up to 20% does not affect
the capacity of CS to undergo crosslinking reactions because of sterical effects and amine
moieties coverage.

2.2.3. Water Uptake

The swelling capacity was studied in two environments, which were closely related
in terms of CPH drug loading and release potential. The acidic/basic standard buffer
medium was chosen because, in general, the swelling behavior of CS hydrogels can be
influenced/dependent on external triggers such as pH, ionic strength, the temperature of
the environment, and the degree of cross-linking. Furthermore, in the case of CS hydrogels
which are pH-dependent, the loading/release behavior of active principles is related to
a higher swelling capacity in the acidic environment due to a significant increase in their
volume which leads to an accelerated drug caption inside the network [36].

To better understand the interaction between CPH and the aqueous environment,
swelling studies were performed in acidic (pH = 3.3) and respectively alkaline (pH = 7.4)
mediums, using the gravimetric method. The water swelling behavior gives insights into
doubly crosslinked CS-PEGA interactions with selected environments and its adequacy for
the drug loading and release process.

The kinetic data are presented as an example for sample A9 (Figure 7). The results
revealed two phases in the acidic environment: a fast increase up to 800% (sample A9)
in the first 90 min, followed by a slower water uptake increase rate (90–480 min); the
maximum value is reached after 24 h at 1144%. This behavior may reflect the double
crosslinked nature of CPH. In the case of PBS, the maximum value of the swelling degree
was smaller at 669%. Swelling kinetics presented in Figure 7 reveal that an equilibrium
phase is established in both acidic and alkaline environments, showing good stability of the
particulate hydrogel’s formulations. Although in the alkaline environment such behavior
would be expected because of diminished electrostatic repulsions among polysaccharide
chains, the stability in the acidic environment confirms successful covalent crosslinking.

The water uptake in both environments proceeded quickly, demonstrating good water–
CS interactions, most likely favored by hydrophilic PEG grafts. However, the remaining
free amine groups dictate the swelling behavior as acidic ABS determined significant
water swelling. Therefore, we can infer that CS-PEGA provides a good prospect for
nanoparticulate hydrogels by diminishing the large difference in CS behaviors in acidic
and alkaline environments.

Furthermore, the water interactions of CS-PEGA nanoparticulate hydrogels are dis-
cussed according to the maximal water uptake reached in the equilibrium swelling phase
(Table 2). Generally, water swelling of homogeneously crosslinked polymer networks is
influenced by polymer–water interactions and the network’s capacity to expand its volume,
influenced in turn by chain conformations, flexibility, and network crosslinking density.
However, in the case of double crosslinked particulate hydrogels, the crosslinking is hetero-
geneous. GA covalent bridges are formed starting from the organic phase–water interface.
In principle, because of its high reactivity with amine groups, GA diffusion into the water
phase is limited and it can be considered that a layer on the surface of particles benefits
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from the covalent crosslinking while the inner polymer matrix remains mostly ionically
crosslinked. The lack of crosslinking anisotropy further generates specific particle–water
interactions. The outer layer of covalently crosslinked polymer is the key factor that de-
termines the swelling behavior. By comparing the water uptake of samples A8 and A10
(Table 2), with an increasing amount of ionic crosslinker, it was noticed that there were
insignificant differences between the acidic and alkaline environments. Such behavior is in
opposition to the increasing network crosslinking density and also to the possible network
dissociation due to the neutralization of the ionic bridges in an alkaline environment.
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Table 2. Maximum water uptake of A5–A11 samples.

Sample Code A5 A6 A7 A8 A9 A10 A11

Q ABS, % 835 838 886 985 1144 995 904

Q PBS, % 511 541 580 584 669 559 598

In principle, an increase in the surface of the particles is associated with a decrease
in the particles’ average diameter. Taking this into consideration it can be inferred that
particle size is influencing the swelling behavior. The evolution of water uptake according
to particle size is presented in Figure 8.

The decrease in particle size of the considered samples is only due to a more ener-
getic initial emulsion stirring and the other parameters influencing crosslinking, such as
ionic/covalent crosslinkers and polymer concentration, were kept constant. The acidic
swelling for particles with an average diameter of 3540 nm is around 835% (sample A5),
and a decrease in particle size to 562 nm leads to higher swelling, up to 985% (sample A8).
Furthermore, in the alkaline environment, the swelling increases from 511 to 585%. Thus,
water uptake shows a clear dependency on the average diameter of particles in both acidic
and alkaline environments, but the effect is more pronounced in ABS swelling.
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The water uptake experiments were performed to investigate the dependence between
the swelling degree and polymer concentration (Table 2 and Figure 9). The data presented in
Figure 9 show the evolution of the swelling degree for three different concentrations and it
is observed that increasing the CS-PEGA concentration in the emulsion feed diminishes the
particle water uptake in both ABS and PBS. However, the swelling decrease is more obvious
in an acidic environment, from 1175% (sample A9) to 900% (sample A11). This behavior is
to be expected due to more dense polymer networks with a concentration increase.

Gels 2022, 8, x FOR PEER REVIEW 15 of 24 
 

 

The decrease in particle size of the considered samples is only due to a more ener-
getic initial emulsion stirring and the other parameters influencing crosslinking, such as 
ionic/covalent crosslinkers and polymer concentration, were kept constant. The acidic 
swelling for particles with an average diameter of 3540 nm is around 835% (sample A5), 
and a decrease in particle size to 562 nm leads to higher swelling, up to 985% (sample 
A8). Furthermore, in the alkaline environment, the swelling increases from 511 to 585%. 
Thus, water uptake shows a clear dependency on the average diameter of particles in 
both acidic and alkaline environments, but the effect is more pronounced in ABS swell-
ing. 

The water uptake experiments were performed to investigate the dependence be-
tween the swelling degree and polymer concentration (Table 2 and Figure 9). The data 
presented in Figure 9 show the evolution of the swelling degree for three different con-
centrations and it is observed that increasing the CS-PEGA concentration in the emulsion 
feed diminishes the particle water uptake in both ABS and PBS. However, the swelling 
decrease is more obvious in an acidic environment, from 1175% (sample A9) to 900% 
(sample A11). This behavior is to be expected due to more dense polymer networks with 
a concentration increase. 

0

200

400

600

800

1000

1200

W
at

er
 u

pt
ak

e,
 %

Concentration, %

 A9_ABS (0.35 %)
 A9_PBS (0.35 %)
 A8_ABS (0.5 %)
 A8_PBS (0.5 %)
 A11_ABS (0.75 %)
 A11_PBS (0.75 %)

89 nm 141 nm 730 nm

 
Figure 9. Polymer concentration influence on water uptake for CPH: A9 (0.35%); A8 (0.5%); A11 
(0.75%). 

Taking into consideration the significant differences observed in water uptake be-
havior in ABS and PBS, it can be affirmed that CS-PEGA particulate hydrogels have a 
pH-sensitive character. The effect is determined by the amine groups of the CS derivative 
which didn’t participate in the crosslinking process (both ionic and covalent). In an acidic 
environment, the amine groups are quaternized by passing into ammonium cations, and 
the electrostatic rejections between them increase the distance between network chains, 
and their meshes, leading to higher water uptake. The maximum swelling values are 
lower in a basic pH compared to an acidic pH, because the amine groups of the CS de-
rivative are deprotonated, therefore, hydrogen bonds are formed in the newly formed 
polymer network. 

The best swelling ratio was achieved by sample A9, obtained at a low polymer so-
lution concentration (0.35%) and with the smallest particle size (89 nm). The higher water 
uptake for CPH obtained is probably due to the increased agglomeration tendency, 
which is mainly evident in sample A9, and a low cross-linking density of the polymer 
matrix. 

Figure 9. Polymer concentration influence on water uptake for CPH: A9 (0.35%); A8 (0.5%); A11
(0.75%).

Taking into consideration the significant differences observed in water uptake behavior
in ABS and PBS, it can be affirmed that CS-PEGA particulate hydrogels have a pH-sensitive
character. The effect is determined by the amine groups of the CS derivative which didn’t
participate in the crosslinking process (both ionic and covalent). In an acidic environment,
the amine groups are quaternized by passing into ammonium cations, and the electrostatic
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rejections between them increase the distance between network chains, and their meshes,
leading to higher water uptake. The maximum swelling values are lower in a basic pH
compared to an acidic pH, because the amine groups of the CS derivative are deprotonated,
therefore, hydrogen bonds are formed in the newly formed polymer network.

The best swelling ratio was achieved by sample A9, obtained at a low polymer solution
concentration (0.35%) and with the smallest particle size (89 nm). The higher water uptake
for CPH obtained is probably due to the increased agglomeration tendency, which is mainly
evident in sample A9, and a low cross-linking density of the polymer matrix.

2.2.4. Drug Loading and Release

The ability of CPH to encapsulate active principles was analyzed using levofloxacin
(LEV) as a model drug. LEV is a synthetic antibacterial drug of a broad-spectrum antibiotic
belonging to the class of fluoroquinolones, generally used to treat antibacterial infections.
LEV is a hydrophilic drug and therefore a suitable candidate for hydrogel particulate
systems designed for the treatment of bacterial infections [35,37]. Taking into account the
swelling results, which demonstrate that in acid pH the swelling ability of CPH is much
higher than in weak alkaline conditions, it was decided to load the LEV in acid condi-
tions ensuring a higher amount of loaded LEV. The LEV content in the supernatant was
determined by UV-Vis spectrophotometry (at 287 nm wavelength) based on an established
calibration curve. CPH were able to encapsulate between 0.48–0.75 mg drug/mg particles
(Equation (6)). Therefore, the LEV loading efficiency values calculated with Equation (7)
were between 47.0–76.0%, showing a high capacity of the CPH to support the biologically
active compound. The amounts of encapsulated LEV in CPH and loading efficiencies are
outlined in Table 3.

Table 3. Encapsulated LEV and efficiency.

Sample Code A5 A6 A7 A8 A9 A10 A11

mg LEV/mg CPH 0.63 0.69 0.62 0.75 0.67 0.48 0.66

Encapsulation efficiency, % 62.34 66.36 58.76 76.41 66.36 47.32 66.53

The values obtained at different time intervals showed that after 72 h the amount of
encapsulated LEV ranged from 0.48–0.75 mg per mg of CPH. The kinetic data presented
as an example for samples A8 and A9 (Figure S2), showed that LEV is loaded in two
phases, a fast process during the first 10h, followed by a slower drug loading until 72 h.
When comparing the drug loading profile with the swelling results, a similarity could
be observed.

For the LEV release study, pH = 7.4 was considered appropriate for a future sys-
temic administration, acidic release conditions being used only for oral formulations. The
LEV release capacity of CPH was analyzed by the diffusion method in phosphate buffer
pH = 7.4 at 37 ◦C. The released LEV for all samples is presented in Table 4 and the kinetic
data for two representative samples, A8 and A9, are displayed in Figure 10. One can
observe a fast release phase, which is reached within the initial 10 h, followed by a slower
phase (characterized by a slow release) until 120 h. The sustained release of LEV can be
explained by the fact that the released drug was adsorbed in the CPH network due to
the excellent hydrophilicity of the polymer network, which it seems is retained after the
crosslinking procedures.

By analyzing the influence of preparation parameters on the release ability of the CPH,
similar behavior as for drug loading was observed. The maximum released amount of
LEV varied between 0.27 and 0.42 mg/mg CPH (Table 4). Furthermore, when calculating
the efficiency of LEV release for all samples, values between 41 and 60% were obtained
(Figure S3), the highest efficiency being in sample A8, which has also shown a high water
uptake. The analysis of the release kinetics was achieved based on the Korsmeyer–Peppas
mathematical model (Figure S4).
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Table 4. Released drug and efficiency.

Sample Code A5 A6 A7 A8 A9 A10 A11

mg LEV/mg CPH 0.31 0.30 0.31 0.42 0.35 0.27 0.27

Release efficiency, % 49 44 49 50 60 57 41
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According to the literature [38–41], the drug release process is dependent on the
method of obtaining the particulate systems, their dimensions, and the physical–chemical
properties of the polymer support used. After analyzing the experimental kinetic data
for the interval 0–480 min, it was possible to determine the diffusion exponent based on
the equations listed in Table S3. As an example, Figure S4 shows the results obtained for
samples A8 and A9. One can observe that for sample A8, the value of the exponent n,
which characterized the release mechanism, is quite close to 0.5 (0.5 < n < 1.0), indicating
a transport/release mechanism dominated by diffusion. Furthermore, it can be stated
that sample A11 exhibits an abnormal, non-Fickian diffusion, the drug transport process
through the polymer matrix being governed by both diffusion and swelling.

The CPH hemolytic potential test is a mandatory requirement for blood-borne ma-
terials, since their interaction with blood components may lead to erythrocytes lysis. For
this reason, the effects of the prepared CPH on blood were evaluated using a hemolysis
assay. The results obtained from this study revealed that the degree of hemolysis increases
with an increase in the CPH concentration (Figure 11). The degree of hemolysis for three
different samples (A8, A9, A10) was analyzed and the results showed that there were no
significant differences between them at the same concentration. It has been found that the
prepared CPH shows very good compatibility with normal blood (<10% compared to the
positive control) [41].
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The viability of HDMVEC cells (Primary Dermal Microvascular Endothelial Cells)
in 2D culture treated with nanoparticulated formulations (A9) was not affected by the
presence of glutaraldehyde in the CPH structure (Figure S5).

2.2.5. Cell Proliferation

For cell viability, a CellTiter-Blue® Cell Viability Assay (Promega, Madison, WI, USA)
was used. Cells were seeded into a 96-well flat-bottomed tissue culture plate at a density of
3000 cells/well and allowed to adhere to the plate by incubating at 37 ◦C under 5% CO2
overnight. Following cell attachment, the cells were incubated with 0.5 and 1% CPH for
72 h. After 72 h treatment periods, 50 µL of cell viability solution was added to each well
and the plate was reincubated for 4 h before fluorescence recording using a multiplate
microplate reader (FilterMax F5, Sunnyvale, CA, USA). As one can see from Figure S5,
analyzed CPH does not affect cell viability according to statistical analysis. The statistical
analysis of significance in differences was performed using a GraphPad Prism 7 Anova
t-test.

CPH formulation-based CS-PEGA does not affect cell viability, thus confirming that
they are cytocompatible and can be used as a drug delivery system.

3. Conclusions

This work demonstrates the suitability of CS-PEGA for the preparation of particulate
hydrogel systems through double emulsion crosslinking. The relatively low substitution
degree of chitosan with PEG-acrylate, about 20% as determined by 1H NMR, ensures
sufficient availability of the remaining amino functions for further ionotropic gelation
with TPP and covalent crosslinking with glutaraldehyde in water in oil emulsions. The
outcome of the particle preparation procedure may be finely tuned by playing with process
parameters such as water phase concentration, emulsification stirring speed, and amount
of ionic crosslinker. According to SEM analysis, the CPH have a spherical shape, are
homogeneous, separated, and lack impurities. The particle average diameter, measured by
laser diffractometry, depends on specific preparation conditions and ranges from 3500 to
90 nm, in agreement with SEM estimations. Particularly, emulsification speed and water
phase concentration significantly influence the CPH size and allow fine-tuning, according
to the envisaged applications.

CPH behavior in two different aqueous media, acid (pH = 3.3) and basic (pH = 7.4,) was
studied, demonstrating a higher water retention capacity for the acidic media, compared
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to basic media. Furthermore, the water uptake properties are significantly influenced by
polymer concentration and ionic crosslinker amount employed in the preparation stage,
and they are correlated with the particle size. The drug loading and release capacity of
CPH, tested using levofloxacin, showed a good diffusional loading capacity, up to 0.75 mg
of LEV per mg of CPH in an acidic environment. Drug rapid release in physiological
pH was observed within the first 10 h, followed by a slower phase, characterized by a
constant release up to 120 h. Drug release kinetics analysis demonstrated that the drug
transport/release mechanism is predominantly diffusional.

CPH have also been tested by hemocompatibility analysis, the results showing a
hemolysis percentage of less than 3%, indicating that they are hemocompatible. Cytocom-
patiblity studies demonstrated that CPH formulations based on CS-PEGA do not affect cell
viability, thus confirming their low cytotoxicity and recommending them as pH-dependent
drug delivery systems. Further experiments will consider the antibacterial potential of the
levofloxacin-loaded chitosan particulate hydrogels.

4. Materials and Methods
4.1. Materials

Chitosan (CS, low molecular weight, 88% hydrolysis degree); Poly (ethylene glycol)
methyl ether acrylate (PEGA, Mn = 480); Acetic acid (99%); Glutaraldehyde (GA) (25%
aqueous solution); Sodium tripolyphosphate (TPP); levofloxacin (LEV); Tween 80; Span 80;
acetate and phosphate-buffered saline (PBS) were purchased from Sigma-Aldrich, Saint
Louis, MO, USA; MCF-10A cells were purchased from American Type Culture Collection,
Manassas, VA, USA; DMEM/F12 supplemented with 5% horse serum (Sigma Aldrich,
Saint Louis, MO, USA); 20 ng/mL EGF (Sigma Aldrich, Saint Louis, MO, USA); HDMVEC
(Primary Dermal Microvascular Endothelial Cells) are from ATCC, Manassas, VA, USA;
Milli-Q ultrapure distilled water (Merck, Rahway, NJ, USA). All other reagents used in
this study were of analytical grade purity and were used without further purification. The
human blood samples used were freshly obtained from one healthy nonsmoker volunteer.

4.2. Methods
4.2.1. Synthesis of Chitosan Grafted Poly (Ethylene Glycol) Methyl Ether Acrylate

Chemically modified CS with PEGA via Michael addition reaction was performed
according to a protocol reported by Han et al. [30]. Briefly, CS (2.0 g) was dissolved in
100 mL CH3COOH solution 1% (w/w) and added to a 250 mL reaction flask equipped with
a reflux condenser. Next, the reaction solution was immersed in a water bath and heated
at 50 ◦C, purged with nitrogen, and stirred for 30 min. Subsequently, PEGA was added
dropwise (molar ratio NH2:PEG = 1:0.5). After 48 h the reaction was complete. The reaction
mixture pH was raised from 3.4 to 8 with NaHCO3 saturated solution. Subsequently, the
polymer solution was filtered via centrifugation and precipitated into acetone. The polymer
was purified three times with acetone, followed by dialysis against distilled water for
3 days. Finally, the obtained polymer was lyophilized. The reaction yield reached 61%.

4.2.2. Chitosan Particulate Hydrogels Preparation

The selected method for particle preparation was the double crosslinking (ionic and
covalent) technique in a water-in-oil emulsion, the advantage being the use of a lower
amount of covalent crosslinker, which leads to a decrease in CPH toxicity. The fundamental
principle of the process is the formation of an interconnected/interpenetrated network in
the first stage through the majority ionic crosslinking process, followed by the covalent
crosslinking step. CPH-based CS-PEGA was prepared in reverse emulsion (w/o) according
to our previous study [17]. At first, CS-PEGA was dissolved in 50 mL CH3COOH (1% w/w)
to produce solutions with concentrations of 0.35%; 0.5%; and 0.75% wt. Then, Tween 80 was
added to the solution (2% wt) and stirred vigorously for 5 min. Next, the organic phase was
prepared: 200 mL toluene and Span 80 (2% wt). Aliquots (250 µL) of polymer solution were
added into the organic phase, under ultra Turrax stirring (5000–15,000 rpm), leading to
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emulsion formation. Subsequently, freshly prepared crosslinker aqueous solutions, namely
TPP (5% wt), were added according to the calculated amounts. After 10 min, the obtained
emulsion was transferred to a mechanical stirring-equipped reactor, where the ionic cross-
linking process continued at 500 rpm for 1 h at room temperature. Afterward, the covalent
cross-linking process was carried out by adding 5 mL glutaraldehyde (GA) extracted in
toluene (c = 1.12 mg/mL) for 1h. Obtained CPH were centrifuged at 5000 rpm for 1h
and resuspended in acetone after removing the organic phase. The unreacted reagents
(TPP, GA, respectively surfactants) were removed by successive washing with water, ace-
tone, and hexane. The purified CPH were weighted and characterized to determine their
composition (FTIR, TGA), size distribution (laser diffractometry), zeta potential, morphol-
ogy (scanning electron microscopy (SEM)), swelling behavior in an aqueous environment,
hemocompatibility, cytotoxicity, drug loading, and in vitro drug release.

4.2.3. Characterization of Chitosan Derivatives and Micro/Nanoparticles
Techniques of Characterization Used

Fourier Transform Infrared Spectroscopy (FT-IR) spectra of CS, PEGA, CS-PEGA
derivative, and CPH were recorded with a DIGILAB SCIMITAR FTS 2000 spectrometer.
The samples were prepared as KBr pellets and scanned over the wave number range of
4000−450 cm−1 at a resolution of 4.0 cm−1.

1H NMR spectra were obtained using a Bruker Avance DRX 400 (Bruker, Rheinstetten,
Germany). CS, PEGA (Mn = 480), and CS-PEGA derivatives were dissolved in D2O + HCl
or D2O according to their solubility. The substitution degree (DS) was calculated from the
peak area at the chemical shift of -CH2-proton against that of NHAc proton. NMR spectra
were recorded in HCl/D2O using a 400 MHz spectrometer (experimental section).

Thermo Gravimetric Analysis (TGA) was carried out with a Mettler Toledo model
TGA/SDTA 851 (TGA Q 500–1285 system). Dried CPH (5 mg) were loaded in an open
aluminum pan, heated under a dynamic N2 atmosphere, with a heating rate of 100 C/min,
in a temperature range from room temperature to 800 ◦C.

CPH morphology was investigated by SEM technique. SEM images were recorded
with a HITACHI SU 1510 (Hitachi SU-1510, Hitachi Company, Tokyo, Japan) Scanning
Electron Microscope, CPH were fixed on an aluminum stub and coated with a 7 nm thick
gold layer using a Cressington 108 device before observation.

CPH sizes were analyzed by laser diffractometry technique (SHIMADZU SALD
7001, Shimadzu Company, Kyoto, Japonia ). CPH (3 mg) were immersed in acetone and
sonicated for 15 min at room temperature using a sonication bath (Bandelin Sonorex,
Bandelin Company, Berlin, Germany). CPH suspension was added to a quartz cuvette
equipped with a stirring mechanism and analyzed. All measurements were performed
in triplicate.

CPH Zeta potential was analyzed with Zetasizer Nano ZS Series from Malvern
(Malvern, UK). CPH were dispersed in distilled water at a mass concentration of 1.25 g/L
and sonicated. The determinations were made in triplicate at 25 ◦C with a Zetasizer Nano
Series ZS from Malvern.

4.2.4. CPH Swelling Behavior in Aqueous Media

CPH swelling characteristics in an aqueous environment were evaluated by the gravi-
metric method using buffer solutions with different pH (slightly alkaline aqueous medium
with pH 7.4 (Phosphate Buffer Solution, PBS) and acidic aqueous medium with pH 3.3
(Acetate Buffer Solution, ABS)).

0.030g of CPH were immersed in a 2 mL Eppendorf tube containing 1 mL of ABS
or PBS. The suspensions were monitored and maintained at room temperature under
mechanical stirring (100 rpm) for 24 h when equilibrium swelling was attained. CPH
suspensions were ultra-centrifuged (15,000 rpm), withdrawn from the buffer solutions, and



Gels 2022, 8, 494 20 of 23

weighed at specified time intervals, and immediately replaced with an equivalent volume
of fresh buffer. The maximum swelling degree was determined using (Equation (4)):

Q% =
ws −w0

w0
× 100 (4)

where ws is the weight of swollen CPH; w0 is the weight of dry CPH.

4.2.5. CPH Drug Loading Capacity

Levofloxacin (LEV) a fluoroquinolone antibacterial used as a model drug for loading
into the CPH drug delivery system. The drug loading process was carried out through a
diffusional mechanism. An accurately weighed amount of CPH (0.030g) was suspended in
a 1 mL aqueous solution of LEV (c = 25 mg/mL) and dispersed by sonication for 15 min.
The suspensions were maintained at room temperature, under gentle mechanical stirring
for 72 h. After preset time intervals CPH samples were centrifuged (15,000 rpm, 5 min).
The quantity of LEV encapsulated by CPH was determined by calculating the drug content
from the supernatant with Equation (5) based on a calibration curve, previously prepared.

y = 6.0424·x; R2 = 0.9973 (5)

Drug encapsulation efficiency (DEE) represents the quantity of added drug (%) that
is encapsulated in the formulation. The DEE of LEV from CPH was calculated with
Equation (6). The LEV entrapment efficiency of CPH was determined with Equation (7).

DEE =
Actual drug (LEV)content loaded in CPH

Theoretical drug content (LEV)
× 100 (6)

Entrapment efficiency =
Total amount of LEV−Amount of LEV from supernatant

Total amount of LEV
(7)

All tests were accomplished with a spectrophotometer UV–VIS NanoDrop ND-1000.
LEV-loaded CPH were freeze-dried. The tests were made in triplicate and the results
were averaged.

4.2.6. In Vitro LEV Release from CPH

To evaluate the in vitro drug release property, the release of LEV-loaded CPH was
performed in PBS (pH = 7.4); this environment ensures a slower release rate of the drug.
The LEV release process was carried out by immersing 0.030 g of CPH in a 2 mL Eppendorf
tube containing 1 mL of PBS. The suspensions were maintained at 37 ◦C, under continuous
gentle stirring (50 rpm). After pre-established time intervals, the suspensions were ultra-
centrifuged (15,000 rpm) and the drug quantity was determined by UV–Vis spectrometry
at 287 nm. The determinations were made in triplicate and the results were averaged.

4.2.7. CPH Hemocompatibility

Particle hemolysis tests were performed according to a method suggested by Vud-
danda et al. [42] presented in our previous study [16,17]. Briefly, 2 mL of CPH were
suspended in saline solution with different concentrations and mixed with purified red
blood cells (RBC, 2 mL, at final concentrations of 100, 250, and 500 mg CPH/mL). Samples
were incubated at 37 ◦C for 2, 4, and 6 h and gently shaken every 30 min for re-suspension.
After a preset time, samples were centrifugated (2000 rpm, 5 min) and 1.5 mL of super-
natant was incubated for another 30 min at room temperature, allowing the hemoglobin
oxidation. Finally, the oxyhemoglobin from the supernatant was spectrophotometrically
analyzed with a spectrophotometer (PG Instruments T60 UV-Vis Spectrophotometer) at
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540 nm. Hemolysis was determined using Equation (8). The determinations were made in
triplicate and the results were averaged.

% Hemolysis =
Abs sample−Abs negativ control

Abs pozitiv control−Abs negativ control
(8)

4.2.8. Cytotoxicity
Cell Culture

All cells were cultured in a humidified atmosphere at 37 ◦C with 5% CO2. MCF-10A
cells were cultured in DMEM/F12 supplemented with 5% horse serum, 20 ng/mL EGF,
10 µg/mL insulin, 0.5 ng/mL hydrocortisone, 10 ng/mL cholera toxin, 1% Pen/Strep;
HDMVEC (primary dermal microvascular endothelial cells) were cultured in Vascular Cell
Basal Medium supplemented with Microvascular Endothelial Cell Growth Kit-BBE ATCC®

PCS-110-040.
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LEV—Levofloxacin
CPH—Chitosan particulate hydrogels
NMR—Nuclear Magnetic Resonance
PBS—Phosphate buffer solution
PEG—Poly (ethylene glycol)
PEGMA—Poly (ethylene glycol) methacrylate
PEGA—Poly (ethylene glycol) methyl ether acrylate
CS-PEGA–Chitosan grafted poly (ethylene glycol) methyl ether acrylate
RBC—Red blood cells
RT—Room temperature
SEM—Scanning Electron Microscope
Span 80—Nonionic surfactant
TGA—Thermo Gravimetric Analysis
Tween 80—Nonionic Surfactant
TPP—Sodium tripolyphosphate
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Abstract: New hydrogels films crosslinked with epichlorohydrin were prepared based on alginates
and carboxymethyl cellulose with properties that recommend them as potential drug delivery systems
(e.g., biocompatibility, low toxicity, non-immunogenicity, hemostatic activity and the ability to absorb
large amounts of water). The characterization of their structural, morphological, swelling capacity,
loading/release and drug efficiency traits proved that these new hydrogels are promising materials
for controlled drug delivery systems. Further, a new theoretical model, in the framework of Scale
Relativity Theory, was built with to offer insights on the release process at the microscopic level and
to simplify the analysis of the release process.

Keywords: alginic acid; carboxymethyl cellulose; films; epichlorohydrin; drug delivery; fractalization

1. Introduction

In recent years, significant progress has been made in the field of biology, medicine and
materials science, which has led to the development of innovative systems, including films,
hydrogels and micro- and nanoparticulate systems based on natural/synthetic polymers as
drug carriers. The advantages of such drug delivery systems are the improved therapeutic
efficacy of drugs and reduced side effects and associated costs [1–3]. Generally, polymeric
films are biocompatible and can be used as supports for the controlled release of bioactive
compounds. They can be obtained through the chemical and/or physical crosslinking
of hydrophilic polymers, and their physical-chemical properties depend on the type and
density of crosslinking in addition to the molecular weight and chemical composition [4].

In recent years, a wide variety of sources for drug delivery systems have been de-
veloped and applied, such as proteins, polysaccharides, synthetic polymers and organo–
inorganic hybrids. Of these, polysaccharides present important advantages as they can
be obtained from various natural renewable resources (ocean and plant) and they present
an abundance of functional groups, such as hydroxyl (-OH), amino (-NH2) and carboxyl
(-COOH), that make them suitable for chemical modification in order to adjust certain
properties, biocompatibility, bioactivity and nontoxicity [5].

Alginates (AG) are natural hydrophilic colloidal polysaccharides obtained from vari-
ous species of brown algae. They are extensively investigated and used for many biomedi-
cal applications, due to several unique properties, including biocompatibility, low toxicity,
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non-immunogenicity, hemostatic activity and accessibility at low prices. In addition to
these, they form gels easily by adding bivalent cations as Ca2+. Alginates are known
as natural block copolymers containing 1,4-linked residues of β-D-manuronate (M) and
α-L-guluronate (G). The content in the residues of D-manuronate and α-L-guluronate
alginates and the length of each block may differ depending on the species of algae used
for their extraction. Alginates are excellent candidates for the development of different
systems, such as films, membranes, hydrogels, particles and nanofibers [1,4,6].

Carboxymethyl cellulose (CMC) is another polysaccharide widely used in the biomed-
ical field. It is cellulosic, which, when in contact with aqueous media, leads to the formation
of colloidal solutions that contain, at low concentrations, filiform macromolecules and
gels at high concentrations. CMC solutions are viscous at acidic pH, and the viscosity
increases with the decreasing pH value. The solution viscosity decreases with temperature
but returns to the initial value after cooling. CMC has desirable characteristics for a drug
delivery system, such as biocompatibility, non-toxicity and the ability to absorb large
amounts of water, and CMC has been applied as a stabilizer and as protective colloids in
pharmaceuticals [7–9].

Despite the excellent properties of both alginate and carboxymethyl cellulose, their
combination as hydrophilic/hydrophilic polymers in the formation of new materials
represents a challenging task due to their high-water solubility [10]. To overcome this
limitation, an alternative is to add in the polymeric matrix a crosslinking agent, such as
epichlorohydrin (ECH). As result, a film with increased resistance in contact with aqueous
media, and thus a higher tensile strength, is obtained. Moreover, the crosslinking step
allows control of the release rate of bioactive compounds through the film matrix [11]
leading to new materials with synergetic properties.

Aiming to exploit the AG and CMC properties that recommend them as potential drug
delivery systems (i.e., biocompatibility, low toxicity (AG and CMC), non-immunogenicity,
hemostatic activity, accessibility at low prices (AG) and the ability to absorb large amounts
of water (CMC)), new hydrogel films, based on AG and CMC with epichlorohydrin (ECH)
as a crosslinker, were prepared and characterized in order to evaluate their properties as
drug delivery systems [12].

Fourier-transform infrared spectroscopy (FT-IR) and scanning electron microscopy
(SEM) were used to characterize the structures and morphology. Further, the swelling
capacity and loading/release drug efficiency, using metronidazole (MT) as a model drug,
were evaluated. The further goal of the present study is to use these formulations as wound
dressing materials and, for this purpose in this preliminary study, MT was chosen since it
is widely used for its ability to treat a large variety of infections.

2. Experimental Procedure
2.1. Materials

The following materials: AG (alginic acid sodium salt from brown algae with medium
viscosity, Brookfield viscosity 2% in water at 25 ◦C, >2000 cps), CMC (medium viscosity,
sodium (Na) 6.5–9.5%. Brookfield viscosity 2% in water at 25 ◦C, 400–800 cps. Degree
of substitution 0.65–0.90), NaOH and ECH were purchased from Sigma-Aldrich; Metron-
idazole 99% was purchased from Alfa Aesar; and Milli-Q ultrapure distilled water (DW)
was purchased from Merck Chemicals (Darmstadt, Germany). Epichlorohydrin (ECH)
was used as a crosslinking agent without any pretreatment. All chemical reagents were of
analytical-grade purity and were used without further purification.

2.2. Instrumentation

The film morphology was investigated via the SEM technique: films were fixed on an
aluminum stub and coated with a 7 nm thick gold layer using a Cressington 108 device
before observation, and SEM images were recorded with a HITACHI SU 1510 (Hitachi
SU-1510, Hitachi Company, Tokyo, Japan) Scanning Electron Microscope at an accelerating
voltage of 25 kV.
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Fourier Transform Infrared Spectroscopy spectra of films were recorded with a DIG-
ILAB SCIMITAR FTS 2000 spectrometer. The samples were prepared as KBr pellets and
scanned over the wave number range of 4000–450 cm−1 at a resolution of 4.0 cm−1.

2.3. Methods
2.3.1. Preparation of AG/CMC Films

The AG/CMC films were synthesized via the Jeong et al. method with certain modifi-
cations. Films based on AG/CMC were prepared as follows: 500 mg of CMC was dissolved
in 10, 15 and 20 mL of 9 wt.% NaOH solution. Subsequently, 500 mg of AG was added to
the CMC solution, and, after the complete dissolution of both polymers, 1.5 mL of ECH was
slowly added to the solution while stirring at 600 rpm at 25 ◦C for 25 min. The resulting
films were washed with ethanol solution. Finally, all the samples were freeze-dried. The
initial reactants composition is shown in Table 1. The percent hydrogel yield was obtained
using the following equation:

Films yield, % =
Dry weight o f f ilm

Total weight o f reactant in feed
× 100. (1)

Table 1. The initial reactants composition for hydrogel preparation and yields.

Sample Code Concentration (%) Polymer Ratio (g/g) AG(g) CMC(g) NaOH (mL) ECH (mL) Yields (%)

F1 6.6 1:1 0.5 0.5 15 1.5 79.7

F2 15 1:2 0.5 1 15 1.5 54.1

F3 15 2:1 1 0.5 15 1.5 89.7

F4 10 1:1 0.5 0.5 10 1.5 69.5

F5 5 1:1 0.5 0.5 20 1.5 67.2

F6 6.6 1:1 0.5 0.5 15 0.75 71.7

F7 6.6 1:1 0.5 0.5 15 3 43.5

2.3.2. Evaluation of Swelling Characteristic

The film swelling properties were evaluated in order to predict their loading and
releasing capacity. All synthesized films were immersed in vials (glass bottles of 10 mL)
containing 3 mL of DW. They were maintained at room temperature for 4 days until the
swelling equilibrium was reached. The swelling properties were monitored at different
times, the films were weighed, and the DW was gently removed from the vial and the film
surface with laboratory tissues.

The water swelling ratio was determined with the equation:

Q(%) =
ws − w0

w0
× 100 (2)

where ws is the weight of the swollen probe and w0 is the weight of the dry probe.

2.3.3. Evaluation of Metronidazole Loading and Release

Drug loading and release studies were performed via a diffusional mechanism [13].
MT as a drug model was used. First, samples of dried films were placed in a glass vial
(10 mL volume), and 3 mL of MT aqueous solution (10 mg/mL) was added and maintained
at room temperature. The glass vials containing the films and MT solution were left in
the solution during 48 h and gently stirred by a small Teflon bar. The quantity of MT
retained was determined spectrophotometrically based on the calibration curve previously
obtained [14]. After 2 days, the MT-loaded films were washed with DW, and the remaining
water on the films surface was gently wiped away with a laboratory tissue.
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Next, the release profiles of MT were evaluated in DW at room temperature. Period-
ically, 20 µL of volume-releasing solution was withdrawn from the DW. The volume of
DW was held constant by adding fresh DW. The amount of released MT was calculated
spectrophotometrically with a spectrophotometer, UV–VIS NanoDrop ND −1000, at a
wavelength of 320 nm. All measurements were performed in triplicate and averaged. The
equations used are as follows, where WMT is the amount of MT:

Drug loading efficiency (%) =
WMTcrude −WMTsupernatant

WMTplain
× 100 (3)

Release efficiency (%) =
WMTreleased
WMTtotal

× 100 (4)

3. Results and Discussions

A first important step in the design of a hydrogel type system is represented by the
selection of precursors and the method of preparation, which strongly influences the speed
and mechanism of the release of bioactive compounds encapsulated in the hydrogel. In
order to analyze the influence of reaction parameters on the final hydrogel properties and to
select the best formulation for drug delivery systems, varied ratios between AG and CMC
were tested regarding the ECH concentration and NaOH reaction volume. The sample F1,
which was prepared using the following parameters, AG/CMC ratio 1:1, 0.02 mol of ECH,
15 mL of NaOH 9 wt.% and a 25 min reaction time, was chosen for further experiments
due to the medium values of most of the considered variable parameters (Table 1).

After the purification step with ethanol and freeze drying, the recovered fractions
were found to be relatively high at around 90% in the case of sample F2, with a ratio
of 1:2 (AG: CMC), and lower than 43% for the F7 sample, which had a high quantity
of ECH crosslinking agent. The high recovered fraction in the case of sample F2 may
be explained by the high CMC quantity compared to AG, which could provide a high
mechanical strength of the film, due to a longer polymer chain. In the case of sample F2,
the amount of crosslinker, referring to the total reaction component, was reduced, which
favors the obtaining of a higher yield compared to the F7 sample that had a high ECH
concentration. Therefore, we can state that the yields of films are dependent on the polymer
and crosslinking agent concentration (see Table 1).

3.1. Structural Characterization
3.1.1. FTIR Characterization

The Fourier transform infrared (FTIR) spectra of the AG, CMC and synthesized film
were recorded and compared (Figure 1). First, the recorded AG spectra revealed important
absorption bands concerning the hydroxyl and carboxylic functional groups. In the range of
3107–3579 cm−1, stretching vibrations of O–H bonds of AG appeared. Stretching vibrations
of C–H were observed at 2854–2960 cm−1. The bands observed at 1598 and 1409 cm−1

were attributed to asymmetric and symmetric stretching vibrations of COO– groups. The
bands at 1028 and 947 cm−1 were attributed to the C–O stretching with contributions from
C–C–H and C–O–H deformation.

For CMC, a characteristic peak at 2922 cm−1 was observed corresponding to C–H
anti-symmetrical stretching. The bands observed at 1413 and 1591 cm−1 were attributed
to the carboxylate group stretching vibrations (symmetric and asymmetric). Moreover, a
visible band was observed at 3350 cm−1 characteristic to –OH groups.

In the case of the synthesized film spectrum, significant differences in bands were
observed, compared with those of the plain AG and CMC, as characteristic peaks were
observed at 1620, 1336 and 1058 cm−1, which can be attributed to the stretching modes
of the (C=O), (C-C-O) and (O-C-C) bonds of the ester group, respectively. At 877 cm−1, a
band specific to the C-H bending was observed. Further, at 1415 cm−1, a higher intensity
of the O-H bending peak compared to AG and CMC spectrum, which may be attributed to
a cross-linked network, was observed.
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In the case of the synthesized film spectrum, significant differences in bands were
observed, compared with those of the plain AG and CMC, as characteristic peaks were
observed at 1620, 1336 and 1058 cm−1, which can be attributed to the stretching modes
of the (C=O), (C-C-O) and (O-C-C) bonds of the ester group, respectively. At 877 cm−1, a
band specific to the C-H bending was observed. Further, at 1415 cm−1, a higher intensity
of the O-H bending peak compared to AG and CMC spectrum, which may be attributed to
a cross-linked network, was observed.

3.1.2. Morphological Characterization by SEM

The SEM technique was used to visualize the morphological characteristics of lyophi-
lized hydrogel films. Images of the films surface and section morphology are highlighted
in Figure 2, for F2 and F7 samples, and in Figure S1, for all other samples. We observed that
all films were compact and presented surfaces with aggregates and roughness. However,
as can be observed from the cross-section images, all films presented areas with large pores
of irregular sizes and shapes.Polymers 2021, 13, x FOR PEER REVIEW 6 of 18 
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Comparing SEM pictures for the F2 and F3 samples, one can see that the porosity
of the film decreased with increasing polymer concentration; therefore, we can state that
the formation of the porous structures depends on the polymer’s initial concentration.
Moreover, SEM images revealed that the F1 sample had a surface without pores in contrast
with samples F6 and F7, which had porous structures at the same polymer concentration.
In conclusion, the morphology of polymer hydrogels, which influences further properties,
can be adjusted by varying the crosslinking reaction parameters.

3.2. Evaluation of Hydrogels Behavior in Aqueous Media

Considering the hydrophilicity of the initial polymers, swelling properties of the
AG/CMC films are a key factor regarding their ability to load/release bioactive components.
Swelling studies were performed for all prepared samples in DW. The swelling ratios Q(%)
were calculated, and the results can be seen in Table 2.

Table 2. The maximum swelling degree of the synthesized films.

F1 F2 F3 F4 F5 F6 F7

Q, % 587 316 398 299 953 1273 362

The obtained results reveal a connection between the swelling degree and sample
preparation parameters, such as the polymer and crosslinker concentration and reaction
volume. The best swelling ratio of 1273%, indicating high superabsorbent properties, was
observed for the F6 sample (1:1 (AG: CMC) molar ratio and 6.6% polymer concentration).
This result was expected, since the SEM images revealed, for the F6 sample, a very porous
structure. Still, despite its porous structure, as shown by SEM images, the sample F7 had a
swelling ratio of only 362%.

This can be explained due to the higher ECH crosslinker concentration of sample
F7, which determined a more extensively crosslinked polymeric network. The polymer
concentration influenced the swelling ratio: at low polymer concentrations, higher swelling
ratios were obtained compared to the samples with high concentrations that showed low
swelling ratios. These results demonstrated that the swelling ratio Q(%) was dependent
both on the polymer and crosslinking agent concentration (Figure 3).
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3.3. Evaluation of Metronidazole Loading and Release Kinetics

The potential of AG/CMC hydrogels as drug delivery systems was investigated by
evaluating their drug loading and release efficiency. MT, a limited spectrum antibiotic
that actively deters the growth of protozoa, anaerobic gram-positive and anaerobic gram-
negative bacteria, was used as the model drug. All prepared films were loaded with a
MT solution (10 mg/mL), and subsequently the released MT from the loaded films in DW
was determined.

The amount of MT loaded in hydrogel films after 48 h was between 10.8 mg and 18 mg,
corresponding to a loading efficiency between 40% and 64% (Table 3). As expected, sample
F6, which had the higher swelling ratio, also presented the higher MT-loading capacity
(18 mg, 64%) in comparison to sample F7 (10.8 mg, 40%) most likely due to a stronger
complexation capability of sample F6 compared to F7. We can conclude that the amount of
MT loaded in hydrogel films is dependent on the polymers and ECH concentration used in
the preparation procedure (Figure 4).

Table 3. MT loaded and released film profiles.

F1 F2 F3 F4 F5 F6 F7

MT-loaded films, mg 16.6 14.9 11.9 13.4 15.8 18.0 10.8
MT-loaded films Efficiency, % 44.63 50.22 60.39 55.40 47.48 39.86 63.99

MT-released films, mg/g 15.03 12.36 7.11 9.07 12.13 13.54 9.88
MT-released films Efficiency MT, % 90.49 82.78 59.83 67.82 76.97 75.04 91.41
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Regarding the drug release capacity, all hydrogel films released between 9.88 mg/g
and 15.03 mg/g MT or, in terms of efficiency, between 59% and 91% MT (Table 3), demon-
strating a good ability to release the active compound. The release kinetics showed an
initial burst release phase in the initial approximately 100 min, followed by a slower release
phase within the next 9 h, characterized by a final constant release until 48 h.

By analyzing the influence of synthesis parameters on the film’s release capacity, we
noticed that the sample that had the highest amount of released MT was F1 (15.03 mg/g),
in contrast to sample F6 (13.54 mg/g). This result, somehow unexpected, may be due to the
host–guest complex formation between hydrogel network and MT: a high amount of MT
inside the film may have caused a recomplexation between the crosslinked hydrogel film
and MT. These results suggest that samples F1 and F6 are more effective as drug delivery
systems that are capable of encapsulating a large amount of MT and releasing it effectively.
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4. Theoretical Evaluation of Drug Release
4.1. Justification for the Need for a New Mathematical Model

The experimental results, previously discussed, led to some unexpected results in
respect to the dependence of drug release on the crosslinker amount. For example, the
expected behavior was that, as the amount of crosslinker increased, the swelling ratio and
the amount of drug loaded/released into/from the polymer network would decrease due
to the higher network strength. The experimental results confirmed this hypothesis for
the swelling ratio and the loaded drug but failed for the released drug amount/efficiency;
moreover, the expected similarity in terms of swelling and loading/releasing efficiency
was not encountered (Table 4).

Table 4. The dependence of the swelling, loading and releasing capacity on the crosslinker amount
(the other reaction parameters are considered constant).

Sample Code ECH Crosslinker (mL) Swelling Ratio (%)
Loaded MT Released MT

mg % mg %

F6 0.75 1273 18.0 39.86 13.54 75.04
F1 1.5 587 16.6 44.63 15.03 90.49
F7 3 362 10.8 63.99 9.88 91.41

The given explanation implies a certain degree of uncertainty, i.e., a possible host–
guest complex formation between the hydrogel network and drug. The above issue raises,
once again, the problem of the complexity of the release processes and the interdependence
of the variables that appear: the strength of the hydrogel network and the concentration
of the loaded drug; in turn, the strength of the network is determined by the amount of
crosslinker used, the polymer concentration, their molar ratio etc.

4.2. The Theoretical Model of Drug Release in the Framework of Scale Relativity Theory

As a consequence of the information presented above, the need to understand the
release process adds the idea of building a theoretical model of drug release able to offer
insights on the release process at microscopic level and to simplify the analysis of the
release process. The main purpose of the presented model is to be an alternative to the
classical models of drug release, which analyze the phenomenon only empirically at the
macroscopic level [15] as if ignoring that matter obtains its properties from the molecules it
is made of and their interactions.

The starting point of the theoretical model is the Scale Relativity Theory [16,17] that,
in recent years, has been used successfully in describing the dynamics of complex systems,
such as nanofluids [17] and plasma [18–23]. The hypothesis underlying this theory is that
the entities of any complex system move on continuous and non-differential curves named
fractal curves, i.e., three dimensional fractured lines, whose non-linearity is dependent
and proportional with the number of interactions within the system. In this context, the
fractalization degree will be defined as a measure of the system complexity, and the physical
quantities, characterizing the system evolution, will be fractal functions dependent both on
the spatio-temporal coordinates and resolution scales [24].

Further, we will use this hypothesis in the case of our system, which will be considered
as a complex system consisting of a hydrogel, drug and release medium. Previous studies
showed that the theoretical models built on this hypothesis allowed insights concerning
drug release at the microscopic level, which has been unaddressed thus far due to the
complexity of the phenomena involved. For example, this revealed that, in the case of
polymeric particles based on chitosan and gelatin, the trajectories of drug molecules follow
cnoidal oscillation modes [25], while, for polysaccharide-based hydrogels, their trajectories
evolved from a normal period doubling state towards damped oscillating via strong
modulated dynamics [26].
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For chitosan-gelatin and chitosan-poly(vinyl alcohol) hydrogels, analyzing the release
kinetics at long time scales (i.e., up to 25 days), when the hydrogel films degrade, it was
found that the release efficiency was dependent on the time and system nonlinearity, i.e., the
fractalization degree [27]. Moreover, it was found that, along with the evolution through all
the phases of the release process (i.e., burst, swelling, equilibrium and degradation phases),
the fractalization degree increased, thus, reflecting the increasing system complexity [28].

In this study, we will consolidate this hypothesis by analyzing the release dynamics
in two directions: (i) the release dynamics in the Schrodinger fractal representation and
(ii) the release dynamics in the Mandelung fractal hydrodynamic representation [24].

In our opinion, the two representations describing the dynamics of release are not
excluded; on the contrary, they are complementary. As the problem of compatibility of the
two representations in the description of the release dynamics has not been analyzed thus
far, next we will analyze such a problem and its implications.

4.2.1. Two Models of Describing the Release Dynamics through the Scale Relativity Theory

In all the above assumptions, the motion equation of any of the system component
(either drug and either release medium molecules) can be written in the form:

d
∧

Vi

dt
= ∂t

∧
Vi +

∧
V l∂l

∧
Vi +

1
4
(dt)

[ 2
f (α) ]−1

Dlk∂l∂k

∧
Vi = 0 (5)

where
∧

V l = V l
D −V l

F

Dlk = dlk − i
∧

dlk

dlk = λl
+λk

+ − λl
−λk
−

∧
dlk = λl

+λk
+ + λl

−λk
−

∂t =
∂
∂t , ∂l =

∂
∂xl , ∂l∂k =

∂
∂xl

∂
∂xk , i =

√
−1, l, k = 1, 2, 3

(6)

where xl is the multifractal spatial coordinate, t is the non-fractal time with the role of

an affine parameter of the motion curves,
∧

V l is the complex velocity, V l
D is the differen-

tial velocity independent of scale resolution, V l
F is the non-differential/fractal velocity

dependent of scale resolution, dt is the scale resolution, f (α) is the singularity spectrum
of order α, α is the singularity index and a function of fractal dimension D f , Dlk is the

constant tensor associated with the differentiable–non-differentiable transition, λl
+

(
λk
+

)
is

the constant vector associated with the backward differentiable-non-differentiable dynamic
processes, λl

−

(
λk
−

)
is the constant vector associated with the backward differentiable-non-

differentiable dynamic processes, and F is a multifractal function.
In the case of our drug release system, multifractalization will be considered by means

of Markovian stochastic processes, i.e., processes for which the probability of possible
“events” in system evolution depends only on the state attained in the previous “event”.
From a mathematical point of view, the following restrictions must be fulfilled:

λi
+λl

+ = λi
−λl
− = 2λδil , i, l =1, 2, 3 (7)

where λ is a constant associated with the differentiable–non-differentiable transition, which,
in the case of release dynamics, is actually the transition from Fickian to non-Fickian
diffusion, and δir is Kronecker’s pseudo-tensor [16,17,24].

Imposing the restrictions from (7), Equation (5) becomes:

d
∧

Vi

dt
= ∂t

∧
Vi +

∧
V l∂l

∧
Vi − iλ(dt)[

2
f (α) ]−1

∂l∂
l
∧

Vi = 0 (8)
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where ∂t

∧
Vi represents the local multifractal acceleration,

∧
V l∂l

∧
Vi the multifractal convection

and iλ(dt)[
2

f (α) ]−1
∂l∂

l
∧

Vi the multifractal dissipation. Equality with zero from Equation (8)
reflects the fact that the local multifractal acceleration, the local multifractal convection and
the multifractal dissipation are in equilibrium at all points of the motion curve. Moreover,
the existence of the complex dissipation term confirms that the multifractal fluid with
which the drug release complex system can be assimilated exhibits memory according to
the assumption of Markovian stochastic processes.

Considering that, in the release flow, each element of the moving fluid undergoes no
net rotation (i.e., rotational movements of system structural units), the complex velocity
field from (6) becomes

∧
Vi = −2iλ(dt)[

2
f (α) ]−1

∂i ln Ψ (9)

where
χ = −2iλ(dt)[

2
f (α) ]−1 ln Ψ (10)

is the complex scalar potential of the complex velocity fields from (6), and Ψ is the state
function that describes the equilibrium state of the system. Substituting (9) in (8) and
using the mathematical procedure from [24], Equation (8) takes the form of the multifractal
Schrödinger type equation:

λ2(dt)[
4

f (α) ]−2
∂l∂lΨ + iλ(dt)[

2
f (α) ]−1

∂tΨ = 0 (11)

Therefore, for the complex velocity field (9), the dynamics of any complex system enti-
ties are described through multifractal Schrödinger “regimes”, i.e., Schrödinger equations
at various scale resolutions.

From such a perspective, the meaning of Ψ can be given based on a conservation
law. Indeed, multiplying Equation (11) with Ψ (complex conjugate of Ψ) and the complex
conjugate of Equation (11) with Ψ, followed by their difference, the multifractal law of
conservation for the state density is obtained in the form [29]:

∂tρ + ∂l Jl = 0 (12)

where

ρ = ΨΨ,Jl =
λ(dt)[

2
f (α) ]−1

i

(
Ψ∂lΨ−Ψ∂lΨ

)
(13)

In the relations (12) and (13), ρ is the multifractal state density, while Jl is the multi-
fractal current density. In the case of the existence of a constraint, such as the hydrogel
network-drug interactions, in the form B = rotA, the usual derivative from the Scale
Relativity Theory is substituted with the covariant derivative, ∇l :

∇l = ∂l − i
g
2

Al (14)

where Al is a vector potential and g is a coupling constant between Ψ and Al . In such a
context, (12) maintains its validity, with the difference that Jl from (13) can be expressed as

Jl =
λ(dt)[

2
f (α) ]−1

i

(
Ψ∂lΨ−Ψ∂lΨ

)
− gAlΨΨ (15)

Moreover, if Ψ is chosen of the form (Mandelung’s choice):

Ψ =
√

ρeis (16)
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where
√

ρ is the amplitude of the state quantities and s the phase, then the complex velocity
field (9) takes the explicit form:

∧
Vi = 2λ(dt)

[ 2
g(α) ]−1

∂is− iλ(dt)
[ 2

g(α) ]−1

∂i ln ρ, (17)

which leads to the determination of velocity fields:

Vi
D = 2λ(dt)[

2
f (α) ]−1

∂is

Vi
F = λ(dt)[

2
f (α) ]−1

∂i ln ρ
(18)

By (17) and (18) and using the mathematical approaches from [24,29], the Equation (8)
reduces to the multifractal Mandelung’s equations:

∂tVi
D + V l

D∂lVi
D = −∂iQ (19)

∂tρ + ∂l

(
ρV l

D

)
= 0 (20)

where Q denotes the multifractal specific potential:

Q = −2λ2(dt)[
4

f (α) ]−2 ∂l∂l
√

ρ
√

ρ
= −Vi

FVi
F −

1
2
(dt)[

2
f (α) ]−1

∂lV l
F (21)

Equation (19) corresponds to the multifractal specific momentum conservation law,
while Equation (20) corresponds to the multifractal density conservation law [24]. The
specific multifractal potential Q expressed by (21) implies the existence of a specific multi-
fractal force:

Fi = −∂iQ = −2λ2(dt)[
4

f (α) ]−2
∂i ∂l∂l

√
ρ

√
ρ

(22)

that quantifies the multifractality degrees of the motion trajectories.
Therefore, for the complex velocity fields (18), the dynamics of any complex system are

described through multifractal Madelung “regimes” (i.e., Madelung equations at various
scale resolutions). In this last context, the following consequences result:

(i) Any complex system entities are in permanent interaction with a multifractal medium
through the multifractal specific force (18) [29].

(ii) Any complex system can be identified with a multifractal fluid, the dynamics of which
is described by the multifractal Madelung model (Equations (19) and (20)).

(iii) The velocity field Vi
F does not represent the contemporary dynamics; since Vi

F is
missing from (20), this velocity field contributes to the transfer of the multifractal
specific momentum and to the multifractal energy.

(iv) Any analysis of Q should consider the “self” nature of the multifractal specific mo-
mentum transfer; then, the conservation of the multifractal energy and the multifractal
momentum ensure the reversibility and the existence of the multifractal eigenstates.

(v) If a multifractal tensor is considered:

∧
τil = 2λ2(dt)[

4
f (α) ]−2

ρ∂i∂l ln ρ (23)

the equation defining the multifractal “forces” that derive from Q can be written in
the form of a multifractal equilibrium equation:

ρ∂iQ = ∂l

∧
τil . (24)
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Since
∧

τil can be also written in the form:

∧
τil = η(∂lVi

F + ∂iV l
F) (25)

with
η = λ(dt)[

2
f (α) ]−1

ρ (26)

a multifractal linear constitutive equation for a multifractal “viscous fluid” can be high-
lighted. In such a context, the coefficient η can be interpreted as multifractal dynamic
viscosity coefficient of multifractal fluid.

4.2.2. The Compatibility of the Two Models of Describing the Release Dynamics through
the Scale Relativity Theory

As anticipated, the two multifractal descriptions of the dynamics of complex systems,
the multifractal Schrödinger description and the multifractal Madelung one, are not mutu-
ally exclusive but, on the contrary, are complementary. Let us explain this on the basis of
the following hypotheses:

(a) The dynamics of any complex system, independent of the two scale resolutions (differ-
entiable and non-differentiable scale resolutions), are one-dimensional dynamics. It
thus results that the conservation law for the multifractal states density (12) becomes

∂tρ + ∂x(Jx) = 0 (27)

where

Jx =
λ(dt)[

2
f (α) ]−1

i

(
Ψ

dΨ
dx
−Ψ

dΨ
dx

)
− gAxΨΨ (28)

In particular, for the state function in the form (16), Equation (28) becomes

Jx = 2λ(dt)[
2

f (α) ]−1
(

ds
dx

)
ρ− gAxρ (29)

(b) The synchronization of the dynamics of any complex system at the two scale resolutions
is achieved by “compensating” the speed fields V l

D and V l
F given by the restriction:

V l
D = −V l

F (30)

Through (18) and (19), a dependence results between the amplitude
√

ρ and phase s
of the state function Ψ in the form:

ρ = ρ0e−2s (31)

with ρ0 an integration constant.
(c) The vectorial field B is uniform, a situation in which the potential vector A has the

expression:

A =
1
2
(r× B) (32)

In particular, for one-dimensional dynamics of any complex system, Ax can be chosen
in the form:

Ax =
1
2

Bx, B = const. (33)

Since, on the basis of the above hypotheses (a)–(c), Equation (29) takes the form:

Jx = −λ(dt)[
2

f (α) ]−1 dρ

dx
− 1

2
gBxρ (34)
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Equation (27) becomes the multifractal equation Fokker–Planck:

∂tρ + ∂x

(
−1

2
gBxρ

)
+ ∂xx

[
−λ(dt)[

2
f (α) ]−1

ρ

]
= 0 (35)

Therefore, the correlations between the two descriptions, i.e., the multifractal Schrö-
dinger and the multifractal Mandelung one, imply multifractal Fokker–Planck description
of complex system dynamics.

With the notations:
η =

1
2

gB, D = 2λ(dt)[
2

f (α) ]−1 (36)

where η can be correlated with the strength of the hydrogel network and D is the fractal-
ization degree, as previously defined, the solution of Equation (35) has the expression:

ρ(x, t) =
(

1
2π(D/η)[1− exp(−2ηt)]

)1/2
exp

[
− [x− x0 exp(−ηt)]2

2(D/η)[1− exp(−2ηt)]

]
(37)

signifying that the density of states is a multifractal Gaussian whose average multifractal
value decreases exponentially to zero and whose multifractal variance tends asymptotically
towards (D/η).

4.3. Implications of the Compatibility between the Two Models for Describing the Release
Dynamics through Scale Relativity Theory. Model Validation

In the framework of the presented theoretical model, considering our aim to simplify
the analysis of the release process, we will incorporate all the process variables, i.e., the
synthesis parameters, that influence the hydrogel structure into one named fractaliza-
tion degree.

The theoretical model established, through Equation (37), a direct correlation be-
tween the fractalization degree and the maximum efficiency of the polymer–drug system.
Therefore, when calibrating the theoretical model on the experimental data of the release
efficiency, the fractalization degree for each sample can be extracted (Table 5).

Table 5. Fractalization degree vs. reaction parameters.

Sample
Code

Process Variables
Fractalization

DegreeConcentration
(%)

Molar
Ratio AG (g) CMC

(g)
NaOH
(mL)

ECH
(mL)

F1 6.6 1:1 0.5 0.5 15 1.5 0.36

F2 15 1:2 0.5 1 15 1.5 0.20

F3 15 2:1 1 0.5 15 1.5 0.49

F4 10 1:1 0.5 0.5 10 1.5 0.24

F5 5 1:1 0.5 0.5 20 1.5 0.25

F6 6.6 1:1 0.5 0.5 15 0.75 0.15

F7 6.6 1:1 0.5 0.5 15 3 0.32

Regarding the issues mentioned previously related to unexpected behavior in respect
to the dependence of released drug efficiency on the crosslinker amount, the values sum-
marized in Table 6 show that the fractalization degree, which cumulates all the reaction
parameters, can explain these, i.e., a proportionality between the fractalization degree and
release efficiency.
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Table 6. Fractalization degree vs. crosslinker amount and released drug amount.

Sample
Code

ECH Crosslinker
(mL)

Swelling Ratio
(%)

Release MT
(%)

Fractalization
Degree

F6 0.75 1273 75.04 0.15

F1 1.5 587 90.49 0.36

F7 3 362 91.41 0.32

This multivariable empirical approach emphasizes that, in the multifractal analysis
plane, the fractalization degree of the system is one parameter that can quantify the overall
outcome of all system interactions, generating a single parameter that can predict the
behavior of certain polymer–drug combinations (Figure 5).
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The calibration of the model is described in Figure 6 where the efficiency of the system
is plotted as a function of the fractalization degree as given by the model. An exponential
function proved to be the best calibration fit.
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We can conclude that the presented multifractal model is able to describe the system
behavior in regard to the release efficiency through a global parameter, the fractalization
degree, that encompasses all reaction parameters.

5. Conclusions

This study proposed the preparation of a new hydrogel film based on crosslinking
with epichlorohydrin of alginates and carboxymethyl cellulose. The obtained films were
characterized in terms of their swelling capacity and loading/release drug ability as well
as in the way in which they were influenced by the synthesis reaction parameters, such as
the polymer concentration and crosslinker amount. The films’ recovered fractions were
high and ranged between 43% and 89%. The results showed that all films presented good
swelling properties in water and a good ability to encapsulate and release the drug.

The drug release profiles revealed a fast release over 9 h followed by a slower phase
(characterized by a constant release) until 48 h, with all values being in good concor-
dance with the variable parameters considered. Therefore, we consider that these new
hydrogel films have the potential to become systems for the controlled release of bioactive
compounds with modulable properties in terms of released amount.

The proposed theoretical model analyzed the release process at the microscopic level
and we described this process in regard to the release efficiency through a global parameter—
the fractalization degree—associated with the system complexity. This encompasses all
reaction parameters that influence the release process, thus, simplifying the release analysis.
The calibration of the model on the experimental data revealed an exponential dependence
of the release efficiency on the fractalization degree.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13244461/s1, Figure S1: SEM images of the AG/CMC films of all samples F1–F7.
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25. Băcăiţă, E.S.; Bejinariu, C.; Zoltan, B.; Peptu, C.A.; Andrei, G.; Popa, M.; Magop, D.; Agop, M. Nonlinearities in drug release

process from polymeric microparticles: Long-time-scale behaviour. J. Appl. Math. 2012, 2012, 653720. [CrossRef]
26. Bacaita, E.S.; Peptu, C.A.; Savin, C.L.; Lutcanu, M.; Agop, M. Manifest/Non-manifest drug release patterns from polysaccharide

based hydrogels-case study on cyclodextrin—k carrageenan crosslinked hydrogels. Polymers 2021, 13, 4147. [CrossRef] [PubMed]
27. Bacaita, E.S.; Ciobanu, B.C.; Popa, M.; Agop, M.; Desbrieres, J. Phases in the temporal multiscale evolution of the drug release

mechanism in IPN-type chitosan based hydrogels. Phys. Chem. Chem. Phys. 2014, 16, 25896–25905. [CrossRef]
28. Bacaita, E.S.; Agop, M. A multiscale mechanism of drug release from polymeric matrices: Confirmation through a nonlinear

theoretical model. Phys. Chem. Chem. Phys. 2016, 18, 21809–21816. [CrossRef] [PubMed]
29. Merches, I.; Agop, M. Differentiability and Fractality in Dynamics of Physical Systems; World Scientific: Hackensack, NJ, USA, 2016.

http://doi.org/10.1515/bchm2.1955.302.1-2.186
http://doi.org/10.1007/s10570-007-9137-9
http://doi.org/10.1016/j.ijpharm.2010.10.023
http://doi.org/10.1155/2015/892671
http://doi.org/10.1038/s41598-020-59931-2
http://doi.org/10.1590/S0104-66322013000400015
http://doi.org/10.1016/j.msec.2019.01.036
http://www.ncbi.nlm.nih.gov/pubmed/30813091
http://doi.org/10.1007/s10856-005-2535-3
http://doi.org/10.1016/j.addr.2012.09.028
http://doi.org/10.1016/j.chaos.2008.01.006
http://doi.org/10.1143/JJAP.44.3253
http://doi.org/10.1016/j.chaos.2005.11.072
http://doi.org/10.3390/sym12020292
http://doi.org/10.1016/j.sab.2020.105774
http://doi.org/10.1007/s00340-019-7302-0
http://doi.org/10.1155/2012/653720
http://doi.org/10.3390/polym13234147
http://www.ncbi.nlm.nih.gov/pubmed/34883650
http://doi.org/10.1039/C4CP03389B
http://doi.org/10.1039/C6CP02259F
http://www.ncbi.nlm.nih.gov/pubmed/27436760


pharmaceutics

Article

Entrapment of N-Hydroxyphthalimide Carbon
Dots in Different Topical Gel Formulations:
New Composites with Anticancer Activity

Corina-Lenuta Savin 1, Crina Tiron 2,*, Eugen Carasevici 2, Corneliu S. Stan 1,
Sorin Alexandru Ibanescu 3, Bogdan C. Simionescu 1,3 and Catalina A. Peptu 1,*

1 Department of Natural and Synthetic Polymers, Faculty of Chemical Engineering and Environmental
Protection, “Gheorghe Asachi” Technical University of Iasi, 71, Prof., Dr. Docent Dimitrie Mangeron Street,
700050 Iasi, Romania

2 Regional Institute of Oncology, 2-4, General Henri Mathias Berthelot Street, 700483 Iasi, Romania
3 “Petru Poni” Institute of Macromolecular Chemistry, 41A Aleea Grigore Ghica Vodă street,

700487 Iasi, Romania
* Correspondence: transcendctiron@iroiasi.ro (C.T.); catipeptu@ch.tuiasi.ro (C.A.P.);

Tel.: +40-765-677-356 (C.T.); +40-765-253-915 (C.A.P.)

Received: 7 May 2019; Accepted: 23 June 2019; Published: 1 July 2019
����������
�������

Abstract: In the present study, the antitumoral potential of three gel formulations loaded with carbon
dots prepared from N-hydroxyphthalimide (CD-NHF) was examined and the influence of the gels
on two types of skin melanoma cell lines and two types of breast cancer cell lines in 2D (cultured
cells in normal plastic plates) and 3D (Matrigel) models was investigated. Antitumoral gels based on
sodium alginate (AS), carboxymethyl cellulose (CMC), and the carbomer Ultrez 10 (CARB) loaded
with CD-NHF were developed according to an adapted method reported by Hellerbach. Viscoelastic
properties of CD-NHF-loaded gels were analyzed by rheological analysis. Also, for both CD-NHF
and CD-NHF-loaded gels, the fluorescence properties were analyzed. Cell proliferation, apoptosis,
and mitochondrial activity were analyzed according to basic methods used to evaluate modulatory
activities of putative anticancer agents, which include reference cancer cell line culture assays in both
classic 2D and 3D cultures. Using the rheological measurements, the mechanical properties of gel
formulations were analyzed; all samples presented gel-like rheological characteristics. The presence
of CD-NHF within the gels induces a slight decrease of the dynamic moduli, indicating a flexible gel
structure. The fluorescence investigations showed that for the gel-loaded CD-NHF, the most intense
emission peak was located at 370 nm (upon excitation at 330 nm). 3D cell cultures displayed visibly
larger structure of tumor cells with less active phenotype appearance. The in vitro results for tested
CD-NHF-loaded gel formulations revealed that the new composites are able to affect the number,
size, and cellular organization of spheroids and impact individual tumor cell ability to proliferate and
aggregate in spheroids.

Keywords: composite; N-hydroxyphthalimide; carbon dots; polymer gels; antitumoral activity

1. Introduction

Statistically, it has been reported that approximately 8 million people die from different types of
cancer each year in the world; including breast, lung, liver, skin, and brain cancers, etc. So far, the main
therapeutic methods for cancer treatment remain surgery and chemotherapy; however, researchers
have made enormous efforts in the last years to develop new compounds that are better tolerated
by patients during cancer therapy. In order to attack cancer cells and to reduce the same effect in
the healthy cells, new treatments methods have been investigated. Among them, transdermal drug
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delivery systems appear as a promising alternative strategy to carry antineoplastic agents due to certain
several advantages such as increased drug solubility, better bioavailability, high stability, controlled
drug release, prolonged half-life, selective organ or tissue distribution, and reduction of the total
required dose [1]. Enhanced topical delivery of the active principle to the target site, including those
for cancer therapy, can be achieved by noninvasive drug delivery systems which can ensure sustained
therapy with a single application, thus avoiding first-pass hepatic metabolism, gastric degradation,
or frequent dosing and also the inconvenience of parenterals [2].

Carbon dots (CD) are a new star of the carbon nanomaterials family; their unique properties
mean they are attractive materials for a wide range of applications such as bioimaging, biosensing,
drug delivery, optoelectronics, photovoltaics, and photocatalysis [3,4]. Therefore, more and more
researchers are paying significant interest to the synthesis, properties, and applications of these
carbon nanostructured materials. However, the investigations toward drug delivery for biomedical
applications are still at their beginning [5], along with their putative antitumoral properties. Precursors
used to synthesize carbon dots determine their properties, creating a new opportunity for finding
new anticancer molecules for certain types of cancer (personalized cancer therapy) [6]. Gels based
on natural and/or synthetic polymers represent a good pathway for biomedical applications, due
to their hydrophilic properties and their biocompatibility. Physical gels are usually prepared by
mixing a polymer and a solvent, with or without thermal treatment, resulting a homogeneous
material with remarkable mechanical properties related to the aggregation process of the polymer
chains [7]. So far, different types of natural or synthetic polymers have been used to prepare
polymer–drug conjugates, produced mainly by physical entrapment of the biologically active principle
into macromolecular hydrogels, micro/nanoparticles, or liposomes in therapeutic approaches for the
treatment of various cancers.

Polysaccharides are renewable resources found in all living organisms, which have been widely
used in different important fields such as the biomedical, pharmaceutical, and food industries and
tenvironmental remediation. Their unique properties, such as biocompatibility, biodegradability,
nontoxicity, hydrophilicity, stability, and structural variability, allow a high capacity for carrying
biological information, making them suitable as a promising natural biomaterial [8]. In recent years,
the scientific community has used polysaccharides in a broad range of biomedical applications, such as
drug delivery systems for the treatment of inflammation, cell–cell recognition, immune responses,
metastasis (tumor cells are spreading from primary tumor to secondary organs e.g., from breast to
lungs), and in tissue engineering in scaffolds and wound dressings [9]. Sodium alginate (AS) is
a natural polysaccharide, extracted from brown seaweed, used in various biomedical applications
such as drug delivery, tissue engineering, and wound healing, due to the attractive properties such
as biocompatibility, low toxicity, ease of manipulation, and mild gelation [10]. Another attractive
polysaccharide is carboxymethylcellulose (CMC) in its sodium salt form. CMC is the major cellulose
ether, also known as cellulose gum, formed from carboxymethyl ether groups. CMC’s valuable
properties, such as its hydrophilic nature, capacity to form gels at high concentration, and thixotropy,
make it suitable for biomedical applications such as drug delivery and tissue engineering [11]. From the
synthetic polymers category, carbomers (CARB) are a high-molecular-weight crosslinked polymer of
acrylic acid, which are playing an important role in many commercial products such as gels, creams,
and lotions, providing viscosity, stabilization, and suspension properties [12].

In this article, we focus on the embedding of N-hydroxyphthalimide carbon dots (CD-NHF) in
different continuous matrices formed of natural (alginate or carboxymethyl cellulose) or synthetic
(CARB) polymers. Due to the recently proven antitumoral activity of NHF [13], CD-NHF were
developed and the composite was proven also to induce breast cancer cell apoptosis at doses that
only marginally affect normal cell counterparts. The reason for embedding CD-NHF is on one hand,
to reduce the aggregation tendency of CD which can affect the treatment efficacy, and on the other
hand, to be protected by a polymer environment against chemical modification, which can also
affect their properties. The fluorescence analysis demonstrates the CD-NHF presence within the gel.
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Appropriate gel properties were investigated from a rheological point of view considering different
polymer concentrations; the optimum formulation has been used as the matrix for CD-NHF and further
biological investigations.

Cancer is a disease that causes cells to change and grow in an uncontrolled manner. Many—if not
all—of the tumor aggressivity behaviors are caused by key molecular defects in multiple biochemical
pathways controlling cell survival, proliferation, differentiation, and integration in histological tisular
structures and immune interactions. Apoptosis is a cell suicide program that plays an important
role in tissue homeostasis by eliminating unnecessary cells [14,15]. The deregulation of the apoptotic
pathway results in variety of diseases and has been shown to be involved in cancer cell resistance
to conventional anticancer therapy [16]. There are two critical pathways of apoptosis—the extrinsic
pathway (death receptor-mediated pathway) and the intrinsic pathway (mitochondria-mediated
pathway)—and caspases are fundamental players in both pathways [17]. Mitochondria are vital
organelles for energy production and intracellular Ca2+ homeostasis and they are involved in a variety
of cellular processes, including differentiation, proliferation, and apoptosis. It has been shown that
abnormal mitochondrial dynamics have an important role in tumorigenesis. Also, the increased
anaerobic glycolysis activity in neoplastic cells was the result of a dysfunction of the mitochondrial
activity [18].

We consider that CD-NHF incorporation in gels could be a convenient way to manipulate its
local availability (and effects) and its persistence. While the actual mechanism of action is still
incompletely understood for many emerging nanoformulations, interactions with extracellular matrix
components are plausible objectives in many drug designs. The incorporation of CD-NHF in both
gel varieties utilized in our assay was thought to be promising for possible targeted applications in
certain malignancies (perhaps including basocellular and spinocellular skin carcinomas). The effect of
gels with CD-NHF in 4T1 (mouse mammary breast cancer), MDA-MB-231 (human mammary breast
cancer), HDMVECn (primary dermal microvascular endothelial cells), Balb/c-5064 (mouse dermal
microvascular endothelial cells), A375 (human malignant melanoma), and B16F10 (mouse malignant
melanoma) cells in 2D (cultured cells in normal plastic plates) and 3D (Matrigel) models was evaluated
by assessing cell viability, mitochondrial activity, and apoptosis.

2. Materials and Methods

2.1. Materials

The following materials were used for the experiments: the carbomer Ultrez 10 was provided
by Antibiotice SA Iasi (Iasi, Romania); N-hydroxyphthalimide, medium-viscosity sodium alginate
(extracted from Macrocytis pyrifera), and glycerin (99.9%) were purchased from Sigma-Aldrich
(St. Louis, MO, USA); medium-viscosity carboxymethyl cellulose from Fluka (Buchs, Switzerland);
and reagent-grade ethanol (EtOH) and Milli-Q ultrapure distilled water from Merck Chemicals
(Darmstadt, Germany). The chemical reagents used in this study were of analytical-grade purity
and were used without further purification. MDA-MB-231 cells were purchased from the American
Type Culture Collection, Rockville (ATCC), VA, USA; 4T1 cells were from the American Type Culture
Collection, Rockville, MD, USA; bovine serum was purchased from Sigma-Aldrich; HDMVECn
(primary dermal microvascular endothelial cells) were from ATCC; Balb/c-5064 (mouse dermal
microvascular endothelial cells) were from Cell Biologics (Chicago, IL, USA); and Matrigel Matrix
from BD Biosciences (356234), Bedford, MA, USA. For biological tests, the Live and Dead Cell Assay
(Abcam ab115347), CellTiter-Blue® Cell Viability Assay (Promega, (Madison, WI, USA), MitoTracker™
Red (Molecular Probe, Eugene, OR, USA), Matrigel (Corning, Bedford, MA, USA ), and Caspase-3/7
Assay (Promega, Madison, WI, USA ) were used according to the manufacturer’s recommendations.
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2.2. Methods

2.2.1. Preparation of Gel Formulations Based on CARB, AS, and CMC

Antitumoral gels based on CARB, AS, and CMC, respectively, and loaded with CD-NHF were
prepared according to the method reported by Hellerbach et al. [19] with slight modification. CD-NHF
were prepared according to a protocol reported by Stan et al. [4]. Prior to gel embedment, the carbon dots
were prepared through pyrolytic processing of an NHF precursor using an experimental setup presented
in Figure S1. Briefly, in a typical synthesis procedure, 0.1 g of NHF is thermally processed in carefully
controlled conditions (temperature of the main sequence of the pyrolytic process is 253 ◦C within 30 min),
leading to a typical configuration of the carbon dots consisting of a carbonaceous core with a surface
highly decorated by various functional groups. The slightly different processing parameters compared
with the previously reported preparation path are due to the different experimental setup, which in
this work, was reconfigured and extended in order to increase both the reproducibility of the carbon
dots’ preparation path and the resultant per batch quantities. The resultant reaction mass is primarily
dispersed in high-purity water kept cooled at 4–5 ◦C. In the next stages, the suspension is centrifuged
at 10,000 rpm for 15 min and the supernatant is collected and freeze-dried, with a fine powder of carbon
dots being obtained. A series of gel formulations were prepared by mixing different quantities of
CARB, AS, or CMC (Table 1) in a solution mixture consisting of 10 mL distilled water and 3 mL ethanol
in glass vessels at room temperature. In order to achieve a uniform gel formulation, a T 18 digital
ULTRA-TURRAX disperser by IKA was used (10 min, 10,000 rpm). The gelling agent’s concentration
ranged from 3.8 to 5.8% (Table 1). In order to prepare the gel formulations containing CD-NHF (CARB-F4,
AS-F6, or CMC-F6, respectively), the CD-NHF (3.84 mg/mL) was added into the water–ethanol solution
and dispersed by sonication for 1 min at room temperature using a sonication bath (Bandelin Sonorex,
Berlin, Germany), followed by adding CARB, AS, or CMC. The obtained gel formulations and CD-NHF
gel (Figure S3) were stored at 4◦ C in a refrigerator. The basic molecular formulas for the polymers
and CD-NHF used in order to obtain the gel formulations with and without CD-NHF are: sodium
alginate (AS)—(C6H8O6)n, carboxymethyl cellulose (CMC)—[C6H7O2(OH)2OCH2COONa]n, Ultrez
10 carbomer (CARB)—(C3H4O2)n, and N-hydroxyphthalimide (NHF)—C8H5NO3.

Table 1. Polymeric composition of various CARB, AS, and CMC gel formulations. CARB: carbomer
Ultrez 10; AS: sodium alginate; CMC: carboxymethyl cellulose; GLY: glycerin.

Sample
Code CARB, % AS, % CMC, % GLY, % Distilled Water

(mL)
Ethanol

(mL)
CD-NHF

(g)

CARB-F1 3.8 - - -

10 3

-
CARB-F2 4.6 - - - -
CARB-F3 5.8 - - - -
CARB-F4 4.6 - - - 0.050

AS-F1 4.6 4.6 - - -
AS-F2 4.6 4.6 - 9.2 -
AS-F3 3.5 4.6 - 8.1 -
AS-F4 2.3 4.6 - 6.9 -
AS-F5 1.2 4.6 - 5.8 -
AS-F6 4.6 4.6 - 5.8 0.050

CMC-F1 2.9 - 2.9 - -
CMC-F2 2.9 - 2.9 5.8 -
CMC-F3 3.6 - 2.9 6.5 -
CMC-F4 4.3 - 2.9 7.2 -
CMC-F5 5.8 - 2.9 8.7 -
CMC-F6 3.6 - 2.9 6.5 0.050

2.2.2. Characterization of the Prepared NHF Carbon Dots

The morpho-structural characteristics of the prepared NHF carbon dots were essentially similar to
those previously reported [4]. In brief, the XPS survey and high-resolution O1s, N1s, and C1s spectra
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revealed the presence of the defect-rich graphitic core highly decorated with various terminal functional
groups, while the recorded FT-IR spectra revealed the modifications/reconfigurations occurring through
thermal processing of the NHF precursor and confirmed by XPS results which were revealing the
presence of various functional groups attached to the graphitic core, which are essentially responsible
for both optical and antitumoral properties of this type of carbon dots. In Figure S2 are presented the
recorded spectra of the NHF precursor and resultant carbon dots, and several specific vibrations of
various groups are detailed. Interesting details regarding the morphology of the prepared carbon
dots were highlighted by the HR-TEM investigation. Figure 1 presents the recorded micrographs of
two samples obtained by depositing a highly diluted chloroform-dispersed carbon dot solution on
300-mesh carbon-plated copper grids. Both images suggest a cluster organization of smaller entities,
which presumably are individual carbon dots. While their aspect could suggest individual carbon
dots, it is also possible to be attributed to even smaller clusters, as can be seen in Figure 1b.
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Figure 1. Recorded HR-TEM images of the carbon dots prepared from N-hydroxyphthalimide
(CD-NHF): (a) CD-NHF with an average size of the clusters in 100–300 nm range and (b) CD-NHF
with an average size of the smaller entities in 2–4 nm range

2.2.3. Rheological Studies

Viscoelastic properties of all gel formulations were evaluated in triplicate by using an Anton
Paar Physica MCR 501 (Graz, Austria) rheometer. The modular rheometer is equipped with an
electronically commutated synchronous motor (ECMotor, Graz, Austria), allowing rheological
testing in controlled stress (CS) and controlled strain (CR) modes. Also, the instrument allows
the individual creation of complex real-time tests containing a large number of different intervals
under CS or CR control, both in rotational and oscillatory modes. The rheometer is provided with an
H-PTD200 system for the temperature control. A parallel-plate geometry specially designed for gels
(with serrated plates to avoid slippage) with a diameter of 50 mm was chosen as the measuring system.
The freshly prepared, well-homogenized gel formulations were introduced into the measuring cell
and analyzed. The rheometer has an intelligent configuration system for automatic identification and
configuration—“Tool Master”—which performs automatic transfer of the parameters of the measuring
system (constructive characteristics, operating constants, geometry) and temperature control to the
Rheoplus program. The chip integrated into the geometry contains all data connected to that and
transfers them automatically to the program.

2.2.4. Fluorescence Analysis

The fluorescence analysis of CD-NHF and CD-NHF-loaded gel formulations were recorded on a
Horiba Fluoromax 4P (Fluor Essence Version 35.1.20) provided with the Quanta-ϕ integration sphere.
Also, a visual testing of photoluminescence properties was performed using a Philips UVA TL4WBLB
lamp (München, Germany) with the emission maximum located in the 370–390 nm range and a 50 mW,
440 nm laser diode.
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2.2.5. Cell Culture

MDA-MB-231 cells were cultured in F-12K medium supplemented with 100 U/mL of penicillin and
100 µg/mL of streptomycin and 5% bovine serum; 4T1 cells were cultured in RPMI-1640 supplemented
with 100 U/mL of penicillin and 100µg/mL of streptomycin and 10% bovine serum; HDMVECn (primary
dermal microvascular endothelial cells) and Balb/c-5064 (mouse dermal microvascular endothelial
cells) were cultured in Vascular Cell Basal Medium supplemented with Microvascular Endothelial
Cell Growth Kit-BBE ATCC® PCS-110-040; A375 (human malignant melanoma) and B16F10 (mouse
malignant melanoma) were cultured in Dulbecco’s Modified Eagle’s Medium supplemented with
100 U/mL of penicillin and 100 µg/mL of streptomycin and 10% bovine serum.

2.2.6. Cell Proliferation and Apoptosis Activity

For cell viability estimation, we used the CellTiter-Blue® Cell Viability Assay (Promega). Cells
were seeded into a 96-well flat-bottomed tissue culture plate at a density of 2000 cells/well and allowed
to adhere to the plate by incubating at 37 ◦C under 5% CO2 overnight. Following cell attachment,
the cells were incubated with the tested CD-NHF at 5% concentrations (50 µg/mL) for 72 h. For all
in vitro experiments, we used the 5% CD-NHF concentration, based on our preliminary results. Control
cells were treated with phosphate-buffered saline (PBS), which was equivalent to the amount of PBS
used as vehicle. After each of the 72 h treatment time periods, 50 µL of cell viability solution was added
to each well and the plate was reincubated for 4 h before fluorescence recording using a multiplate
microplate reader (FilterMax F5, Sunnyvale, CA, USA). Apoptosis was assessed using the Caspase-3/7
Assay (Promega) according to the manufacturer’s indications.

2.2.7. Mitochondrial Activity

For mitochondrial assay, MitoTracker™ Red (Molecular Probe, Eugene, OR, USA) cells were
incubated for 72 h with CD-NHF and then subjected to 1 µg/mL MitoTracker and incubated for
30 min before the fluorescence of the resultant solutions was determined at 590 nm using a multiplate
microplate reader.

2.2.8. 3D Matrigel Assays

The 3D Matrigel assays were conducted with 1000 cells seeded in Ibidi plates between 2 layers
of Matrigel (BD Matrigel Matrix, Growth Factor Reduced (BD Biosciences)) and cultured for 14 days
before microscopy analysis (TissueGnostic rig, Vienna, Austria, Europe). Twelve hours post-seeding,
3D embedded cells began to be treated with gels (CARB-F2, CMC-F3, AS-F5) alone and with gels
containing 5% (50 µg/mL) CD-NHF (CARB-F4, CMC-F6, AS-F6) for 72 h. After 72 h, the treatments
were removed and replaced with normal 3D Matrigel medium (medium corresponding to every cell
type supplemented with 2% fetal bovine serum (FBS) and 1% Matrigel). The Live and Dead Cell
Assay (Abcam) was used according to the manufacturer’s instructions. Nuclei were counterstained
with NucBlue Live Ready Probes Reagent (Thermo Fisher Scientific, Eugene, OR, USA). Fluorescence
pictures were acquired at 20×magnification using a Zeiss Axio Observer Z1 Fluorescence Microscope
from TissueGnostics rig. Single focal plane images were acquired using Tissue FAXS 4.2 software.
The TissueQuest 6.0 software was used for total area segmentation analysis and to quantify the area
and sum intensity of fluorescence signal for each spheroid (Figures S4 and S5).

2.2.9. Statistical Analysis

GraphPad Prism was used for statistical analysis using tests stated in the figure legends. Grouped
analyses were performed by t-test. Significance was established when p < 0.05.
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3. Results and Discussion

3.1. Preparation of Gel Formulations

Previous studies concerning the preparation of physical gels based on natural or synthetic
polymers, namely carbomers, sodium alginate, and carboxymethyl cellulose, have pointed out that
these materials are nontoxic and nonhazardous and easily synthesized. We aimed to prepare different
topical CD-NHF-loaded gel formulations based on polymers with antitumoral activity. Herein, physical
gel formulations based on CARB, AS, and CMC were synthesized according to a slightly modified
version of the method reported by Hellerbach et al. [19]. This method offers some advantages compared
with other methods reported, such as being simple, rapid, and consistent; performed in the absence of
crosslinkers (hence, we eliminated the possibility of toxic chemical contamination commonly associated
with methods which use covalent crosslinkers); and the product is a homogeneous soft material formed
at room temperature.

Different concentrations of CARB, AS, or CMC were tailored and their effects were observed.
First, simple gels were prepared and analyzed before loading with CD-NHF. The gel formulations
with or without CD-NHF obtained were stable, odorless, transparent, and highly viscous. Of them,
the best formulations presenting a suitable consistency and the best viscoelastic properties, respectively,
were considered for further study and loading with CD-NHF, namely samples CARB-F2, AS-F5,
and CMC-F3. The carbon-dot-loaded gel samples were denoted as CARB-F4, AS-F6, and CMC-F6.

3.2. Rheology Studies

The viscoelastic nature of polymer gels plays an important role in their adhesion properties;
a very important characteristic considering different biomedical applications. Gels based on
natural or synthetic polymers exhibit an excellent adhesion property due to both the elastic and
viscoelastic properties.

Using the rheological measurements, the mechanical properties of the best formulations were
analyzed. All analyzed samples presented rheological characteristics of a gel. The obtained results
showed that viscosity was directly dependent on the polymeric content of the formulations. During
the rheological measurements, both dynamic moduli were constant. As can be observed from Figure 2,
the storage modulus (G’) exhibited higher values than the loss modulus (G”)) over the entire strain
range of 0.01 to 100%, indicating the gel-like behavior (Figure 2). The results obtained by rheological
analysis confirmed that CARB-F2, AS-F5, and CMC-F3 samples were optimized and further considered
for loading with CD-NHF, due to the gel equilibrium modulus. The presence of CD-NHF (for samples
CARB-F4, AS-F6, and CMC-F6) in the gel structure has a significant influence over both dynamic
moduli. In the case of the AS-F6 sample, the CD-NHF addition induced a slight increase of the dynamic
moduli, indicating stiffness of the gel structure, whereas in CARB-F4 and CMC-F6 gels, the effect
of CD-NHF addition was exactly the opposite, leading to a slight decrease of the dynamic moduli,
indicating a flexible gel structure. Also, the amplitude sweep allows determination of the limits of
the linear viscoelastic range for the prepared gels. These values are not affected by the presence of
CD-NHF (Table 2).

Table 2. The limits of the linear viscoelastic range (γLVE) for the tested gel formulations.

Sample Code γLVE (%)

CARB-F2 0.25
CARB-F4 0.25

AS-F5 5
AS-F6 5

CMC-F3 10
CMC-F6 10
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Figure 2. Amplitude sweep for simple gels (CARB-F2, AS-F5, and CMC-F3) and gels with CD-NHF
(CARB-F4, AS-F6, and CMC-F6). G’: storage modulus; G”: loss modulus.

All tested gels showed a solid-like behavior, as the storage modulus (G’) was always larger than
the loss modulus (G”). As one can observe from Figure 2, the CARB and CMC gel formulations have a
more flexible structure than the AS gel, confirmed by storage modulus (G’) values (G’CARB (620 Pa) >

G’CMC (540 Pa) > G’AS (437 Pa)). Frequency sweep tests allow observation of the elastic response of
gels. The presence of the hydrogen bonding is evidenced by the frequency dependence of the moduli
over the entire range of 0.05–500 1/s (γLVE(CARB) > γLVE(CMC) > γLVE(AS)) (Figure 3).
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Figure 3. Frequency sweep for simple gels (CARB-F2, AS-F5, and CMC-F3) and gels with CD-NHF
(CARB-F4, AS-F6, and CMC-F6).

3.3. Fluorescence Analysis

In order to confirm the presence of CD-NHF in the gel matrices, the formulations were further
evaluated through fluorescence analysis. Fluorescence spectra exhibit the maximum emission (λem) at
424 nm when using an excitation wavelength (λex) of 370 nm for CD-NHF (Figure 4 and Table S1).
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Also, Figure 4 illustrates the emission profile of CD-NHF-loaded gels (CARB-F4, AS-F6, and CMC-F6)
at three different excitation wavelengths ranging from 370 to 410 nm. Moreover, the recorded results
(Table S1) revealed that at 370 nm, in the case of CARB, the blue-light emission was not significantly
affected by the CARB matrix. The observed difference between CD-NHF blue-light emission and
CARB matrix was only 1.5% (Table S1). When AS and CMC were used as a matrix for the entrapment
of CD-NHF, an 11% decrease of the blue-light emission was observed, compared to the case of the
CARB matrix and CD-NHF. Herein, we can conclude that in this case, the polymer matrix clearly plays
an important role for the modification of CD-NHF optical properties.
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Figure 4. Emission spectra of CD-NHF suspended in H2O: CARB-F4, AS-F6, and CMC-F6 samples.

3.4. In Vitro Studies

Analysis of the cytostatic or cytolytic or growing pattern modulatory activities may be done with
end point assays or live cell imaging techniques. 3D cultures create a better similarity between the
cultured cells and the living organism. The basic methods to evaluate modulatory activities of putative
anticancer agents include reference cancer cell line cultures assays in both classic 2D and 3D cultures.

Viability of HDMVECn cells (primary dermal microvascular endothelial cells) in 2D culture
treated with simple gel formulations (CARB-F2, AS-F5, and CMC-F3) and gel formulations containing
CD-NHF (conc. 5%; CARB-F4, AS-F6, and CMC-F6) was not affected by CARB-F4 and CMC-F6,
whereas, interestingly, AS-F6 had a significant effect (Figure 5).Pharmaceutics 2019, 11, x FOR PEER REVIEW 10 of 15 
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Proliferation activity of melanoma cell lines (2D system) was not affected the by the presence of
CARB-F2, CMC-F3, or AS-F5 formulations (Figure 6a), respectively, while cell viability was affected in
a gradual manner in cells treated with CARB-F4, CMC-F6, and AS-F6 formulations (Figure 6b,c).
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Figure 6. Murine and human melanoma cell viability for gel formulations without (a) and with
(b,c) CD-NHF (conc. 5%). N = 15 wells/column from two independent experiments; viability of
treated groups is expressed relative to the control group. (a) Skin cancer; (b) murine melanoma
(B16F10); (c) human melanoma (A375); (d) scoring of significance effect, where +++ (***) p = 0.0003,
++ (**) p = 0.01, + (*) p = 0.04, and — = no effect.

In the 3D Matrigel assay, the human melanoma cells form visible and consistently larger colonies
compared with the same cells treated with CD-NHF-loaded gel formulations (conc. 5%) (Figure 7 and
Figure S4).

By comparing the left column (Matrigel) with the median (simple gel formulations), it can be
observed that spheroids are less compact, with decreased cellular uniformity and a tendency to
dissociate. In the median column, we find that CMC and AS gel formulations are more unfavorable for
maintaining a homogeneity of metabolic activity (the green shade in the L/D kit reflecting live cell
population) and induce (or amplify) the dissociation tendency of cells from differentiated proliferation
aggregates. The differences found in the analysis of 3D spheroids can be caused by the fact that the
different types of gel formulations used either provide different stability conditions for extracellular
molecules that favor maintaining a differentiated cellular phenotype, or employ different receptors
for adhesion to cell membranes favorable to maintaining both differentiation and inhibition of the
cellular dissemination tendency [20,21]. Comparing the median column (single gel formulations) with
that on the right (gel formulations supplemented with 5% CD-NHF), we find that exposure to CD
was unfavorable to cell proliferation, with global cell counts being significantly impaired and the
quantitative weight of cells in invasion reduced. We specify that the shade of the green marker is
proportional (L/D kit) to the level of cell metabolic activity. Smaller color intensities can be determined
by both a decreased number of cells and more restricted metabolic activity in CD-NHF exposure. Also,
the morphological aspect of spheroids under the influence of gel formulations containing CD-NHF is
presented in Figure 8.
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Figure 8. The morphological aspect of spheroids under the influence of gel formulations. N = 3D
Matrigel cultures per type of gel with or without CD-NHF; 20×magnification.

Also tested was the viability potential of two different breast cancer cell lines, namely 4T1 (mouse
breast cancer) and MDA-MB-231 (human breast adenocarcinoma), in 2D and 3D culture models.
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The viability of the breast cancer cell lines 4T1 (mouse breast cancer) and MDA-MB-231 (human
breast adenocarcinoma) in the 2D culture system treated with CARB-F4 was affected (Figure 9a).
Mitochondrial activity was affected upon CARB-F4 treatment (Figure 9b). In the 3D Matrigel assay,
the malignant cells form visible and consistently larger colonies compared with same cells treated with
CARB-F4 (Figure 9c). Moreover, the apoptotic foci in 3D cultures treated with gels containing CD-NHF
were significantly higher (Figure 9c; white squares in boxes 2 and 4). The apoptotic pattern in the whole
spheroid body is also distorted: while in native culturing, inner cells (typically associated with hypoxic
conditions inside large spheroids) in spheroids began the apoptotic program, at 5% CD-NHF in exposed
spheroids, this form of cell death is initiated in all spheroid compartments. 3D cell cultures displayed
visibly larger structure of cancer cells with reduced active phenotype appearance. This suggests that
treatment with the CARB-F4 formulation could also either induce cell senescence or cell dormancy—a
topic that deserves further clarification. Together, these data suggest that CD-NHF-loaded gels affect
the number, size, and cellular organization of spheroids and impacts individual cancer cell ability to
proliferate and aggregate in spheroids.
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Figure 9. The effects of gels with 5% CD-NHF in 2D and 3D culture. (a) Viability of MDA-MB-231
(human breast adenocarcinoma 33.3%) and 4T1 (mouse mammary breast cancer 44.87%) cell lines
treated with gels containing 5% CD-NHF (N = 8 wells/column from two independent experiments);
(b) mitochondrial activity in MDA-MB-231 (human breast adenocarcinoma 2%) and 4T1 (mouse
mammary breast cancer 49.2%) treated with gels containing 5% CD-NHF (N = 8 wells/column from two
independent experiments); (c) apoptosis evidence in MDA-MB-231 by immunofluorescence microscopy
and 3D Matrigel culture treated with gels containing 5% CD-NHF (N = 6; 3 Matrigel culture controls
and 3 Matrigel cultures treated with 5% NHF). (c1,c3) represent NucBlue nuclei staining; (c2,c4) reflect
apoptosis. Picture magnification 5×; where *** p < 0.0005, ***** p < 0.000005, ****** p < 0.0000005.
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4. Conclusions

This paper reported the development via a physical method of three topical gel formulations
loaded with CD-NHF, which were evaluated from the point of view of the modulatory activities of
putative anticancer agents. The obtained results indicate that CD-NHF-loaded gels matrices present
complex and interesting cell modulatory activities which are relevant for cancer control in potential
clinical applications. The mechanical properties of gels were investigated, concluding that the presence
of CD-NHF in the gels induced a slight decrease of the dynamic moduli, indicating a more flexible
gel structure. The fluorescence analysis confirmed the presence of the embedded CD-NHF in all gel
formulations. Also, worth noting is the potential antitumoral activity of the gel formulations loaded
with CD-NHF. The most important finding is that the CD-NHF-loaded gel formulations are able to
affect the number, size, and cellular organization of spheroids, while also having a significant impact
on the individual tumor cell’s ability to proliferate and aggregate in spheroids.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/11/7/303/s1,
Figure S1. Experimental setup used to prepare carbon dots. Figure S2. FT-IR spectra for CD-NHF. Figure S3.
Photos of gels without and with CD-NHF under (a) white and (b) UV light. Figure S4. Spheroid fluorescent
staining using green/FITC (left column) for live cells, blue/NucBlue for nuclei (middle column), and merged signals
(right column) from 3D human melanoma cell cultures. Figure S5. The analytical segmentation procedure for a
typical spheroid image. Table S1. Fluorescence results obtained for CD-NHF-loaded gels at different excitation
wavelengths: 370–410 nm.
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A375 human malignant melanoma
AS sodium alginate
B16F10 mouse malignant melanoma cells
Balb/c-5064 mouse dermal microvascular endothelial cells
CARB Ultrez 10 carbomer
CD carbon dots
CD-NHF N-hydroxyphthalimide carbon dots
Conc. concentration
CMC carboxymethyl cellulose
CR controlled strain mode
CS controlled stress mode
FBS fetal bovine serum
GLY glycerin
HDMVECn primary dermal microvascular endothelial cells
MDA-MB-231 human mammary breast cancer
PBS phosphate-buffered saline
λem emission maximum
λex excitation wavelength
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A B S T R A C T

Chitosan gelatin particles could be the ideal candidate for intraocular drug delivery due to their desirable
properties. Double crosslinking in double emulsion has been used as an original and reliable method for
particles preparation and their morphology has been optimized considering the main synthesis
parameters such as polymers ratio, crosslinker amount, stirring speed, tensioactive amount and ionic
crosslinking time, respectively. The particles have been analyzed for their physical–chemical properties
(swelling degree, drug loading and release capacity, surface characteristics, etc.), the enzymatic
degradation properties along with in vivo ocular investigations (ocular biodistribution, in vivo drug
release). In the present study cefuroxim was used as a model drug, which is generally used in the
prophylaxis of postoperative endophthalmitis following cataract surgery after intraocular administra-
tion. The present study proved that the dimensions and the physical–chemical properties of the particles
can be modulated (by varying the preparation parameters) to facilitate the administration, the
biodistribution and the drug release in the specific segment of the eye. This experimental study
demonstrated also the ability of fluorescent nanoparticles to penetrate ocular tissues close to the
administration site (intravitreal injection) and especially their tendency to migrate deep in the retina at
time intervals of 72 h.

ã 2015 Elsevier B.V. All rights reserved.
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1. Introduction

The diseases of the posterior segment of the eye (glaucoma,
diabetic retinopathy and age-related macular degeneration, etc.)
are responsible for compromising eyesight of a large number of
subjects. The therapeutic efficiency of pharmacological treatments
in this area is limited mainly due to the difficulty of the active
substance to reach the target tissues. That is the reason the delivery
of therapeutic doses of drugs to the tissues in the posterior
segment of the eye, however, represents a significant challenge.
When a topical path is chosen, there are a lot of barriers (cornea,
lens, haematoaqueous and haematoretinal barriers) which stop
the medication access to the vitreous, the retina and the choroid.
* Corresponding author.
E-mail address: catipeptu@tuiasi.ro (C.A. Peptu).
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On the other hand, if the oral pathway is selected, the amount of
drug reaching the posterior segment of the eye coming from
general blood flow is very low (Alarcón and Martínez, 2006). Also,
therapeutic drug levels cannot be maintained for longer periods in
target tissues.

In the last years, many pharmaceutical formulations have been
used for the treatment of ocular diseases. Micro and nanotechnol-
ogy ophthalmic formulations represent one of the approaches
which are currently being designed for both anterior and posterior
segment drug delivery. Several carriers, such as micro/nano-
particles, nanosuspensions, liposomes, nanomicelles and den-
drimers have been developed for ocular drug delivery, some of
them showing promising results for improving ocular bioavail-
ability (Patel et al., 2013). Nanomicelles are carrier systems able to
formulate therapeutic agents into clear aqueous solutions with
high drug encapsulation efficiency. They are easy to prepare and
present a small size and they have been proved to enhance the
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bioavailability of the therapeutic drugs in ocular tissues (Trivedi
and Kompella 2010). Nanosuspensions, a promising strategy for
delivery of hydrophobic drugs, are colloidal systems of submicron
drug particles stabilized by polymer or surfactant and they present
some important advantages for ocular delivery such as steriliza-
tion, ease of eye drop formulation, less irritation, increase
precorneal residence time and enhancement in ocular bioavail-
ability of drugs which are insoluble in tear fluid (Patravale and
Kulkarni, 2004). Liposomes, vesicular systems composed of
aqueous core enclosed by phospholipid bilayers of natural or
synthetic origin, were intensively explored over the years for the
ophthalmic drug delivery applications. Liposomes are biodegrad-
able and biocompatible and they can enhance the permeation of
poorly absorbed drug molecules by binding to the corneal surface
and improving residence time. Liposomes are able to encapsulate
both the hydrophilic and hydrophobic drug molecules. In addition,
liposomes can improve pharmacokinetic profile, enhance thera-
peutic effect, and reduce toxicity associated with higher dose.
Liposomes have been widely investigated for the treatment of both
anterior and posterior segment eye disorders (Mishra et al., 2011).
Micro/nanoparticles based systems with an appropriate morphol-
ogy can be designed to ensure low irritation, adequate bioavail-
ability, and ocular tissue compatibility. For ophthalmic delivery,
particles are generally composed of lipids, proteins, natural or
synthetic polymers such poly(alkyl cyanoacrylates)(PACA)
(Kreuter, 1993), poly(caprolactone) (PCL) (Gagandeep et al.,
2014), poly(lactic acid) (PLA) (Nagarwal et al., 2011), poly(lactic-
co-glycolic acid) (PLGA) (Wagh and Apar, 2014), chitosan (CS)
(Jayaraman et al., 2012), poly(acrylic acid) (PAA) (De et al., 2003;
Hornof et al., 2003) and hyaluronic acid (Apaolaza et al., 2014).
Among these polymers, chitosan is most widely studied due to its
unique properties besides the well known biocompatibility and
biodegradability—the chitosan is positively charged and hence it
binds to negatively charged corneal surface and thereby improves
precorneal residence and decreases clearance. These are the main
reasons to explain why chitosan was chosen as the main polymer
for our research. In order to better modulate the particles
morphology we introduced a second polymer, gelatin, which
presents free amine groups and gives similar chemical reactions as
chitosan. Moreover, gelatin is well known for its properties being
Table 1
Varying parameters of microparticles preparation.

Sample
code

CS/G
(w/w)

TPP
concentration
(%)

NH3/TPP
(mol/mol)

NH3/GA
(mol/mol)

TPP crosslinking
time (h)

C1 1/1 5 2/1 14/1 1 

C2 15 

C3 1 

C4 10 

C5 5 4.7/1 

C6 11.74/1 

C7 1.175/1 

C7.1 2 

C7.2 3 

C 7.3 4 

C7.4 28/1 

C 7.5 7/1 

C7.6 14/1 

C7.7 

C7.8 

C7.9 7/1 4 

C 7.9.1 1/0 

C7.9.2 3/1 

C7.9.3 1/3 

C8 1/0 5/1 14/1 1 

C9 3/1 

C10 1/1 

C11 1/3 
intensively used in advanced drug delivery field (Elzoghby, 2013).
Previous studies on chitosan- gelatin hydrogel films and particles
were already published by our research group (Cadinoiu et al.,
2011; Peptu et al., 2010).

The purpose of this study was to develop and characterize a new
ophthalmic formulation of cefuroxim, a drug generally used in the
prophylaxis of postoperative endophthalmitis following cataract
surgery after intraocular administration (Delyfer et al., 2011), using
polymer based nanoparticles. Particles were synthesized using a
double crosslinking in double emulsion technique and the effects of
crosslinkers amount and concentration, ionic crosslinking time,
surfactant amount, stirring speed, polymer ratio on their morpholo-
gy and physical–chemical properties (swelling degree, drug loading
and release capacity, surface characteristics, etc.). The optimum
considered particles has been analysed from the point of view of the
enzymatic degradation properties along with in vivo ocular
investigations (ocular biodistribution, in vivo drug release).

We consider that our work bring original elements from many
points of view: (i) it was developed an improved method comparing
to the one previously reported (Peptu et al., 2010); (ii) the in vivo
evaluation of cefuroxim release was performed by HPLC-MS, the
method being developed and validated by the authors; iii) to our
knowledge, this is one of the few papers which include preparation
of the polymer particles, optimization of the preparation method,
physical–chemical characterization of the particles and also from
the point of view of biomaterial characteristics and in vitro and in
vivo tests of the new polymer-drug nanosystems specially designed
for targeting the posterior segment of the eye.

2. Materials and methods

2.1. Materials

Chitosan (CS)—low molecular weight (Sigma–Aldrich), molec-
ular weight—70,000 (determined by viscosimetry), deacetylation
degree 91%, Gelatin type A (Sigma–Aldrich), glutaraldehyde (25%—
Sigma–Aldrich), sodium fluorescein (Sigma–Aldrich), N-(3-Dime-
thylaminopropyl)-N0-ethylcarbodiimide hydrochloride (EDAC)
(Fluka), Sodium triphosphate pentabasic (TPP) (Sigma–Aldrich),
sorbitan monooleate—Span 80 and Polyoxyethylenesorbitan
Ultraturrax
speed, (rpm)

Surfactant, (% in respect with
phase volume)

Mean diameter in acetone
(microns)

9000 2 0.967
4.154
5.116
6.3
2.547
0.667
1.466
2.224
0.648
0.755
0.225
0.742

15,000 0.889
9000 3 0.12

4 0.166
15,000 3 0.225

0.345
0.42
0.637

9000 2 0.82
0.341
0.637
1.190
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monooleate—Tween 80 (Sigma–Aldrich); cefuroxim (CF) collage-
nase from Clostridium histolyticum (EC 3.4.24.3, US Biological, USA)
with collagenase activity of 125 units/mg dry weight. All other
chemicals used (solvents and other substances) were at least
analytical grade.

2.2. Methods

2.2.1. Micro/nanocapsules preparation
Nano and microcapsules were obtained by two steps cross-

linking of the two polymers (chitosan and gelatin) in a double
emulsion system. The first step, represented by gelation through
ionic crosslinking of the polymers solution was followed by a
second step, covalent crosslinking, in order to harden the unstable
gel particles.

Briefly, the procedure is the following: 0.25 g polymer mixture
(depending on the sample) is dissolved in a specific amount of 1%
acetic acid; afterwards, the amount of hydrophilic surfactant
(Tween 80) is also dissolved. In order to prepare the primary
emulsion, a certain amount of toluene (aqueous phase to organic
phase ratio was 4/1) containing the specific surfactant, Span 80 has
been dropped under vigorous stirring to the aqueous phase
containing the two polymers. The primary emulsion has been
added drop by drop into the organic phase (consisting in toluene
and the certain amount of the hydrophobic surfactant—Span 80)
under stirring at 9000–15,000 rpm. After 10 min the TPP solution
was added also under stirring but only after the stirring speed was
reduced at 5000 rpm (in order to ensure uniform ionic crosslinking
and to diminish the aggregates formation due to the coalescence
which can appear at a higher speed). The ionic crosslinking was
allowed to take place for different time intervals (between 1 and
4 h). The following step was the addition of the covalent crosslinker
(glutaraldehyde toluene solution) and left to react for 1 h. The
micro and nanocapsules were separated by successive cycles of
centrifugation—washing (with different solvents—acetone, water
and finally hexane) and dried at room temperature.

As it is already known, the use of glutaraldehyde may increase the
toxicity, thus limiting the possible medical applications of the
prepared system. Therefore the neutralization of unreacted glutar-
aldehyde sites was performed as a supplementary step by treating
the prepared nanoparticles repeatedly with L-glutamic acid solution
(low pH) as reported by Goswami et al. (Goswami et al., 2010).

In order to establish the best formulation different parameters
of both crosslinking reactions have been considered: the mass
polymer ratio, TPP concentration, the molar ratio between the two
polymers (in terms of free amine groups) and each of the two
crosslinkers (TPP and GA), ionic crosslinking time, surfactant
amount (in percent in respect with the aqueous or organic phase
weight) and the stirring speed used at the beginning when the
emulsion was formed. All the values of these parameters as well as
the yields of each reaction are presented in Table 1.

2.2.2. Particles morphology
The prepared nanoparticles were observed by scanning electron

microscopy (HITACHI SU 1510). A small amount of particles in
powder form was layered on the SEM stub and then coated with
gold metal using a sputter coater (Cressington 108 auto).

The mean diameter of the particles and the size distribution
were analyzed by laser light diffractometry technique (SHI-
MADZU—SALD 7001). All measurements were carried out on
suspensions of particles in acetone after sonication for 15 min at
room temperature using a sonication bath (Bandelin Sonorex).

2.2.3. X-ray photoelectron spectroscopy
In the aim to characterize the chemical environments and

compositions, X-ray photoelectron spectrometry (XPS) meas-
urements were performed on a Thermo K-alpha spectrometer
with a hemispherical analyzer and a microfocussed (analysis
area was c.a. 40 mm2) monochromatized radiation (AlKa,
1486.6 eV) operating at 72 W under a residual pressure of
1 �10�9mbar. The pass energy was set to 20 eV for high
resolution core levels spectra and 150 eV for large scale spectra.
The instrument work function was calibrated to give a Binding
Energy (BE) of 83.9(6) eV for the Au 4f7/2 line for metallic gold
and 932.6(7) eV BE for the Cu 2p3/2 line of metal copper. Charge
effects were compensated by the use of a charge neutralisation
system (low energy electrons) which had the unique ability to
provide consistent charge compensation. All the neutraliser
parameters remained constant during analysis and allow ones
to find a 285.0 eV C1s binding energy for hydrocarbon. Peaks
convolution was processed with a nonlinear Shirley-type
background (Shirley, 1972) and mathematical components were
optimized with a weighted least-square fitting method using
70% Gaussian, 30% Lorentzian line shapes. Quantification was
performed with CasaXPS processing software (CasaXPS Ltd.,
Teignmouth, UK) using Kratos Relative Sensitivity Factors’s
library (Scofield, 1976). Binding energies are given with a
�0.2 eV precision. The mounting of the nanoparticles has been
limited to a thin powder deposition onto a conductive copper
paste for the XPS analysis. To prevent the samples from
moisture/air exposure, the XPS spectrometer is directly con-
nected to an argon dry-box working at low H2O /O2 level
(<1 ppm through a fast load transfer chamber).

2.2.4. Maximum swelling degree
The gravimetric method was used in order to determine the

swelling degree of the nanocapsules in slightly alkaline aqueous
medium (phosphate buffer solution, pH 7.4) and in the acidic
medium (acetate buffer solution, pH 3.3). For this, a certain amount
of dried sample (w0) was immersed into the buffer solution and
maintained under magnetic stirring at 25 �C. After 24, 48 and 72 h
the nanocapsules suspension was ultracentrifugated (15,000 rpm)
and the swollen sample (w1) was weighed. The traces of water
were removed by using a piece of filter paper. The swelling degree
was calculated with the following equation:

Qð%Þ ¼ w1 � w0

w0
� 100 (1)

In order to diminish the errors which can interfere with the real
measurements, the swelling degree was measured after 24, 48, 72
and 96 h. The results represent the arithmetic average of three
different determinations, the standard deviation being lower than
10%.

2.2.5. CF loading and in vitro release
CF was used as drug for the in vivo and in vitro release tests. For

loading experiments 20 mg of capsules (sample C7.9) were
suspended in 1 mL CF solution (25 mg/mL) and dispersed in a
sonication bath for 15 min. The suspension was maintained under
stirring for 24 h and then centrifuged for 15 min at 15,000 rpm and
finally freeze-dried (Laboratory freeze-dryer Christ Alpha 1–4).
The CF encapsulation efficiency has been calculated by determin-
ing the CF content in the supernatant in correlation with the
standard calibration curve by using UV–vis spectroscopy (Nano-
drop ND 1000) at 275 nm wavelength.

Concerning the release experiments a certain amount of CF
loaded particles were introduced in cellulose dialysis tubes
immersed in 20 mL buffer solution at 37 �C, in a water bath, under
continuous shaking. Small aliquots of buffer solution were
withdrawn at appropriate time intervals and the CF concentration
was determined by UV–vis spectroscopy (Nanodrop ND 1000) at
275 nm.



Fig. 1. Chitosan–fluorescein reaction.
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2.2.6. In vitro enzymatic degradation
Starting from the idea that gelatin is in fact a collagen

hydrolysate, the ability of capsules to degrade on exposure to
enzymes was studied by using collagenase which represents the
main enzyme responsible for in vivo degradation of native collagen
fibrils in different eye diseases such as Keratomalacia (rapid
corneal ulceration that occurs in children who are severely
deficient in vitamin A) (Seng et al., 1980), corneal destruction
after injury and alkali-induced burns. (Elner et al., 2003a) or
associated with other diseases (Riley et al., 1995).

The process was evaluated by measuring the amount of a-NH2

groups (mmol/mL � 10�10) after enzyme action, by means of
nynhidrin test.

Briefly, the nynhidrin reagent was prepared by dissolution of
SnCl2�2H2O (0.032 M) in citrate buffer solution pH 5.0, (500 mL),
and the addition of 500 mL solution of nynhidrin (20 g) in
2-methoxyethanol.

The initial samples were incubated in 30 mL PBS (0.01 M) pH
7.2, containing 0.01% collagenase in a shaking water bath at 37 �C.
At preestablished time intervals, 1 mL of sample solution was
withdrawn, mixed with nynhidrin reagent (5 mL) and quenched in
boiling water for 20 min, followed by a rapid cooling (within 5 min;
ice bath) to room temperature. Then, water/2-propanol solution
(1:1, v:v), (25 mL) was added and optical absorbance was recorded
(570 nm using a UV–vis spectrophotometer—BOECO S 30).

The degradation degree was calculated from the calibration
curve of gelatin degradation and the equations:

DD ¼ Cn

C0
� 100; (2)

where DD is the degradation degree (%), Cn the nanocapsule
concentration in primary amino groups (mmol NH2/mL), C0 the
maximal concentration in primary amino groups from gelatin
(mmol NH2/mL)

and

DE ¼ Cn

Cnmax
� 100 (3)

where DE is the degradation efficiency (%) and Cnmax the maximal
concentration in primary amino groups of nanocapsules (mmol
NH2/mL).

2.2.7. In vivo ocular biodistribution
For preparing fluorescent labelled capsules the chitosan has

been labelled with fluorescein by following the method of De
Campos et al. (2004). Fluorescein was covalently attached to
chitosan: the reaction has been taken place between the amine
groups of chitosan and carboxyl groups of fluorescein (Fig. 1), the
amidation reaction being catalysed by EDAC.

Briefly, a certain amount of CS was dissolved in 1% acetic acid
solution to obtain a final concentration of 1%. The amounts of
fluorescein and EDAC have been calculatedin orderto have half of the
chitosan free amine groups to react with fluorescein, the rest being
necessary later for reaction with TPP and GA, respectively. the pH of
the solution has been adjusted to 6 with NaOH (1 M). The
demineralised water has been added in order to have a final solution
volume of 250 mL. Separately, the specific amount of fluorescein has
been dissolvedinethanol in orderto have 10 mL witha concentration
of 10 mg/mL. These two solutions were mixed together and the
specific amount of EDAC has been added in a final concentration of
0.05 M. The mixture was allowed to react in the dark for 24 h at room
temperature. The conjugate was purified by dialysis (cellulose
dialysis tubing, pore size 12,400 Da) against demineralized water,
0.05 N NaOH solution, and finally against de-mineralized water and
then lyophilized. With this derivatized chitosan, particles have been
obtained following the procedure presented above.
For in vivo ocular biodistribution test, one series of 9 Wistar rats
have been used, weighing 150–180 g. The left eye was used as
control: it has not received any treatment and the fluorescent
nanoparticles suspension (the concentration of nanoparticles in
physiological serum, being equal to 1%) has been intravitreous
administered in the right eye after a general anaesthesia with
Ketamin (0.1 mL/100 g b.w.). The injected eyes have been
enucleated and the animals euthanized at the end of the
experiment. The eyes have been transferred on ice and sectioned
immediately after the enucleation. All ocular tissue sections have
been treated with monoclonal anti-fluorescein antibodies (pro-
duced in mouse—FL-D6 clone—Sigma–Aldrich) using a dilution of
1/400 at room temperature. After 48 h, the primary antibodies
have been removed by successive washings with PBS and the
samples were treated with anti-mouse secondary antibodies (the
whole molecule of IgG; produced in goat and labelled with R-
phycoerythrin-Sigma–Aldrich) for 1 h at a dilution of 1/100 and
room temperature.

All sections have been transferred on microscope slides and
covered with specific medium for fluorescence (0.1% DABCO in
PBS; glycerol for microscopy 1:1). For fluorescence analysis a Nikon
Eclipse TE300 Inverted Microscope has been used (40�). The
excitation wavelength was setup at 514 nm and for emission a filter
having 570 nm wavelength has been used for R-phycoerythrin. The
images have been captured using the software associated to the
microscope in two modes: red fluorescence for R-phycoerythrin
and transmitted light for morphological structures of the samples.
The final processing has been performed using the software Image
J (NIH) for the superposition of the two types of images and
measurement of red intensities (arbitrary units). The red fluores-
cence intensities were calculated starting from RGB diagrams.

2.2.8. In vivo cefuroxim release study
The in vivo tests were performed on Wistar rats having each a

weight of 300 g. Each subject was sedated by intraperitoneal
injection of a Thiopental solution, 5 mg/kg body weight. When the
anesthesia was effective the drug loaded particles were injected in
the left eye, 50 mL of 1% particles suspension containing an



20 G. Andrei et al. / International Journal of Pharmaceutics 493 (2015) 16–29
estimated drug quantity of 4 �10�4 g. The same amount of drug was
injected also in the right eye but as free cefuroxim in a 20 mL
solution. Both eyes of each animal were eviscerated under
anesthesia at fixed time intervals, 15 min, 30 min, 1 h, 2, 3, 4, 5, 6,
24, 48 and 92 h, respectively. At specific time points (during 5 h) the
same amount of vitreous was extracted and analyzed by HPLC-MS
technique (the rats were euthanatized at the end of the extraction).
The samples were suspended in 2 mL water/acetonitrile mixture 1/
2 using an Ultraturrax at 5000 rpm. The obtained eye homogenate
was centrifuged at 11,000 rpm and 0.5 mL of the supernatant was
filtered through 200 mm PTFE filters and further used for quantita-
tive measurements by LC MS (10 mL per injection).

For the LC–MS analyses of cefuroxim a standard quantitative
curve was established using eye homogenate without any addition
of cefuroxim. The analyzed samples were obtained by spiking clean
homogenate extract, obtained as previously described, with fixed
amounts of cefuroxim (CF) stock solution, thus resulting solutions
of 0.2, 0.8, 1, 1.6, 5, 10, 20 mg/mL, respectively. This resulted in a
standard curve used for quantitative measurements. The solutions
were stored at 4 �C avoiding light for using.

2.3. Sample extraction procedures

The samples were suspended in 2 mL water/acetonitrile
mixture 1/2 using an Ultraturrax at 5000 rpm for 1 min. The
obtained eye homogenate was centrifuged at 11,000 rpm and
0.5 mL of the supernatant was filtered through 200 mm PTFE filters
and further used for quantitative measurements by LC MS (10 mL
per injection).

2.4. Method validation

To evaluate selectivity, drug-free eye homogenate samples from
6 individuals were analyzed to check for the presence of any
interfering peaks at the elution times of cefuroxim. The calibration
curves were constructed using 7 standards ranging in concentra-
tion from 0.2 to 20 mg/mL. The validity of the linear regression
equation was indicated by the correlation coefficient (R2 = 0.995).

The intraday and interday precision and accuracy were
evaluated by assessing QC samples at the following concentra-
tions: LLOQ (0.1 mg/mL), low (0.2 mg/mL), medium (1.6 mg/mL),
and high (20 mg/mL).

The extraction recovery and matrix effect of cefuroxim for three
concentrations of QC samples was determined by comparing the
Fig. 2. ESI MS/MS
response of CF spiked eye homogenate after extraction to that of
analyte spiked into the solution extracted from blank eye
homogenate and the response of CF spiked after extraction to
that of CF dissolved in mobile phase, respectively.

Stability experiments were performed by leaving the eye
homogenate sample at room temperature for 6 h (no light), placing
the treated eye homogenate in an autosampler for 24 h and storing
for 100 days at �20 �C, using three similar samples of each QC
sample with three different concentrations.

2.5. Mass spectrometry measurements

The mass spectrometry setup for the quantitative measure-
ments consists in an Agilent 6510 Triple Quad LC MS system
(Agilent, USA) controlled using the MassHunter software. The CF
samples were analyzed by MRM. CF fragmentation (Fig. 2) in
negative mode was found to be the most sensitive in the given MS
conditions and was used for further quantitation.

The chromatographic conditions for the CF separation were
as follows: isocratic solvent flow 1 mL/min, constant tempera-
ture of 30 �C, mobile phase—acetonitrile/water 7/3 spiked with
1 mM HCOOH and Agilent ZORBAX 300SB-C18 4.6 � 150 mm,
5 mm C18 column. ESI source parameters were established for
the best sensitivity: Vcap = 4000 V, fragmentor voltage = 200 V,
drying gas temperature = 325 �C, drying gas flow = 12 L/min,
spraying pressure = 35 psi g. The gas used by ESI source is
nitrogen provided by an external source, Peak Scientific. The CF
fragmentation performed in the collision cell were obtained at
Elab =5 eV using high purity nitrogen as collision gas. The
monitored fragmentation reaction characteristic for CF (Fig. 3)
was m/z 423 ! (m/z 207 + 318 + 362). The LC–MS/MS conditions
were established for best sensitivity by elimination as much as
possible the matrix effects. LC–MS/MS peak present at retention
time 1.85 min (Fig. 3A) was integrated and further used for
quantitation (quantitation curve y = 6E + 09x + 1328.9). Thus, the
LC–MS experiment was divided in three segments (see also
Fig. 3B):

� first segment—the flow is directed to ESI source (0–0.9 min).
� second segment—the flow is diverted to waste in order to avoid
the matrix effects over the ESI measurements (0.9–1.5 min).
� third segment—the flow is directed to ESI source and the MRM of
CF is performed (only MS/MS spectra of 423 peak are quantified
at 1.85 min) (1.5–2.4).
 of cefuroxim.



Fig. 3. LC MS chromatograms (A) total ion chromatogram; (B) MRM chromatogram for CF detection.

Fig. 4. Double crosslinking mechanism.
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Fig. 5. Dimensional distribution of the samples C7 and C7.9.
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3. Results and discussions

The capsules preparation process is an original one derived
from another method previously developed in our group (Peptu
et al., 2010) starting from the point that we wanted to prepare
superior particles in terms of morphology and encapsulation
efficiency. The double crosslinking was performed in order to
maintain the stability of the polymer particles (which is generally
given by the crosslinker bridges between the two types of
macromolecules) without the increase of the toxicity of the
particulate system. In this case that means the use of a minimal
amount of the covalent crosslinker (GA) enough to stabilize the
already formed gel particles (obtained after the ionic bonding of
the polymers with TPP). The crosslinking mechanism is presented
graphically in the Fig. 4.

One of the major advantages of the present method is
represented by two natural polymers used both presenting
excellent properties which make them suitable for many kinds
of biomedical applications. In addition, in this case, we have tried
to ensure a very good stability of the particles by using chitosan
which will form the majority of the chemical bonds (both ionic and
covalent) because it presents a higher number of free amine groups
Fig. 6. Scanning electron microscopy images
(susceptible for ionic/covalent crosslinking) in comparison with
gelatin which present a very small amount of free amount groups
but which will ensure the formation of the interpenetrated
network. Moreover, the addition of gelatin will ensure the high
swelling capacity of the particles which will determine the high
drug encapsulation efficiency (see the following sections).

3.1. Morphological analysis (size and shape)

The morphology represents the main characteristic which has
been considered for the capsules optimization process. For this, the
first studied parameters of the double crosslinking process were
the TPP concentration (samples C1–C4) and the molar ratio
between polymers (free amine groups) and the ionic crosslinking
agent (TPP) (samples C5–C7). After these two steps an optimal
sample from the morphological point of view has been selected
(C7). The following steps were represented by the samples
obtained after the variation of the ionic crosslinking time (C7.1–
C7.3), the molar ratio between polymers (free amine groups) and
the covalent crosslinking agent, GA (C7.4, C7.5), the stirring speed
(C7.6) and the surfactant amount (C7.7, C7.8). The optimal sample
C7.9 has been obtained by using for the preparation of the particles
 for the optimum samples C7 and C7.9.



Fig. 7. Large scale spectra of samples with different ratios between ionic (TPP) and
covalent (GA) crosslinking agents (C7.4 and C6).
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the optimal values of the previously described parameters. In the
end we have tried to see if changing the initial polymer ratio
(C7.9.1–C7.9.3) allows obtaining a better morphology.

In the Table 1 the mean diameter for each sample has been
presented. The sample C7 followed by the optimum sample
C7.9 have been chosen taking into account both size and spherical
shape characteristics as well as the aggregation tendency which
can further cause problems during the in vivo tests. The
dimensional distribution of the optimum samples C7, respectively
C7.9 is represented in the Fig. 5.

SEM images of the first samples (C1–C4) indicated the
formation of aggregates and a relative high polydispersity, but
they present a good dispersability in water and organic solvents
after stirring or ultrasonication. Dimensional polydispersity is high
and aggregates are observed for the samples with different
Table 2
Peak positions and relative abundance (atomic percentages) for Samples a (GA/TPP = 0

Peak GA/TPP = 0.042 (Sample a) 

Position (eV) FWHM (eV) a

C 1s 285.0 1.5 2
286.3 1.4 2
287.9 1.5 1
288.9 1.5 

N 1s 398.6 1.4 

400.0 1.6 

401.8 1.6 

O 1s 531.5 1.8 1
532.7 1.5 

533. 9 1.6 

P 2p 3/2–1/2 133.5 1.6 

134.4 1.6 

FHWM: full width of peaks at half maximum.
polymer ratios (C7.1–C7.3). After the first optimization steps, the
particles are better individualized (probably due to the increasing
of the ionic crosslinking time or the amount of the covalent
crosslinker (C7.4, C7.5) allowing the maturation of the particles). By
changing the initial amount of the surfactant and the stirring
speed, particles with nanometric size with a clear round shape and
without aggregates have been obtained. In the Fig. 6 SEM
photographs for the most representative samples are presented.

3.2. X-ray photoelectron spectroscopy

In Fig. 7, spectra of samples with different ratios between ionic
(TPP) and covalent (GA) crosslinking agents (samples C7.4. and C6)
were recorded in a large energy scale (0 eV–1100 eV). P2p peaks are
observed confirming the ionic crosslinking and the signal is lower
for GA/TPP = 0.83 as expected. For high energy resolution, the
spectra are better resolved and mathematical convolutions give
access to the different chemical functions in the composites.
Samples were compared considering the difference in the content
of specific crosslinking agents. Specific C1s, P2p, N1s and O1s regions
were then examined and results are reported in Table 2.

Concerning the nitrogen species detected, the N1s spectra
(Fig. 8) exhibit three components which were assigned to: N��C
bonds (Wagner et al., 2003) at 400.0 eV, amino groups in the
ammonium form (Amaral et al., 2005) at 401.9 eV. The supple-
mentary peak at 398.6 eV is the signature of the covalent
crosslinking (N¼C, (Beamson and Briggs, 1992) with glutaric
aldehyde as given in the scheme.

For phosphorus entities present in the composites, all spectra
revealed a doublet (2p3/2–1/2 components at respectively c.a.
133.5 eV and 134.4 eV) clearly associated with HPO4

� chemical
groups (Wagner et al., 1979) operating in the ionic crosslinking.
Moreover the O1s peak at 533.9 eV corresponds to same HPO4

�

units (Quan et al., 1989) confirming the ionic crosslinking.
Comparing the relative abundances (atomic percentages) of

elements, a correlation exists between the ratio of specific peaks
and the ratio between covalent and ionic crosslinking agents. As
examples, the relative abundance of the peak assigned to N¼C
groups (N1s spectrum) is higher for the sample with an important
covalent crosslinking agent content (sample a), whereas highest
intensities of O1s peak at 533.9 eV and N1s peak at 401.9 eV
(interactions between HPO4

� and NH3
+) were observed for sample

b with a high content of ionic crosslinking agent. In the same time
the relative abundances of each of the elements are in good
agreement with the ratio between the different crosslinking agents
(Table 3)

Calculating the ratio amine groups ionically bonded/amine
groups covalently bonded, close to 1 (Table 4, line 8), results that,
.042—sample C7.4) and b (GA/TPP = 0.83—sample C6).

GA/TPP = 0.83 (Sample b)

t.% Position (eV) FWHM (eV) at.%

8.1 285.0 1.4 43.4
1.2 286.4 1.4 19.1
2.3 287.9 1.3 8.8
3.2 288.9 1.3 2.4
0.4 398.6 1.5 0.6
8.5 400.0 1.6 8.1
1.4 402.0 1.7 0.7
0.6 531.6 1.9 8.8
9.5 532.8 1.5 6.3
2.9 533. 9 1.4 1.2
1.3 133.4 1.5 0.4
0.6 134.3 1.6 0.2



Fig. 8. XPS spectra of GA-TPP composite with: GA/TPP = 0.042 ((a) N1s peak and (c) P2p3/2–1/2 peak); GA/TPP = 0.042 ((b) N1s peak and (d) P2p3/2–1/2 peak).

Table 3
Relative abundance (atomic percentages) of elements within the particles with
different crosslinking agents ratios (Samples C7.4 (GA/TPP = 0.042) and Sample C6
(GA/TPP = 0.83)).

at.% C at.% N at.% P at.% O

Sample C7.4 64.8 10.3 1.9 23.0
Sample C6 73.7 9.4 0.6% 16.3

24 G. Andrei et al. / International Journal of Pharmaceutics 493 (2015) 16–29
on particles surface, the same number of amine groups participates
to each type of crosslinking bond. The GA is added in a smaller
amount compared with TPP and, as expected, the covalent
crosslinking has taken place at the particle surface not in the
entire volume, whereas the ionic crosslinking is taking place in the
whole volume of the aqueous polymer drops.

3.3. Swelling degree

Swelling experiments lead to interesting results showing that
the maximal swelling degree is in very good correlation with
particles preparation parameters. In Fig. 9 a general view over
these parameters is presented and the first conclusion is that for all
samples, the maximal swelling degree in acetate buffer (pH 3.3) is
higher (between 804 and 1587%) than in phosphate buffer (pH 7.4)
(between 516 and 1121%). This effect is determined by the amine
groups of the two polymers which have not participated to the
crosslinking process (both ionic and covalent). In acid environment
the amine groups are quaternized into ammonium groups; the
electrostatic repulsions between these groups increase the
distances between the network chains determining the accumu-
lation of high amount of water. The maximal swelling degree is
high in alkaline pH too: in these conditions an important role is
given to the carboxylic groups of gelatin coming from the
dicarboxyl acids present in its structure. In basic media, these
groups are as carboxylate anions which determine electrostatic
repulsions but not as strong as those developed in acidic pH giving
a high maximal swelling degree but lower that in alkaline pH.
These results are in good agreement with other previous studies
(Mi et al., 2003; Shu and Zhu, 2002a; Boral et al., 2006)

Analysing the C1–C4 series one can notice that increasing TPP
concentration reduces the maximal swelling degree, as a logical
consequence of increasing the network crosslinking density. A
similar effect was noticed in the series C1, C5, C7 when increasing
the amount of TPP, the maximum swelling degree is reduced.



Table 4
XPS quantitative aspects regarding surface structure of two types of particles.

Property Value

C7.4 C6

1. TPP in initial mixture, (mol) 6.2 �10�4 6.21 �10�5
2. TPP chemically bonded, on the surface (mol) 2.45 �10�5 2.56 � 10�5

3. TPP bonded on the surface, (reacted mols/initial mol) � 100, (%) 3.95 41.22
4. GA added initially, (mol) 11.18 � 10�5 22.37 � 10�5

5. GA covalently bonded (mol) 7.57 � 10�5 7.93 � 10�5

6. % GA chemically bonded reacted mol/total mol � 100, (%) 67.71 35.44
7. Nitrogene amount participating to ionic crosslinking, (mol) 8.14 �10�5 8.52 �10�5

8. Amine groups ionically bonded
Amine groups covalently bonded

8:14�10�5
7:57�10�5 � 1:075 8:52�10�5

7:93�10�5 � 1:074
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Other researchers have obtained similar results (Shu and Zhu,
2002b).

The C7–C7.4 samples are different by the ionic crosslinking time
from 1 h to 4 h. As it was predictable, increasing the ionic
crosslinking time will determine obtaining denser networks with
lower maximal swelling degree values in total agreement with
other researches (Ko et al., 2002). Following the same reasoning in
the series C7.4, C7.8, C7.5 when an increasingly higher amount of
GA was used the maximal swelling degree was lower as observed
in other similar studies (Silva et al., 2004). Stirring speed (used for
Fig. 9. Swelling degree (SD) in
emulsion preparation) and the amount of surfactant does not
present an influence on the swelling degree, since these
parameters do not interfere in the chemistry of the crosslinking
process.

The composition of initial polymer mixture represents an
important parameter for swelling degree evaluation. Reducing CS
amount from 100% (C8) to 25% (C11) leads to higher swelling
degree, the phenomenon having a simple explanation: reducing
the amount of CS means a reduced number of amine groups
participating to both types of crosslinking sites, then the
 different pH conditions.



Fig. 10. CF release kinetic in pH 7.4 environment.
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crosslinking density is also reduced which makes the swelling
degree to be higher. In addition, G presents a superior hydrophi-
licity determining the accumulation of higher amount of water.

3.4. In vitro drug release

For loading and release studies sample C7.9 was considered
optimal. For this sample a toxicity test has been performed using
the determination of average lethal dose (DL50) according to a
method which was previously described in one of our published
paper (Peptu et al., 2010). In conformity with Lodge and Sterner
scale (Danila, 1984) the tested nanoparticles are in the category of
“practically nontoxic”.

The cefuroxim encapsulation efficiency for tested sample was
around 47%. The dried sample was then tested for in vitro release
characteristics. The release kinetics in alkaline environment (pH
Fig. 11. (A) The variation in time of degradation degree (DD) for samples with differ
comparison with pure gelatin; (B) the efficiency of enzymatic degradation process (DE) a
and C7.9.2—25% gelatin) in comparison with pure gelatin.
7.4) is presented in Fig. 10. The release behavior is typical of
diffusional systems like this one. A relative strong burst effect has
been noticed in the first hour, afterwards the system is
equilibrating and slowly release CF for 48 h tested.

3.5. In vitro enzymatic degradation

The particles composition includes two natural polymers
known as being degradable under the effect of specific enzymes.
CS is degraded by chitosanase by endohydrolysis of beta-(1 !4)-
linkages between D-glucosamine residues to monosaccharide level
G, which is resulted from collagen by a controlled hydrolysis, is
sensitive to collagenase which is catalyzing the hydrolysis of
peptide bond in the main chain determining the appearance of
ending alpha amine groups. The latter can be identified by a color
reaction with ninhydrin; depending on the color intensity
ent gelatin amount in composition (C6—50% Gelatin and C7.9.2—25% gelatin) in
s a function of time for particles with different gelatin composition (C6—50% Gelatin



Fig. 12. Analysis of red fluorescence intensity (RGB diagram on morphology) from lens (A) and retina (B) sections, 24 h (**) and 72 h (***) as compared to the control group (*).
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(spectrophotometrically determined) it is possible to analyze the
degradation degree of the particles and the gelatin degradation
efficiency. Collagenase has been associated with the phenomenon
of cornea destruction following accidents or alkaline burns (Elner
et al., 2003b). In our experiment, the gelatin degradation efficiency
(blank sample) is maximal (100%) after 29 h (Fig. 11), when the
maximum alpha amine end group concentration is achieved.
Gelatin from capsules is achieved after longer periods of time
(126 h), this effect being due to the fact that gelatin being trapped
within the interconnected network, the access of the enzyme to
the amide bond is decreased. By analyzing the results presented in
the Fig. 10, one can observe that after this time interval, the
particles degradation degree is different depending on their
composition. The degradation process presents a linear evolution,
Fig. 13. In vivo cefuroxim release profile kinetic for free (red line) and encapsulated (black
the reader is referred to the web version of this article.)
the particles are 47% degraded for sample C6 and 25% for sample
C7.9.2. These values of degradation degree are identical with the
amount of gelatin in initial composition, indicating that under the
action of collagenase only the protein is degrading.

3.6. In vivo ocular biodistribution

Analyzing the results of particles eye biodistribution after
intravitreal administration, one can observe that the particles can
reach in large quantities the lens and retina 24 h after administration
(Fig.12). This is based on the fluorescence intensity peak and surface
of the fluorescence diagram analysis which allows only the
qualitative estimation of the particles concentration which pene-
trated a certain segment of the eye. Smaller amounts (fluorescence
 line) cefuroxim. (For interpretation of the references to colour in this figure legend,



28 G. Andrei et al. / International Journal of Pharmaceutics 493 (2015) 16–29
reduced intensity) were found at cornea and lens level also 24 h after
administration(personalobservation, datanot shown).Although the
intensityof fluorescence is lower, at72 h the particles are still present
at retinal, lens, scleral and corneal level. Thus, analyzing the
biodistribution of particles it has been demonstrated their potential
to penetrate the adjacent tissues of the administration site and also
the deep migration to cornea and retina after longer time.

3.7. In vivo cefuroxim release behavior

The evolution in time of the CF accumulated at the level of the
eye is presented in Fig. 13.

The CF was administrated as free drug solution or as CF loaded
nanoparticles. The free drug administration leads to a burst effect
in the first 15 min followed by relatively constant CF concentration
for about 5 h. When CF is administered as nanoparticles a different
kinetics is displayed. In the first 15 min the drug may be found at
similar levels as in the case of free CF administration but in the
interval between 50 and 200 min a sustained release may be
observed. As it may be observed the difference in terms of maximal
concentration of the released CF between the two administration
pathways is 8 times bigger in favor of nanoparticles. This fact can
be explained by a fast clearance of the drug when administered as
free CF, possibly occurring during the first 15 min after adminis-
tration. The nanoparticles continue to release CF even after the
initial burst release up to 96 h.

4. Conclusions

Various efforts have been made by the scientific community to
improve the bioavailability and the drug release rate from
formulations. We consider the present results as an important
step in achieving an appropriate polymer particulated system for
cefuroxim release at intraocular level. The dimensions and the
physical–chemical properties of the particles can be modulated (by
varying the preparation parameters) to facilitate the administra-
tion, the biodistribution and the drug release in the specific
segment of the eye. Therefore, the optimum reaction conditions
considered for preparing nanoparticles appropriate for intravitreal
administration are the following: CS/G ratio equal to 1.5% TPP
concentration, NH3

+/TPP = 1.175 (molar ratio), NH3
+/GA = 7/1 (mo-

lar ratio), the crosslinking time—4 h, stirring speed—9000 rpm and
4% surfactant (in respect with each phase volume). This
experimental study demonstrated also the ability of fluorescent
nanoparticles to penetrate ocular tissues close to the administra-
tion site (intravitreal injection) and especially their tendency to
migrate deep in the retina at time intervals of 72 h.

To conclude, although further experiments are warranted, all
these results point out CS–G particles as potentially useful
candidates for drug delivery at intraocular level.

Acknowledgement

This work has been performed in the frame of the Partnership
Program in priority areas—PN II, under MEN —UEFISCDI authority,
project code PN-II-PT-PCCA-2013-4-1570 (project number 218/
2014).

References

Alarcón, R., Martínez, M., 2006. Intraocular drug delivery systems. Arch. Soc. Esp.
Oftalmol. 81, 6–57.

Amaral, F., Granja, P.L., Barbosa, M.A., 2005. Chemical modification of chitosan by
phosphorylation: an XPS, FT-IR and SEM study. J. Biomater. Sci. Polym. Edn 16,
1575–1593.
Apaolaza, P.S., Delgado, D., Del Pozo-Rodríguez, A., Gascón, A.R., Ángeles Solinís, M.,
2014. A novel gene therapy vector based on hyaluronic acid and solid lipid
nanoparticles for ocular diseases. Int. J. Pharm. 465 (1–2), 413–426.

High Resolution XPS of Organic Polymers. In: Beamson, G., Briggs, D. (Eds.), John
Wiley & Sons, NYC, USA.

Boral, S., Gupta, A.N., Bohidar, H.B., 2006. Swelling and de-swelling kinetics of
gelatin hydrogels in ethanol–water marginal solvent. Int. J. Biol. Macromol 39,
240–249.

Cadinoiu, A.N., Popa, M., Curteanu, S., Peptu, C.A., 2011. Covalent and ionic co-cross-
linking—an original way to prepare chitosan–gelatin hydrogels for biomedical
applications. J. Biomed. Mater. Res. A 98 (3), 342–350.

Danila, G., 1984. Ghid de Date Toxicologice. Editura Medicala, Bucuresti.
De Campos, A.M., Diebold, Y., Carvalho, E.L.S., Sánchez, A., Alonso, M.J., 2004.

Chitosan nanoparticles as new ocular drug delivery systems: in vitro stability, in
vivo fate, and cellular toxicity. Pharm. Res 21 (5), 803–810.

Delyfer, M.N., Rougier, M.B., Leoni, S., Zhang, Q., Dalbon, F., Colin, J., Korobelnik, J.F.,
2011. Ocular toxicity after intracameral injection of very high doses of cefuroxim
during cataract surgery. J. Cataract Refract. Surg. 37 (2), 271–278.

Elner, S.G., Elner, V.M., Kindzelskii, A.L., Horino, K., Davis, H.R., Todd III, R.F., Glagov,
S., Petty, H.R., 2003a. Human RPE cell lysis of extracellular matrix: functional
urokinase plasminogen activator receptor (uPAR), collagenase and elastase. Exp.
Eye Res. 76 (5), 585–595.

Elner, S.G., Elner, V.M., Kindzelskii, A.L., Horino, K., Davis, H.R., Todd III, R.F., Glagov,
S., Petty, H.R., 2003b. Human RPE cell lysis of extracellular matrix: functional
urokinase plasminogen activator receptor (uPAR), collagenase and elastase. Exp.
Eye Res. 76 (5), 585–595.

Elzoghby, A.O., 2013. Gelatin-based nanoparticles as drug and gene delivery
systems: reviewing three decades of research. J. Control. Release 172 (3),
1075–1091.

Gagandeep, T.G., Malik, B., Rath, G., Goyal, A.K., 2014. Development and
characterization of nano-fiber patch for the treatment of glaucoma. Eur. J.
Pharm. Sci. 53, 10–16.

Goswami, S., Bajpai, J., Bajpai, A.K., 2010. Designing gelatin nanocarriers as a
swellable system for controlled release of insulin: an in-vitro kinetic study. J.
Macromol. Sci. A Pure Appl. Chem. 47, 119–130.

Hornof, M., Weyenberg, W., Ludwig, A., Bernkop-Schnürch, A., 2003. Mucoadhesive
ocular insert based on thiolated poly(acrylic acid): development and in vivo
evaluation in humans. J. Control. Release 89 (3), 419–428.

Jayaraman, M.S., Bharali, D.J., Sudha, T., Mousa, S.A., 2012. Nano chitosan peptide as a
potential therapeutic carrier for retinal delivery to treat age-related macular
degeneration. Mol. Vis. 18, 2300–2308.

Ko, J.A., Park, H.J., Hwang, S.J., Park, J.B., Lee, J.S., 2002. Preparation and
characterization of chitosan microparticles intended for controlled drug
delivery. Int. J. Pharm. 249, 165–174.

Kreuter, J.,1993. Particulates (nanoparticles and microparticles). In: Mitra, A.K. (Ed.),
Ophthalmic Drug Delivery Systems. Marcel Dekker, New York, pp.
275–297.

Mi, F.L., Sung, H.W., Shyu, S.S., Su, C.C., Peng, C.K., 2003. Synthesis and
characterization of biodegradable TPP/genipin co-crosslinked chitosan gel
beads. Polymer 44 (21), 6521–6530.

Mishra, G.P., Bagui, M., Tamboli, V., Mitra, A.K., 2011. Recent applications of
liposomes in ophthalmic drug delivery. J. Drug Deliv. 2011, 1–14.

Nagarwal, R.C., Kumar, R., Dhanawat, M., Pandit, J.K., 2011. Modified PLA nano in situ
gel: a potential ophthalmic drug delivery system. Colloids Surf. B Biointerfaces 1
86 (1), 28–34.

Patel, A., Cholkar, K., Agrahari, V., Mitra, A.K., 2013. Ocular drug delivery systems: an
overview. World J. Pharmacol. 2 (2), 47–64.

Patravale, V.B., Kulkarni, R.M., 2004. Nanosuspensions: a promising drug delivery
strategy. J. Pharm. Pharmacol. 56, 827–840.

Peptu, C.A., Buhus, G., Popa, M., Perichaud, A., Costin, D., 2010. Double cross-linked
chitosan–gelatin particulate systems for ophthalmic applications. J. Bioact.
Compat. Polym. 25 (1), 98–116.

Quan, D.T., Le Bloa, A., Habib, H., Bonnaud, O., Meinnel, J., Quemerais, A., Marchand,
R., 1989. Couches minces d’oxynitrure de phosphore. Application aux structures
MIS sur InP. Rev. Phys. Appl. 24, 545–551.

Riley, G.P., Harrall, R.L., Watson, P.G., Cawston, T.E., Hazleman, B.L., 1995. Collagenase
(MMP-1) and TIMP-1 in destructive corneal disease associated with rheumatoid
arthritis. Eye 9, 703–718.

Scofield, J.H., 1976. Slater subshell photoionization cross-sections at 1254 and
1487 V. J. Electron Spectrosc. Relat. Phenom. 8, 129–137.

Seng, W.L., Glogowski, J.A., Wolf, G., Berman, M.B., Kenyon, K.R., Kiorpes, T.C., 1980.
The effect of thermal burns on the release of collagenase from corneas of
vitamin A-deficient and control rats. Invest. Ophthalmol. Vis. Set. 19,
1461–1470.

Shirley, D.A., 1972. High-resolution X-ray photoemission spectrum of the valence
bands of gold. Phys. Rev. B 5, 4709–4714.

Shu, X.Z., Zhu, K.J., 2002a. Controlled drug release properties of ionically cross-
linked chitosan beads: the influence of anion structure. Int. J. Pharm. 233,
217–225.

Shu, X.Z., Zhu, K.J., 2002b. The influence of multivalent phosphate structure on the
properties of ionically cross-linked chitosan films for controlled drug release.
Eur. J. Pharm. Biopharm. 54 (2), 235–243.

Silva, R.M., Silva, G.A., Coutinho, O.P., Mano, J.F., Reis, R.L., 2004. Preparation and
characterisation in simulated body conditions of glutaraldehyde crosslinked
chitosan membranes. J. Mater. Sci. Mater. Med. 15, 1105–1112.

http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0005
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0005
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0010
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0010
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0010
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0015
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0015
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0015
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0020
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0020
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0025
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0025
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0025
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0030
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0030
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0030
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0035
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0040
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0040
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0040
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0045
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0045
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0045
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0050
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0050
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0050
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0050
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0055
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0055
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0055
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0055
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0060
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0060
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0060
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0065
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0065
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0065
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0070
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0070
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0070
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0075
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0075
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0075
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0080
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0080
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0080
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0085
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0085
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0085
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0090
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0090
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0090
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0095
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0095
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0095
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0100
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0100
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0105
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0105
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0105
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0110
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0110
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0115
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0115
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0120
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0120
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0120
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0125
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0125
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0125
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0130
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0130
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0130
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0135
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0135
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0140
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0140
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0140
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0140
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0145
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0145
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0150
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0150
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0150
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0155
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0155
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0155
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0160
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0160
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0160


G. Andrei et al. / International Journal of Pharmaceutics 493 (2015) 16–29 29
Trivedi, R., Kompella, U.B., 2010. Nanomicellar formulations for sustained drug
delivery: strategies and underlying principles. Nanomedicine 3,
485–505.

Wagh, V.D., Apar, D.U., 2014. Cyclosporine A loaded PLGA nanoparticles for dry eye
disease: in vitro characterization studies. J. Nanotechnol. 10 Article ID 683153.
Wagner, C.D., Naumkin, A.V., Kraut-Vass, A., Alisson, J.W., Powell, C.J., Rumble Jr, J.R.,
2003. NIST-X-ray Photoelectron Spectroscopy Database 20 Version 3.4. National
Institute of Standards and Technology, Gaithersburg, MD, pp. 3.

Wagner, C.D., Riggs, W.M., Davis, L.E., Moulder, J.F., 1979. Handbook of X-ray
photoelectron spectroscopy. In: Muilenberg, G.E. (Ed.), Eden Prairie, Minnesota.

http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0165
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0165
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0165
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0170
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0170
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0175
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0175
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0175
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0180
http://refhub.elsevier.com/S0378-5173(15)30071-5/sbref0180


Send Orders for Reprints to reprints@benthamscience.ae 

 Current Pharmaceutical Design, 2015, 21, 6055-6069  6055 

 

 1381-6128/15 $58.00+.00  © 2015 Bentham Science Publishers 

Modern Drug Delivery Systems for Targeting the Posterior Segment of the Eye 

C.A. Peptu
1
, M.Popa

1,4*
, C. Savin

1
, R.F. Popa

2
 and L.Ochiuz

3
 

1
Faculty of Chemical Engineering and Protection of the Environment, Department of Natural and Synthetic Poly-

mers, “Gheorghe Asachi” Technical University of Iasi, Professor dr. docent Dimitrie Mangeron Str, nr. 73, 

700050 Iasi, Romania; 
2 

Faculty of Medicine, Department of Surgery, “Grigore T. Popa” University of Medicine 

and Pharmacy, Iasi, 700115, Romania; 
3
Faculty of Pharmacy, Department of Pharmaceutical Technology, 

“Grigore T. Popa” University of Medicine and Pharmacy, Iasi, 700115, Romania; 
4
Academy of Romanian Scien-

tist, Splaiul Indenpendentei Street 050094 Bucuresti, Romania 

Abstract: Some of the most dangerous diseases of the eye are related to the posterior segment. Diseases such as 
age-related macular degeneration, cytomegalovirus retinitis, diabetic retinopathy, posterior uveitis and retinitis 

pigmentosa are difficult to treat using classical methods because of the many internal barriers of the eye which af-
fect the drug efficiency. In this review, we will summarize the main research directions in the field of medicamen-

tous treatment of posterior eye disorders belonging to the controlled drug delivery concept.  

The review is starting with the most important knowledge regarding anatomy and pathology of the posterior segment of the eye and is 

continuing with the current treatment methods of the eye posterior segment illnesses and drawbacks of these methods, the drugs admini-
stration pathways to the posterior segment of the eye. The last three sections present the state of the art regarding the latest discoveries in-

cluding the commercial products in the modern drug delivery systems; the main classes of materials treated in the present review are im-
plants, hydrogels and nano- microparticulate systems. 

Keywords: Drug delivery, posterior segment of the eye, micro- and nanoparticles, sustained release, intravitreal, implants, hydrogels, 
liposomes. 

1. INTRODUCTION 

 Posterior segment ocular disorders represent the most frequent 
causes of visual impairment which untreated can lead to blindness. 
The most important diseases are age-related macular degeneration, 
cytomegalovirus retinitis, diabetic retinopathy, posterior uveitis and 
retinitis pigmentosa. Currently, the treatment of posterior segment 
diseases is limited by the difficulty to achieve sufficient effective 
drug level within the target tissues, most of the methods requiring 
repeated long-term administration of therapeutic agents. Most of the 
commercial drugs or formulations for ophthalmological disorders 
are designed for the treatment of the anterior segment illnesses so 
there is a permanent need for the medications for the posterior ocu-
lar segment. In the case of the existing ones the drug is released 
after repeated intravitreal injections which are generally associated 
with ocular complications and with a reduced compliance of the 
patient [1,2]. The challenge in developing a new formulation for the 
treatment of posterior eye disorders is to reach the effective drug 
dose into the affected tissue and in the same time to minimize the 
systemic and local side effects. The difficulty is given by the unique 
anatomy and physiology of the eye with its protective barriers 
which complicate all pharmacokinetic processes [3]. The literature 
reports many studies for different types of formulations, all of them 
are trying to contribute to the development of a new and reliable 
system. The present review presents the latest progresses and trends 
in ocular drug delivery systems for treating posterior eye segment 
disorders, with an emphasis on implants, hydrogels, micro- and 
nano- particulate systems. 

 Currently, a limited number of reviews have been reported in 
the literature focused on the modern drug delivery systems 
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dedicated strictly to the posterior segment of the eye. In the Table 1 
are presented the most relevant reviews related to the topic in dis-
cussion. In addition, in the table are mentioned the most important 
aspects which are discussed in the reviews already published until 
now, as well as the year of publication revealing this way the nov-
elty and the necessity of this new review outlining the current state 
of the art in the above mentioned field. As it can been seen, except 
one paper published in 2014 (which covers only the nano carriers 
for the treatment of the posterior eye disorders) all the rest are from 
2010 and before. 

2. ANATOMY AND PATHOLOGY OF THE POSTERIOR 

SEGMENT OF THE EYE 

 The eye is a unique organ, physically protected from the resis-
tant structures of the sclera and cornea and anatomically isolated by 
the blood-retinal barrier. The surface of the eye does not favor drug 
penetration because the drainage and secretion of tears, the aqueous 
humor and the corneal structure generally prevent the passage of 
the drug substances to the internal structures of the eye [11]. As a 
result of several studies conducted in recent years, various drug 
delivery systems which provide effective concentrations of drug 
substance both in the anterior and the posterior region of the eye 
were introduced in therapy. There are three major factors to be 
taken into account for the optimization of the bioavailability in the 
posterior segment of the eye: 1. going across the blood-retinal bar-
rier or the cornea and getting inside the eye; 2. obtaining a local 
effect; 3. extending the duration of the drug substance action, for a 
reduced frequency of administrations [9, 12].  

 The systemic penetration of ophthalmic drug is achieved when 
the passage occurs by drug substance diffusion starting in the blood 
and ocular fluids (aqueous humor), through the eye capillaries of 
the conjunctiva. For this reason, this route is also called conjuncti-
val route. A second route is the topical application by instillation of 
eye drops, also called transcorneal route. Another mechanism that 
achieves drug substance penetration in the eye consists in its ab-
sorption through the palpebral and bulbar conjunctiva, followed by 
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rapid transport into the peripheral blood circulation at the level of 
the eye tissue (non-corneal absorption) [13, 14]. 

 Unlike non-corneal absorption, corneal absorption is well stud-
ied and takes into account the role played by the various corneal 
layers in drug penetration. In Fig. 1 a schematic presentation of 
ocular structure is shown. Anterior segment comprises of the cor-
nea, conjunctiva, aqueous humor, pupil and lens. The posterior 
segment includes vitreous humor, retina, choroid and optic nerve. 
Sclera is partly in the anterior and partly in the posterior segment. 

 The cornea is a thin transparent tissue, non-vascularized but 
rich in nerve endings, which makes it the most sensitive tissue in 
the body. It consists of five layers of tissue: the outermost region is 
the pre-corneal film/the anterior epithelium which is lipophilic, 

very fine and very fragile and allows the penetration of the lipo-
philic substances; an elastic sheet of tissue called Bowman’s layer 
links the epithelium to the corneal tissue proper; the corneal stroma 
comprises almost 90% of the total thickness of the cornea and con-
sists of collagen fibers and no blood capillaries (which makes it 
perfectly transparent) and at the same time permeable only to hy-
drophilic substances and electrolytes and not to the lipophilic prod-
ucts; Descemet’s basal membrane; endothelium, the last layer, is 
very rich in phospholipids and only allows the passage of lipophilic 
substances. Therefore, in order to cross the cornea, a drug must 
present amphiphilic properties. Sclera, a fibrous, opaque and vascu-
larized membrane, also has nerve endings. The ciliary body joins 
the iris, which acts as a diaphragm causing the circular opening of 
the pupil [9, 15]. 

Table 1. The most relevant reviews. 

Title of the review Aspects treated within the review Year of publication References 

Drug delivery to the posterior segment of the 

eye for pharmacologic therapy 

- advances in ocular drug delivery techniques 

- implantable devices as well as micro- and nanoparticles. 

2010 [4] 

Current and future ophthalmic drug delivery 

systems A shift to the posterior segment 

- ocular pharmacokinetics: barriers in drug delivery 

- progress and trends in ocular drug delivery systems 

- advantages and disadvantages of drug delivery systems to 

treat ocular diseases  

2008 [15] 

New Techniques for Drug Delivery to the 

Posterior Eye Segment 

- Progress and trends in ocular drug delivery systems for 

treating posterior eye segment diseases, with an emphasis 

on transscleral iontophoresis 

- conventional dosage forms and advanced delivery systems 

for posterior segment disorders 

2010 [5] 

Topical and systemic drug delivery to the 

posterior segments 

- pathology of the posterior segment of the eye 

- pharmacokinetic aspects of topical and systemic delivery 

to posterior segment of the eye 

2005 [6] 

Topical drug delivery to the posterior seg-

ment of the eye: anatomical 

and physiological considerations 

- the four approaches for drug delivery to reach the posterior 

segment of the eye (topical, systemic, intraocular, and pe-

riocular release)and anatomical arguments 

2000 [7] 

Nanotherapy for posterior eye diseases - The available routes to target posterior segment of the eye 

with barrier descriptions, advantages and disadvantages 

- Nanocarriers for targeting posterior segment of the eye 

2014 [8] 

A Review of Implantable Intravitreal Drug 

Delivery 

Technologies for the Treatment of Posterior 

Segment Eye Diseases 

- The main sites and barriers for intraocular drug delivery 

device implantation and mechanisms of drug release 

- Implantable technology and examples 

2010 [38] 

Drug delivery to the posterior segment of the 

eye 

- barriers of the posterior eye drug delivery and paths of the 

administration  

- ocular drug-delivery systems 

2011 [44] 

Drug Delivery to the Posterior Segment of 

the Eye: Challenges and 

Opportunities 

- barriers to posterior eye drug delivery  

- current strategies used to overcome these barriers 

2011 [9] 

Topical drug delivery to the posterior seg-

ment of the eye: anatomical and physiologi-

cal considerations 

- Structures of the eye 

- barriers to topical drug delivery to the eye 

- topical drug delivery to the posterior segment of the eye 

- cyclodextrin-based delivery system 

2008 [10] 
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 When the drugs are administered topically in the eye, they first 
get into contact with the cornea and conjunctiva, which are the first 
barriers against the penetration of the active substances. The epithe-
lium and the corneal endothelium are rich in lipids, which become a 
barrier against the permeation of the water-soluble polar com-
pounds, whereas the corneal stroma is hydrophilic, this layer con-
taining 70-80% water, and is a barrier against the permeation of fat-
soluble nonpolar compounds. On the opposite side, the cornea ad-
joins the sclera, a white opaque layer that contains several blood 
vessels supplying the anterior tissues of the eye. However, the 
sclera does not act as a barrier for substances with different solubil-
ities. The external surface of the sclera is covered by the conjunc-
tiva which continues on the internal side of the eyelids and thus acts 
as a significant permeability barrier to several drugs. For the sub-
stances which enter the vascular system of the sclera and the con-
junctiva, the transport tends to get away from eyes, into the general 
circulation [16]. The blood vessels of the iris have thick walls, thus 
being another part of the hemato-ocular barrier (Fig. 2). 

 The ciliary epithelium of the ciliary processes is a unique bar-
rier that prevents the movement of most molecules such as antibiot-
ics and proteins [6]. 

 Other molecules cross this barrier due to the secretory process 
forming the aqueous humor. Another major physiological barrier 
mechanism is given by the tear production and the blink reflex. 
Blinking continuously displays the tear film on the surface of the 
eye and drains the tears via the nasolacrimal canal into the nose and 
further into the gastrointestinal tract [17].  

 The blood-retinal barrier may be damaged by injury or inflam-
mation. The drug administered on the anterior segment of the eye is 
effectively swept by its diffusion into the circulation and/or the 
flow through Schlemm's canal. Thus, the topically instilled drug 
will not reach effective concentrations in the posterior segment of 
the eye [19]. In other cases, the only method used in targeting the 
posterior segment of the eye is the ocular injections that can be 
subconjunctival, retrobulbar, intraocular, intravitreal, etc. [18]. 

 

Fig. (2). The vascular system of the eye 

1. Internal carotid artery; 2. Ophtalmic artery; 3. Optic nerve; 4. Central 

retinal artery; 5. Anterior ciliary artery; 6. Long posterior ciliary artery; 7. 

Short posterior ciliary artery; 8. Short posterior vein; 9. Vortex vein; 10. 

Anterior ciliary vein; 11. Anterior episcleral arterial circle; 12. Major arte-

rial circle of iris; 13. Minor arterial circle of iris 

 

Fig. (1). The general anatomical features of the eye 

1. Conjunctiva; 2. Aqueous humor; 3.Lens; 4.Pupil; 5.Cornea; 6.Eyelids; 7.Sclera; 8.Choroid; 9.Optic nerve; 10.Retina; 11.Vitrous humor. 
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3. CURRENT TREATMENT OF THE EYE POSTERIOR 

SEGMENT ILLNESSES AND DRAWBACKS 

 Targeting the posterior region of the ocular globe is necessary 
for the treatment of certain degenerative diseases which may even 
lead to total loss of vision. The diseases of the posterior segment of 
the eye generally have a rapidly evolution, as seen in the descrip-
tion of macular degeneration and diabetic retinopathy.  

 Diabetic retinopathy is a common complication of diabetes that 
has a prevalence of over 33% among diabetic patients. In developed 
countries, diabetic retinopathy is the leading cause of blindness in 
people between 20 and 65 years. Recent statistics show that most 
patients who have had diabetes for at least 20 years develop dia-
betic retinopathy.  

 Diabetic retinopathy has two distinct forms: the nonprolifera-
tive form and the proliferative form. Macular edema is a complica-
tion that can occur in each of the two forms. In the early stages of 
the disease, direct laser photocoagulation of the micro- aneurysms 
leads to good therapeutic results. It is estimated that photocoagula-
tion during the first 3 years achieves a 50% reduction in the risk of 
moderate vision loss [20]. The complications of the proliferative 
retinopathy are extremely serious and may include vitreous hemor-
rhage, retinal detachment and neovascular glaucoma. The most 
recent therapies target the intravitreal administration of bevacizu-
mab, a monoclonal antibody which is an endothelial growth factor 
inhibitor [21-23]. This active substance administered intravitreally 
exerts an antiproliferative effect by inhibiting the formation of new 
vessels. Encouraging results were obtained with the dexamethasone 
intravitreal implant which reduces macular edema [24].  

 Macular degeneration is another common condition character-
ized by the destruction of central vision as a result of lesions in the 
macula. The risk of macular degeneration increases with age, start-
ing from 50 years. Nonexudative (dry) age-related macular degen-
eration (AMD) is the most common form, occurring in about 90% 
of cases. In this form, the cells and blood vessels within the macula 
are destroyed and hypertrophic deposits accumulate in the posterior 
segment of the eye. This causes lesions to the macula and affects its 
ability to send messages to the brain. Exudative (wet) age-related 
macular degeneration is less common and usually occurs with pa-
tients whose dry AMD progresses to wet AMD. In this form, new 
abnormal (neoformation) blood vessels develop; they are frail, 
bleed and cause the destruction of the macula [25, 26]. At present 
there are few drugs with proven efficacy for the treatment of macu-
lar degeneration. The latest research data on macular degeneration 
therapy report the results obtained after the intravitreal injection of 
inhibitors of vascular endothelial growth factor such as bevacizu-
mab and ranibizumab [27].  

 Serous chorioretinitis (CRS) is a relatively common condition 
that consists in the serous detachment of the sensory retina at the 
level of the macular region, through the building-up of serous, non-
inflammatory fluid between the sensory retina and retinal pigment 
epithelium affected by a focal defect of the coriocapillary. The CRS 
therapy currently provides very good alternatives for rapid recovery 
by direct argon laser photocoagulation of the point of separation. 
Likewise, intravitreal injection of triamcinolone acetonide and 
bevacizumab are modern treatment options, indicated especially in 
cases of prolonged or recurrent evolution [22, 28].  

4. DRUG DELIVERY TO THE POSTERIOR SEGMENT OF 
THE EYE  

 Achieving the therapeutic drug concentrations in the posterior 
segment of the eye continues to be a challenge in medical research, 
although in recent years important progress in this area have been 
made. Four drug administration routes are currently used in target-
ing the posterior segment of the eye: topical, systemic, intravitreal 
and periocular administration (Fig. 3).  

 

Fig. (3). Drug delivery routes to the posterior eye (systemic route is not 

shown). 

 

 Topical administration has the highest compliance with pa-
tients, but the therapeutic results of targeting the posterior segment 
are minimal on this route. Basically, due to the anatomical charac-
teristics described above (the low permeability of the cornea, lacri-
mal secretion and nasolacrimal drainage), transcorneal drug absorp-
tion is very low. It is estimated that less than 5% of the topically 
administered drug substance concentration comes into contact with 
the intraocular tissues [19].  

 Targeting the posterior segment of the eye by the systemic route 
following drug administration in different dosage forms (tablets, 
capsules, intravenous solutions, etc.) is limited by the existence of 
the blood-retinal barrier which is impermeable to hydrophilic sub-
stances [29]. The reduced bioavailability of 1-2% drugs across the 
blood-retinal barrier requires the administration of high doses of 
drugs, and that can lead to serious side effects. However, some 
drugs with lipophilic properties (egg chloramphenicol, minocycline, 
cephalosporins) that can penetrate the barrier are administered sys-
temically in the treatment of serious ocular infections. Likewise, 
mannitol and carbonic anhydrase inhibitors, such as acetazolamide 
are administered intravenously to reduce intraocular pressure [30].  

 Intravitreal delivery involves injecting the drug directly into the 
vitreous humor using a 30-G needle [31]. Today, various pharma-
ceutical forms are administered by intravitreal injection, such as 
aqueous solutions, viscous solutions prepared with hydrophilic 
polymers, suspensions, micro- and nano- particulate systems, bio-
degradable and non-biodegradable implants [32]. However, the 
release and distribution of the medicinal products administered 
intravitreally depend both on the properties of substances and on 
certain physiological parameters. It is known that low molecular 
weight drug substances diffuse quickly and require repeated ad-
ministrations, while large molecules (greater than 500 Da) can per-
sist in the vitreous humor for several days or even weeks. Accord-
ingly, in formulating a drug delivery system for intravitreal admini-
stration, the pharmacokinetics of the drug substance must be con-
sidered so as to avoid repeated administrations. However, signifi-
cant side effects have been reported, including retinal detachment 
caused by repeated injections, retinal hemorrhage, endophthalmitis, 
uveitis etc., due to high concentrations upon bolus dose administra-
tion [33]. 

 Periocular injections are a less traumatic route for patients and 
have minimal risk of adverse reactions compared with the in-
travitreal route. The accumulation of a drug "deposit" on the surface 
of the sclera can occur following the subconjunctival administration 
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of a drug delivery system. The sclera has a much higher permeabil-
ity to drug substances than the conjunctiva, which allows a facile 
trans-scleral penetration and diffusion of the drug substances [34], 
[35]. Nonetheless, frequent administration of periocular injections 
may lead to nonspecific absorption and undesirable systemic toxic-
ity, especially when low therapeutic index drugs are used [5].  

 The development of new modified release ophthalmic drug 
delivery systems is a priority in medical research required by the 
current therapeutic needs and by the pathology of the posterior 
segment of the eye.  

5. IMPLANTS 

 Conventional ophthalmic drug delivery systems such as topical 
eye-drops, systemic drug administration or direct intravitreal injec-
tions do not provide concentrations in the therapeutic range, which 
are essential for an efficient treatment in posterior segment eye 
disease. The main cause is the limitations of the restrictive blood-
ocular barriers located at the level of the retinal vascular endothelial 
cells and retinal pigment epithelium (the most important are blood-
aqueous barrier and blood-retinal barrier). 

 Subconjunctival, scleral and intravitreal routes are considered 
the most suitable for the purpose of drug delivery to the posterior 
segment of the eye via implants as they offer direct drug delivery to 
the target site, with minimal systemic loss [36]. Intraocular admini-
stration of the implants always requires minor surgery. In general, 
they are placed intravitreally, at the pars plana of the eye (posterior 
to the lens and anterior to the retina) [15]. Drug release occurs ei-
ther by diffusion across a permeable membrane or by degradation 
of the polymer block [37, 38]. Although this is an invasive tech-
nique, the implants have some benefits: by-passing the blood–
ocular barriers to deliver constant therapeutic levels of drug directly 
to the site of action, avoidance of the side effects associated with 
frequent systemic and intravitreal injections, smaller quantity of 
drug needed during the treatment, prolonged activity, etc. The main 
commercial implants currently used for the treatment of the poste-
rior eye diseases are represented in the Fig. 4. 

 An intraocular device can be designed as either a reservoir or 
matrix system. Reservoir systems are non-eroding devices that 

provide superior control of drug release by virtue of a specific 
physical rate control feature linked with the internal drug reservoir. 
This feature may be an opening in the device, a porous membrane 
or a coating through which drug diffusion is retarded. With such 
systems a "zero" order release kinetics can easily be reached, and 
the release rate is controlled only by a single variable [39]. A matrix 
device can be designed in such a manner that the drug to be re-
leased after a certain kinetic. For example, if the polymer is non-
eroding and the release is then governed by polymeric chain relaxa-
tion and the dissolution rate of the drug, the release kinetic has a 
"zero" order. However, even in the case of this type of matrix, the 
strength or elasticity of the device can be compromised as the re-
leased drug produces a series of interconnected gaps through the 
device. If the polymer matrix is bio-erodible (either by bulk and/or 
surface erosion), then the device may exhibits more complex drug 
release kinetics. The erosion factor of the polymer may contribute 
independently to the drug dissolution or diffusion behavior, unless 
the geometry of the device is considered to produce a constantly 
eroding drug releasing surface. Table 2 shows some aspects of cer-
tain types of implants currently used in drug delivery for targeting 
the posterior segment of the eye.  

5.1. Non-biodegradable Implants 

 Non-biodegradable implants (i.e., reservoir type) typically con-
tain a drug core surrounded by a semipermeable membrane allow-
ing steady release of drug with zero-order kinetics for up to months 
to years [48]. Minor surgery is required to place the implant at the 
pars plana and typically anchor it to the sclera via a suture. Due to 
this surgical procedure, non-biodegradable implants are more sus-
ceptible to complications, such as retinal detachment [49]. One 
problem is the fact that these implants must be removed or refilled, 
step which can involve a second surgical intervention, after the drug 
was consumed. Currently, there are numerous clinically approved 
non-biodegradable implants available on the market, which release 
small-molecule drugs into the vitreous for a prolonged period of 
time. Non-biodegradable implants for macromolecular weight drugs 
release have not yet reached the market [50]. 

 An osmotic pump implant has been used to deliver IgG across 
sclera for 28 days. However, due to large size of the implant, the 

 

Fig. (4). The main commercial implants currently used for the treatment of the posterior eye diseases. 
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main compartment was implanted in the subcutaneous space and 
connected using a brain infusion kit to the sclera [51]. 

 Reservoir-type implant based on non-biodegradable polymers, -
Vitrasert

®
-, was first used clinically for intraocular controlled re-

lease of ganciclovir in the treatment of CMV retinitis (approved by 
the FDA in 1996) [52]. The implant, composed of drug and coating 
polymers of poly(vinyl alcohol) (PVA) and poly(ethylene-co-vinyl 
acetate) (EVA), was implanted in eyes with CMV. PVA, which is 
permeable, acts as the framework of the device but it also, regulates 
the rate of ganciclovir permeation. EVA or silicone laminate, which 
are permeable, limit the practical surface area of the device through 
which the drug can be released. Drug release occurs when water 
diffuses through the outer EVA coating and partially dissolves the 
enclosed drug, forming a saturated drug solution that is then re-
leased into the surrounding tissue via diffusion [53]. The drug re-
lease rate can be slowed by reducing the surface area or thickness 
of the drug restricting polymer, and drug delivery can be increased 
by maximizing the surface area available for drug diffusion or by 
using a more permeable membrane. This implant enables well-
controlled (zero-order) sustained drug release, is superior to other 
types of devices and has no initial burst effect of drug. As long as 
solid drug remains within the core, the drug release will be rela-
tively constant. After the drug is completely released the implant 
must be removed during a second surgery and implant another de-
vice. Okabe developed an intrascleral implant made of same poly-
mers (PVA and EVA) containing betamethasone in the form of a 
disc (4 mg in weight, 1 mm thick, 4 mm in diameter) [54]. The 

betamethasone is released at a therapeutic level more than 4 weeks 
without burst effect. An advantage is represented by the fact that 
this implant may reduce complications after implantation because 
intrascleral implantation does not require perforation of the eye 
wall. 

 Some candidate drugs for the treatment of AMD were using the 
sustained release Vitrasert

®
 device: fluocinolone acetonide or cy-

closporine (to treat severe uveitis [55, 56]).The sustained release of 
both triamcinolone and 5-fluorouracil (5-FU) was studied in the 
treatment of experimental proliferative vitreoretinopathy (PVR) 
[57]. After implantation Vitrasert

®
 device, the sustained release of 

these steroids may cause cataracts and glaucoma; in some cases 
patients developed endophthalmitis and retinal detachments with an 
increased rate. 

 Retisert
® 

represents another intravitreal implant approved by 
Food and Drug Administration (FDA) that contains fluocinolone 
acetonide and releases the drug at a constant rate over a three year 
period of time [58]. It is currently used for the treatment of chronic 
uveitis or diabetic macular edema off-label. Implantation of this 
device requires surgery and the implant is placed through a pars 
plana incision and anchored to the sclera with sutures [59]. Clinical 
studies have shown a significant decrease in disease recurrence in 
fluocinolone implanted eyes (from 51.4% to 6.1% post implanta-
tion) and also a reduction in the need for adjunctive therapy. None-
theless, the implant has been shown to increase intraocular pressure 
and cataract progression, with 51.1% of implant-treated eyes requir-

Table 2. Examples of biodegradable and non-biodegradable implants - advantages, disadvantages, site of implantation, the drug 

release, targeted disease and time of release 

Implant 

type 

Advantages Dizadvantages Place of 

implanta-

tion 

Drug Disease targeted Time of 

action 

Refs. 

N
o

n
-b

io
d

eg
ra

d
ab

le
 

- More controllable deliv-

ery profile and longer peri-

ods of drug release than 

biodegradable ones 

- Increased half-life of 

drugs -  

- Drug stabilization 

- Improved patient compli-

ance 

 

- Requires surgical implanta-

tion 

- Requires surgery to harvest 

the device once is depleted of 

the drug 

- Side effects: insertion of 

devices is invasive and with 

associated ocular complica-

tions (retinal detachment and 

intravitreal hemorrhage for 

intravitreal implant) 

Intravitreal 

 

 

 

 

 

Intravitreal 

Fluocinolone 

acetonide 

Triamcinolone 

acetonide 

 

 

Ciliary neutro-

pic factor 

- CMC retinitis 

-Chronic non-

infectious uveitis 

- Diabetic macular 

oedema 

- Wet AMD 

 

 

-Retinitis pigmen-

tosa and AMD 

Months to 

years 

[40], 

[41] 

 

 

[42] 

 

 

[43] 

 

B
io

d
e
g

ra
d

ab
le

 

- Controlled release of drug 

over a 

moderate period of time 

- Alternative to repeated 

injections because they 

increase half-life of the 

drug and may help to 

minimize peak plasma level 

- Drug stabilization  

- Improved patient compli-

ance  

- Do not need to be re-

moved 

- Various shapes 

- Surgical implantation or 

injection associated with 

ocular complications 

- Final uncontrolled ‘burst’ 

effect in the drug-release 

profile 

Intravitreal 

 

 

 

Intrascleral 

Dexamethazone 

 

 

 

Betamethasone 

- Diabetic macular 

oedema 

- Uveitis,  

- Post-cataract sur-

gery 

 

-Uveitis 

Weeks to 

months 

 

[44], 

[45] 

[37]  

 

 

[46], 

[47] 
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ing ocular antihypertensive medication and 9.9% of patients requir-
ing cataract surgery [44]. 

 The ILUVIEN intravitreal implant is a small, cylindrical tube 
(3.5 mm in length; 0.37 mm in diameter) designed to provide a low 
daily dose of 0.2–0.45 μg fluocinolone acetonide for 24 to 36 
months after injection, and is composed of an inert, non-erodible, 
polyimide material that is often used in the manufacturing of in-
traocular lenses [5]. The implant is used for the treatment of chronic 
diabetic macular edema and can be inserted intravitreally as an 
injection, instead of via surgery [60]. It does not require removal, 
potentially resulting in multiple devices in the eye if subsequent 
implants are required, and it could representin the futurea more 
convenient treatment option for treating non-infectious uveitis. 

 I-VATION is a helical sustained-release implant containing 
0.925 mcg triamcinolone acetonide coated in titanium, PVA, and 
EVA. The implant elutes drug for up to 2 years. The helical shape is 
designed to increase surface area available for drug diffusion and 
anchor the device to the sclera, while the flat cap is meant to sit just 
beneath the conjunctiva. Clinical tests have shown that this implant 
is effective in treating diabetic macular edema, but can cause some 
complications, such as increased IOP (intraocular pressure) and 
cataract [61]. 

 A drug delivery system able to release topotecan (TPT) for 
several days has been developed and studied as an alternative for 
the treatment of retino blastoma [62]. The aim was to design a 
method for a more selective periocular administration of topotecan 
that would allow the safe use of this drug alone or in association 
with carboplatin for the treatment of retinoblastoma with vitreous 
seeding. The authors hypothesized that a drug delivery system im-
planted locally could saturate the adjacent eye barriers and achieve 
selective drug delivery to the vitreous of the treated eye while 
minimizing systemic exposure. The implant consists in a topotecan-
loaded “double-faced” polymeric drug delivery system composed 
of a free drug face designed to isolate the drug reservoir from the 
orbital conjunctival tissues and a drug-loaded face for TPT concen-
tration in the adjacent scleral surface when the system is inserted 
episclerally. Poly( -caprolactone)was used as polymer matrix, the 
implant being manufactured by a simple, fast, and reproducible 
melt-molding-compression method. In vivo tests have revealed that 
the percentage of drug released from the total amount of encapsu-
lated drug was 12% after 5 hours after implantation in vitreous, 
increasing to 20 and 40% after 24, 48 hours. This result highlights 
the capacity of the local barriers to impede local drug penetration 
even at high concentration gradients and supports the saturation of 
the barriers over time with continuously released drug. 

 A polymeric device able to administer multiple compounds 
with distinct kinetics to the posterior segment of the eye was re-
cently reported. The device comprises a micro- fabricated reservoir, 
controlled-release cover and three different fluorescent formula-
tions, which were made of photo polymerized tri-ethyleneglycol 
dimethacrylate (TEGDM) and poly(ethylene glycol) dimethacrylate 
(PEGDM) [63]. The release rate of each fluorescent compound is 
controlled by varying the PEGDM/TEGDM ratio in its formulation 
and the cover. The release kinetics appeared to be related to the 
swelling ratio of the PEGDM/TEGDM polymers. When the devices 
were implanted onto rat sclera, fluorescence was observable in the 
ocular tissues during 4 weeks, implantation and distributed locally 
around the implantation site. This system can administer multiple 
compounds with distinct kinetics, provides prolonged action and 
less invasive transscleral administration, and is expected to provide 
new tools for the treatment of chronic retinal diseases with new 
therapeutic modalities. 

5.2. Biodegradable Implants 

 Biodegradable ocular drug delivery devices are composed of 
biocompatible polymers, which degrade into nontoxic by products, 
or polymers that solubilize in vivo and can be eliminated safely by 

the human body. The main advantage of using biodegradable im-
plants is the higher drug loading, due to the larger dosage form size, 
and the smaller surface to volume ratio allows prolonged drug re-
lease. Implants can be introduced into the body by minor surgical 
techniques and many implants are placed directly in the vitreous or 
on the sclera for the drug formulation to release into the eye for 
many months. Devices made from these polymers have a distinct 
advantage over non-biodegradable drug delivery systems: they do 
not elicit permanent chronic foreign body reactions and do not re-
quire removal after the drug supply has been exhausted [64]. Typi-
cally, the biodegradable devices are composed from synthetic ali-
phatic polyesters of the poly( -hydroxy acid) family, including 
poly(glycolic acid) (PGA), poly(lactic acid) (PLA), and poly(lactic-
co-glycolic acid) (PLGA) [31]. These polymers, which are hydro-
philic, are degraded by non-enzymatic hydrolysis of theirs ester 
bonds, by reaction with water from the surrounding tissue (bulk 
erosion). From hydrolytic degradation result monomers such as 
lactic acid and / or glycolic acid which are nontoxic and eliminated 
safely via the Krebs cycle by conversion to CO2 ane H2O. Other 
polymers used for the preparation of biodegradable implants but 
having hydrophobic character, are poly( -caprolactone) (PCL), 
polyanhydrides (PA) and poly(ortho esters) (POE). The PCL is 
often combined with PLGA to fabricate PLGC implants which are 
less immunogenic than pure PLGA devices [65].  

 For instance, a biodegradable scleral implant was prepared from 
PLA or PLGA and contains various quantities of ganciclovir [66]. It 
can be implanted at the pars plana and gradually release effective 
doses of drugs with polymer biodegradation over several months. 
The release profiles of drug were dependent on the type of poly-
mers used, the polymer molecular weight, and the amount of loaded 
drug. Electroretinography and histological studies revealed minimal 
retinal toxicity. The implant may be advantageous for diseases such 
as cytomegalovirus and for vitreoretinal disorders such as prolifera-
tive vitreoretinopathy that require vitrectomy. 

 A hyaluronic acid (HA) intravitreal plug device implanted 
through a sclerotomy at 3.5mm from the limbus of rabbit eyes was 
developed, comprising three different HA esters namely, 100% 
ethyl ester, 100% benzyl ester and 75% benzyl ester [67]. The bio-
degradation rate of each device was related to the chemical struc-
ture of the three types of HA. For exemple, the partial benzyl ester 
was completely reabsorbed after 15 days. The study suggested that 
the intravitreal plug devices based on HA esters may provide useful 
biocompatible and biodegradable devices for potential drug deliv-
ery in the treatment of posterior segment eye diseases. 

 A doughnut-shaped minitablet was developed and evaluated as 
a biodegradable intraocular drug delivery system of antiviral drugs, 
using PLGA. The device gradually eroded when immersed in simu-
lated vitreous humor and released drugs in a sustained manner [68]. 
It was implanted through the pars plana/peripheral retina of the 
right eye of rabbits, and no retinal detachments or significant vitre-
ous hemorrhages were observed in the vitreous, retina and choroid. 
The implant has been demonstrated to be a flexible and versatile 
biodegradable intraocular device able to provide a modulated re-
lease of drugs to the posterior segment of the eye. 

 Ozurdex, the first biodegradable intravitreal implant FDA ap-
proved, is a cylindrical implant comprising dexamethasone dis-
persed in a PLGA matrix which is clinically effective up to six 
months in the treatment of diabetic macular edema and non-
infectious uveitis. It is injected into the vitreous and exhibits fast 
drug release over the first two months due to diffusion of the drug 
and degradation of the polymer after which solely polymer degrada-
tion is responsible for the slower drug release into its target tissues, 
the vitreous and retina, over the following four months [69, 70]. 
The implant is contraindicated in patients with periocular infections 
and advanced glaucoma and in patients whose posterior lens cap-
sule is not intact because of the risk of implant migration into the 
anterior chamber [71]. 
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 The formulation approach used in Ozurdex was also evaluated 
for delivery of brimonidine tartrate in clinical trials, for the treat-
ment of retinitis pigmentosa [49]. Similarly to Ozurdex, this im-
plant is injected into the vitreous and releases the drug for up to six 
months preventing cell death in the retinal pigment epitelium [72]. 
It has been shown that the low micro-pH of PLGA degradation 
products can cause inflammation of the ocular tissues which may be 
hidden in the case of delivering a steroid (Ozurdex), but may be-
come more apparent with the brimonidine implant. 

 Natural lipids, e.g. triglycerides and cholesterol, may have po-
tential to be used as biocompatible and biodegradable carriers for 
many of the therapeutics [73]. Recently, a sustained release device 
made of glyceryl tripalmitate was reported, which was evaluated in 
terms of its drug release profile and in vivo tolerance on rabbit eyes 
[74]. Glyceryl tripalmitate was selected as a matrix for clyndamicin 
phosphate because of its advantages in comparison with polymers: 
easy processability, low swelling ratio in aqueous media and lower 
melting point. The systems showed good biocompatibility with 
retinal tissue in mice and had promising drug release profiles; it 
represents a promising alternative for the ocular sustained release 
drug delivery systems.  

 Another biodegradable drug delivery platform which contains 
drug within a lipid/oil layer is Verisome, which is injected into the 
vitreous. The triamcinolone containing lipid gels in situ is forming a 
sphere in the vitreous humor which releases therapeutic levels of 
drug for up to 12 months. The formed sphere degrades slowly as the 
drug releases out of the in situ forming implant [75, 76]. Clinical 
trials proved that the implant is safe and effective in the treatment 
of macular edema. According to the manufacturer, its versatility 
allows it to deliver small molecules, peptides, proteins and mono-
clonal antibodies. It can be formulated also as a liquid, gel and 
solid. 

 To conclude, biodegradable polymer-based drug delivery sys-
tems show a considerable potential for the treatment of ocular dis-
eases. Their versatility allows for construction of delivery systems 
to tailor the drug release for treating a variety of back-of-the-eye 
diseases, especially for sight-threatening retinal diseases. In addi-
tion, biodegradable drug delivery systems can also be used to adapt 
well-established drugs that may be ineffective by conventional 
administration routes. Clinical studies are still in progress examin-
ing the efficacy and safety of such delivery systems. 

5.3. Other Implants 

 Other biocompatible implantable devices for sustained or con-
trolled intravitreal drug delivery to the posterior segment of the eye 
have been developed employing diverse approaches: osmotic mini-
pumps, configured capillary fibers, scleral discs, stimuli responsive 
implants, providing unique mechanisms of drug release for the 
delivery of drugs to the posterior segment of the eye [39, 65, 68]. 

 Micro- Electro Mechanical System based implants actuate to 
perform their function, with actuation achieved by various stimuli 
including temperature, electrical stimulus, magnetic field [77] or 
osmotic pressure [78]. They consist of one or more drug reservoirs 
containing either a single drug or multiple drugs in different reser-
voirs and actuators which are responsible to push the drug out of 
the reservoir by mechanical means in response to the stimulus. For 
the purpose of drug delivery to the posterior segment of the eye, 
such implants have been explored with manual mechanical, elec-
trolysis based mechanical and magnetic actuation. For example, 
Pirmoradi [77] obtained an implant containing docetaxel, for the 
treatment of proliferative vitreoretinopathy based on poly(dimethyl 
siloxane) with one side of the device having a magnetic field re-
sponsive membrane incorporating iron oxide nanoparticles in the 
polymeric matrix. A small incision of approximately 100  100 μm

2
 

was performed in the membrane to allow the drug release. The 
device provided precise control over drug release dependent upon 
the strength and duration of the magnetic field applied; however, 

additional research is required to determine the suitability of these 
systems for the purpose of long term stimuli-responsive drug deliv-
ery to the posterior segment of the eye. 

6. HYDROGELS 

 Since the development of hydrogels in 1960, they have been of 
great interest to biomaterial scientists and tissue engineers [79]. 
Hydrogels are polymeric networks of natural or engineered hydro-
philic biopolymers that have the ability to swell in water or aqueous 
solvent system, and they hold the solvents in a swollen crosslinked 
gel system for delivery. By varying the preparation parameters (the 
ratio of biopolimer and crosslinking, duration and temperature of 
the crosslinking reaction etc), it is possible to obtain networks with 
variable crosslinking density, allowing the manipulation of permea-
tion and diffusion characteristics. Therefore, they can retain hydro-
phobic and hydrophilic agents, small molecules, macromolecules, 
growth factors, antibodies and cells. Numerous advantages make 
hydrogels an attractive biomaterial. The aqueous environment of 
hydrogels can protect cells and fragile drugs (such as peptides, pro-
teins, oligonucleotides and DNA). They serve as carrier of nutrients 
to cells and products from cells. They can be modified with cell 
adhesion ligands and can change physical state (liquid to solid) in 
response to pH or temperature changes. Depending on the specific 
structure, they can be nondegradable or degradable and theirs nu-
merous advantages make hydrogels an attractive system. Most im-
portant, they are highly biocompatible [80]. 

 Several hydrogels have been used as excipients for FDA-
approved ocular small molecule therapeutics to increase their resi-
dence time on the eye surface through increased viscosity and/or 
mucoadhesion [81]. Examples include carboxymethylcellulose, 
gellan gum, crosslinked poly(acrylic acid), physical blend of meth-
ylcellulose, high molecular weight hyaluronic acid, poly(isopropyl 
acrylamide-co-acrylic acid N-hydroxysuccinimide-co- hyaluronic 
acid) [82] etc. 

 In situ hydrogels refer to the polymeric solutions which un-
dergo sol-gel phase transition to form viscoelastic gel in response to 
environmental stimuli. The phase transition can be reached by 
changes in temperature, pH, ionic composition or by UV irradia-
tion. For ocular delivery, research studies have been more focused 
toward development of thermosensitive gels which respond to 
changes in temperature [83]. Several thermogelling polymers have 
been reported for ocular delivery which includes poloxamers [84], 
multiblock copolymers made of poly( -caprolactone) [85]; 
poly(ethylene glycol) (PEG), PLA, PLG, poly(N-isopropylacryl-
amide), chitosan [86]. These thermosensitive polymers form tem-
perature dependent micellar aggregates which form a gel after a 
further temperature increment due to aggregation or packing [87]. 

 A thermosensitive gel made of triblock polymer PLGA-PEG-
PLGA as an ocular delivery carrier for dexamethasone acetate 
(DXA) was developped by Gao et al. [88]. It was formulated as a 
DXA solution in a triblock copolymer in situ gel forming solution 
and administered topically in rabbit eye. In comparison with topical 
administration of conventional DXA drops in the anterior chamber 
of the eye, in this case the drug concentration achieved by adminis-
tering eye gel was by far superior, suggesting the potential of 
PLGA-PEG-PLGA thermosensitive gel forming solution for en-
hancing ocular bioavailability. 

 In situ gelling systems are generally used as a method to in-
crease the precorneal residence time of topically applied drugs, 
which can increase bioavailability of small-molecule drugs [89], 
[90], but may not be applicable to macromolecules because of their 
extremely poor permeability across the corneal epithelium. A ther-
mosensitive in situ gelling injectable hydrogel was developed for 
ocular delivery of bevacizumab and demonstrated in vitro release of 
bevacizumab for 18 days [91]. However, it is difficult to get long-
term release at a therapeutic level of macromolecules for more than 
few weeks or a month. 
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 Based on the unique ability of silk fibroin to deliver therapeutic 
proteins with controlled release kinetics and biodegradation rates 
while preserving bioactivity, Lovett et al. proposed incorporating 
anti-VEGF drugs such as bevacizumab into silk hydrogels [92]. 
Analyzing the silk fibroin hydrogels loaded with the standard dose 
of bevacizumab it was found that bevacizumab concentrations in 
the vitreous humor after 90 day were equivalent to those levels for 
the positive solution control at 1 month. This system has a promis-
ing potential for antibody, peptide, small molecule, and/or RNAi 
therapeutics and may be used for the treatment of a wide range of 
diseases beyond age-related macular degeneration, offering en-
hanced patient comfort, reduced costs, and improved clinical out-
comes. 

 A biodegradable, thermally responsive hydrogel, based on 
poly(ethylene glycol)-poly-(serinol hexamethylene urethane) was 
developed to deliver bevacizumab in rabbit eyes. The gel was well 
tolerated in vivo with just a little to no evidence of inflammation, 
and it was capable of sustaining release of bevacizumab over 9 
weeks. This is the first study to date that compares the long-term in 
vivo release of bevacizumab from thermoresponsive biodegradable 
hydrogels to bolus intravitreal administration [93]. 

 A newly synthesized biodegradable and thermo-sensitive tri-
block copolymer consisting of poly(2-ethyl-2-oxazoline) (PEOz) 
and poly( -caprolactone) (PCL) segments (PEOz-PCL-PEOz) that 
can sustain the release of bevacizumab in vitro and in vivo was 
recently reported by Wang et al .[94]. The electrophysiology ex-
aminations showed a good biocompatibility of hydrogel, and sug-
gests it is an appropriate biomaterial for potentially use in intraocu-
lar application [95]. 

 A biodegradable thermosensitive gel formed by a triblock co-
polymer based on PLGA and PEG has demonstrated its potential in 
sustained release of a large ovalbumin molecule to the choroid and 
retina following subconjunctival administration in the rat eye [96]. 
The ovalbumin concentrations were maintained at measurable lev-
els in the sclera, choroid, and retina of rats over a period of 14 days, 
and these results suggest feasibility of thermosetting gel system in 
providing sustained delivery of macromolecules to the posterior 
segment ocular tissues such as choroid and retina. 

 Poly(N-isopropylacrylamide) (PNIPAAm) hydrogel is a well-
known thermosensitive materials that has a lower critical solution 
temperature (LCST) or transition temperature at ~32ºC. Below the 
LCST the hydrogel is swollen, and above the LCST the hydrogel 
will collapse (shrink). The change in physical state is rapid and 
reversible, which makes the thermoresponsive hydrogel an attrac-
tive means of drug delivery. With a fast response to temperature 
stimuli, the drug can be released from the hydrogel quickly and act 
as an on-off switching release system. In order to induce the ability 
of sustained release of encapsulated drug to the new material, recent 
studies are proposing the use of poly(ethylene glycol) (PEG) as a 
pore-forming agent to obtain macroporous hydrogel. Zhang and 
Chu demonstrated that by introducing poly(ethylene glycol) diacry-
late (PEGDA) to PNIPAAm, the hydrogel preserves better ther-
moresponsive characteristics and had homogeneous pores [97]. The 
pore size of thehydrogels can be modified by the amount of PEG-
DAintroduced in the system. PNIPAAm PEGDA hydrogels 
showed a significant improvement of mechanical properties. Kang 
and Mieler demonstrated that PNIPAAm PEGDA hydrogels can 
be used to encapsulate and release some proteins (bovin serum 
albumin, immunoglobulin, bevacizumb, ranibiumab) for ocular 
delivery to the posterior segment [98]. 

 Crosslinked poly (N-isopropylacrylamide) (PNIPAAm)-poly 
(ethylene glycol) diacrylate hydrogels were also synthesized for 
sustained release of macromolecules such as bovine serum albumin 
(BSA) and immunoglobulin G (IgG) [98]. The gel system has pro-
vided nearly 3 weeks of sustained BSA release under in vi-
tro condition. The results of research studies clearly signify the 

advantages of thermosensitive gels in providing sustained drug 
release, prolonging the contact time of drugs with the cornea, re-
ducing frequency of applications and side effects and increasing the 
ocular bioavailability over aqueous drops. In conclusion, the ther-
mosensitive gels may be a viable option for the delivery of drugs 
for treating chronic ocular diseases. 

 Another hydrogel based on poly(ethylene glycol) diacrylate 
(PEGDA) crosslinked PNIPAAm was obtained by Turturro et al. 
[99]. Hydrogel was injected into the vitreous of the eye of rat, in 
order to determine the effect on retinal function. It was found that in 
region in the vicinity of the hydrogel, there was a significant de-
crease in arterial and venous diameters (4%) and an increase in 
venous blood velocity (8%) 1 week post-injection. Retinal thickness 
decreased (6%) at 1 week and the maximum a- and b-wave ampli-
tudes of ERG decreased (15%). All data returned to baseline values 
after first week. These data suggest that the injection of PEGDA 
crosslinked PNIPAAm hydrogel result in a small temporary effect 
on retinal function without any long-term effects, and prove the 
potential of PNIPAAm-based materials as an ocular drug delivery 
platform. 

 Subconjunctivally implantable, biodegradable hydrogels for 
sustained release of intact insulin to the retina to prevent and treat 
retinal neurovascular degeneration, such as diabetic retinopathy, 
were obtained by Misra et al by UV photopolymerization of NI-
PAAm monomer and a dextran macromer containing multiple hy-
drolytically degradable oligolactate-(2-hydroxyetheyl methacrylate) 
units [100]. Insulin was loaded into the hydrogels during the syn-
thesis process with loading efficiency up to 98%. The hydrogels can 
release biologically active insulin invitrofor at least one week and 
the release kinetics can be modulated by varying the ratio between 
NIPAAm and Dex-lactateHEMA and altering the physical size of 
the hydrogels. The hydrogels are non-toxic, and can be implanted 
under the conjunctiva without causing adverse effects to the retina. 
These hydrogels have potential for long-term periocular delivery of 
insulin or other drugs to treat diabetic retinopathy and other retinal 
diseases. 

 The hydrogel formulations has some key advantages for oph-
thalmic use, but none of them have all of the characteristics re-
quired for both successful delivery of both complex, fragile mac-
romolecules and cells and for ease of use by the physician. Re-
cently, a hydrogel based on thiol-modified derivatives of hyaluronic 
acid (HA) and porcine gelatin crosslinked with polyethylene glycol 
diacrylate (PEGDA) has been developed to meet these criteria [101, 
102]. This system has been successfully used in animal models for 
retinal repair [103]. The gelation time in this case is too high and in 
order to reduce it one possibility is to crosslink the two thiolated 
biopolymers through disulfide bonds using the thiol–disulfide ex-
change reaction with a physiologically relevant disulfide-containing 
molecule. A thiolated-based hydrogel crosslinked using gluthatione, 
which is gelling in less than 5 minutes, was recently reported by 
Zarembinski et al. [104]. This hydrogel supports the 3-D culture of 
adipose-derived stem cells in vitro and shows biocompatibility in 
preliminary intracutaneous and subconjunctival experiments in 
vivo. The obtained results suggest that this hydrogel could be well 
suited for local ocular delivery, focusing on front of the eye thera-
pies, as well as on back of the eye treatments. 

 Light-sensitive hydrogels also have potential application in 
ocular drug delivery. These systems can be stimulated by either UV 
light or visible light, the latter of which is inexpensive, safe and 
readily available. Light-sensitive drug-delivery systems have 
opened up new perspectives in the targeted control delivery of 
therapeutics to the posterior ocular tissue, with minimal systemic 
adverse effects. Nonetheless, the clinical application of these hy-
drogels for treating posterior eye diseases is reduced by their slow 
response time [105]. 
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 In conclusion, the potential for the development of sustained 
drug delivery systems involving polymeric systems is limitless, and 
newer polymers would serve the purpose of controlled and sus-
tained delivery for treating posterior segment of the eye diseases. 

7. MICRO- AND NANO CARRIERS 

 As literature reports, micro- and nanocarriers represent one of 
the most reliable solution for the delivering drugs specifically to the 
posterior segment of the eye. In the following subchapters the most 
representative classes of micro- and nanocarriers will be treated for 
underlining their potential in the treatment of posterior eye disor-
ders. In the Fig. 5 the micro- and nanocarriers types discussed fur-
ther are schematically represented. 

7.1. Lipid Nanocarriers (LN) and Liposomes 

 Lipids represent amphiphilic molecules with one hydrophilic 
part and the other hydrophobic. When the lipids are placed in water, 
the interactions of the hydrophobic segments of the molecule with 
water, the lipids are self-assembling and liposomes are born. 
Liposomes, first discovered by Bangham and his co-workers in 
1961 [106], present an aqueous core where water soluble drugs can 
be dissolved, which is surrounded by a lipid bilayer in which 
liposoluble drugs are usually entrapped. The liposomes, depending 
on the method of preparation, can be small, large or giant, and can 
be unilamellar (SUV – small unilamellar vesicles) or multilamellar 
(MLV – multilamellar vesicles). Liposomes have been studied as a 
viable alternative for ocular drug delivery since the beginning of 
1980 and ever after the researchers are looking for the perfect solu-
tion. Regarding the applications for the posterior segment of the 
eye, it seems that liposomes can improve the clearance time and the 
specificity of the drug release in the same time with the reducing of 
the toxicity [107]. To our knowledge there was only one available 
liposomal formulation on the market for posterior eye disorders, 
Visudyne from Novartis Ophthalmics used for releasing Vertepor-
fin (a hydrophobic chlorin-like photosensitizer, highly effective for 
photodynamic therapy in vivo) and it was the only drug approved 
by the FDA for the photodynamic treatment of age-related macular 
degeneration. Its application was limited since it was observed that 
the liposomes are losing their stability in sanguine plasma after 
intravenous administration [108]. 

 In addition, intravitreal administration of liposomes leads to 
vitreal condensation, vitreal bodies in the lower part of eye, and 
retinal abnormalities. Therefore, this factor together with other 
factors such as formulation, difficult storage of liposomes, long-
term side effects, must be taken into consideration while developing 
new liposomal formulation for ophthalmic application [109]. 

 Other lipid particles, solid lipid nanoparticles were developed 
as an alternative to other traditional colloidal carriers like 
liposomes, polymeric nanoparticles and emulsions and they present 
advantages like controlled drug release and targeted drug delivery 
with increased stability. LNs are colloidal carrier system based on 
high melting point lipid as a solid core coated by aqueous surfac-
tant. Generally, LNs present a mean diameter between 50 and 400 
nm and they are made from lipids like triglycerides, partial glyc-
erides, fatty acids, hard fats & waxes which are suitable for the 
incorporation of lipophilic and hydrophilic drugs [110]. LNs proved 
their efficacy in ocular drug delivery as they can enhance the ocular 
retention and corneal absorption and can also improve the ocular 
bioavailability [111]. The first generation of lipid carrier is repre-
sented by solid lipid nanoparticles which consist in a nanosized 
lipidic core stabilized by a layer of surfactants and the second gen-
eration, nanostructured lipid carriers, designed to improve the low 
drug loading and release ability of the first type, consisting of a 
mixture of solid and liquid lipids. Only few examples of the latest 
discoveries regarding the targeting of eye posterior segment using 
lipid based particulates are presented in the Table 3. 

7.2. Polymeric Micro and Nanoparticles 

 As it was already mentioned in the previous sections of the 
present review, in order to deliver drugs to the posterior segment, 
periocular or intraocular routes are currently investigated as alterna-
tive routes for drug administration. The drawbacks of this include 
the invasive administration and frequent administrations which 
further affect the patient safety and compliance [117]. It seems that 
polymer based micro- and nanoparticles due to their diversity and 
reliability represent an alternative solution for drug prolongation of 
the posterior segment drug delivery.  

 Many techniques have been developed for micro- and nanopar-
ticles preparation in respect with the envisaged ocular application. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5). Schematic representation of the micro- and nanocarriers with potential in the treatment of posterior eye disorders. 
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The methods are either physical, chemical or mechanical taking 
into consideration the nature of the polymer; polymer nanoparticles 
can be made from natural or synthetic polymers. As natural poly-
mers the most frequently used are polysaccharides such as chitosan, 
alginate, hyaluronic acid and dextran and polipeptides like gelatin 
and other collagen materials and as synthetic polymers poly (lactic 
co glycolic) copolymer, polycaprolactone, poly(2-hydroxyethyl 
methacrylate) (PHEMA), poly orthoesthers, etc. are very often 
taken into account by researchers for micro and nanocarriers prepa-
ration [118].  

 Also, the choice of the preparation method depends on the drug 
molecule which will be included, meaning it hydrosoluble or 
liposoluble character, and as a consequence on the particles type 
(microspheres and microcapsules, respectively, nanospheres and 
nanocapsules) which can ensure the desired amount of a certain 
drug which will be released upon a certain kinetic. All the compo-
nents involved in particles preparation (polymers, solvents, rea-
gents, surfactants, etc.) must be non-toxic or at least their use must 
be limited as much as possible. In general, the particles are obtained 
by one of the following methods taking into accounts the factors 
shortly presented above: single or double emulsion solvent evapora-
tion, precipitation, coacervation, spray drying, ionic gelation, poly-
mer cross-linking in emulsion system. 

 The use of micro- and nanoparticles for treating ocular disor-
ders bring some important advantages such as [15]: 

- Ensure the localized drug delivery 

- Diminish the peak concentration resulting in minimizing the 
burst effect in drug release kinetic having as a main conse-
quence the decrease of the system toxicity 

- Decrease the frequency of administration by increasing the 
drugs half-life 

- Improve the patient compliance 

7.3. Natural Polymers Based Micro- and Nanoparticles For 
Treatment of Posterior Eye Disorders 

 Polysaccharides from human (hyaluronic acid) and non human 
(chitosan, alginic acid) sources are probably the most frequently 
used natural material for ocular drug delivery [119], and from these 
we think it is not overestimated to consider chitosan on the first 
position. The reason is that chitosan (CS) is a cationic polysaccha-
ride which presents many exceptional biological properties such as 
biodegradability, nontoxicity, biocompatibility and mucoadhesive-
ness [120].  

 Ketorolac loaded chitosan nanoparticles have been developed 
by A ık et al. as an potential alternative to repetitive intravitreal 
injections for treating ocular diseases such as pseudophakic cystoid 
macular edema [121].  

 Chitosan nanoparticles obtained by ionotropic gelation realised 
by Rajendran et al. had shown an excellent capacity for the associa-
tion of acyclovir used for treating a wide ocular infections [122]. 
The results showed an improved interaction of chitosan nanoparti-
cles with the cornea and other tissues due to the mucoadhesive 
properties of chitosan because of the electrostatic interaction be-
tween the positively charged chitosan nanoparticles and the nega-
tively charged corneal cells. The authors proved in their work that 
chitosan nanoparticles can improve the corneal permeation, contact 
time and bioavailability of acyclovir. 

Tabel 3. Examples of lipid based particulates with applications in the treatment of posterior eye disorders. 

No. Anti inflammatory drug Lipid carrier composition Observations References 

 Lutein 

(uveitis, retinitis) 

Capric acid, with or without 

cyclodextrin 

- The partition coefficient of lutein in vehicle of lipid carrier 

and HP CD was about 15 - fold higher than that of HP CD 

suspension, enhancing the effect of corneal accumulation. 

- Higher drug loading in the LNs increasing the concentration 

gradient towards the cornea.  

- LNs had more corneal lutein accumulation and penetration 

[111] 

 Diclofenac sodium Goat fat and phospholipid - high encapsulation efficiency and high corneal permeation [112] 

 Resina Draconis 

(blood stasis 

syndrome, trauma, tumors, 

inflammation, etc.) 

composite hybrid 

thermosensitive gel 

containing solid lipid 

nanoparticles 

- higher drug bioavailability  

- prolong the precorneal residence time 

[113] 

 Triamcinolone acetonide nanostructured lipid carrier 

based on Precirol®ATO5 an 

Lutrol F68 

- reduced toxicity 

 

[114] 

 Coumarin-6 poly-L-lysine surface 

modified liposomes 

- poly-L-lysine molecular weight influence the efficiency of 

liposomal delivery to the retina 

- PLL solutions have been shown to be toxic for cells but the 

toxicity of poly-L-lysine liposomes was only slightly reduced 

[115] 

 plasmid DNA. Phospholipid and cholesterog 

based liposomes transferin 

grafted 

- very small liposomes were obtained and they were stable for 

several months  

- only very small liposomes, under 85 nm, were retained in 

retinal epithelial tissue was observed  

[116] 
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 The same method, ionotropic gelation, has been used for pre-
paring daptomycin encapsulated chitosan nanoparticles as a new 
formulation for the treatment of bacterial ocular endophtalmitits 
[123]. Loaded nanoparticles were found to interact with mucin (a 
component of ocular fluids) and it seems that they are able to re-
lease the antibiotic directly to the site of infection and increasing in 
the same time the residence time in the eye. In situ gelling chitosan 
nanoparticles have found to be efficient for enhancing the bioavail-
ability and efficacy of dorzolamide in the glaucoma treatment 
[124]. The formulation is mucoadhesive, safe and non-irritant and 
demonstrated a good pre corneal retention. 

 Chitosan was also used for improving the properties of other 
particles carriers. For example, Tsukamoto et al. developed brom-
fenac loaded liposomes modified with chitosan for the treatment of 
inflammations and other diseases of the ocular posterior segment, 
such as retinal and choroidal neovascularization and cystoid macu-
lar edema [125]. The authors of this study have proven that cover-
ing nanometric sized liposomes with cationic chitosan can be im-
proved the delivery efficiency to the retina.  

 An association of oppositely charged polysaccharides, chitosan 
and alginate, has been used by Nagarwal et al. for obtaining 
nanoparticles loaded with 5-fluororuracyl designed for topical che-
motherapy of conjuctival/corneal squamous cell carcinoma [126]. 
They have found 5-FU in both aqueous and vitreous humour which 
means that this new formulation could be utilized for ocular appli-
cation in both anterior as well as posterior segments. Nanoparticles 
based on chitosan–alginate polyionic complexes were developed 
again by ionotropic gelation by the group of Motwani [127]. The 
formed complex played the role of limiting the release of encapsu-
lated drug in respect with each polysaccharide alone. The nanopar-
ticles were loaded with Gatifloxacin (fourth generation fluoroqui-
nolone – antibacterial agent used in the treatment of ocular infec-
tions), the release results are encouraging since the drug is sustained 
released over a by non-Fickian diffusion. 

 Another polysaccharides combination has been performed by 
Wadhwa et al. between chitosan and hyaluronic acid obtaining 
nanoparticles loaded with antiglaucoma drugs (dorzolamide hydro-
chloride and timolol maléate) [128]. It seems that hyaluronic acid 
enhance the mucoadhesiveness and efficiency of nanoparticles and 
measuring the intraocular pressure for this formulation in compari-
son with a commercial product, the decrease of this parameter was 
by far more effective in the case of chitosan – hyaluronic acid 
nanoparticles.  

7.4. Synthetic Polymers Based Micro and Nanoparticles for 
Treatment of Posterior Eye Disorders 

 Natural polymers present variable purity and it is difficult to 
obtain reproducible particles and sometimes controlled release pro-
files for the encapsulated drug. On the contrary, synthetic polymers 
are generally provided with good purity and the drug release kinetic 
from synthetic polymeric nanoparticles can be also be modulated. 
Commonly used synthetic polymers for drug delivery applications 
include biodegradable aliphatic polyesters such as polylactides 
(PLA), poly(lactide-co-glycolide) copolymers (PLGA), and poly( -
caprolactone) as well as non-degradable polymers such as 
poly(methyl methacrylate) and polyacrylates. Also in the case of 
synthetic polymers there is a winner regarding the number of stud-
ies which are describing the possibility to obtain micro- and 
nanoparticles for the treatment of posterior eye disorders and this is 
poly (lactide-co-glycolide) copolymers. For all the other polymers 
the number of literature references regarding micro- or nanodevices 
for this application are very limited, most of the studies are using 
these polymers for implants or inserts. Only few examples concern-
ing PLGA micro- and nanoparticles with applications in the field of 
treatment of posterior eye disorders will be shortly presented. 

 Core-shell chitosan surface-modified poly (lactide-co-
glycolides) nanoparticles for targeting glioma have been developed; 

PLGA was used as the core of nanoparticles, while CS was used as 
a coating shell [129]. Carmustine and O6-benzylguanine were si-
multaneously loaded in the nanoparticles and tested in vitro, the 
results showed that nanoparticles improve the plasma stability of 
carmustine and enhance the cellular uptake of nanoparticles. Dex-
amethasone (anti-inflammatory drugs for the treatment of acute and 
chronic posterior segment eye diseases such as uveitis) entrapped in 
biodegradable poly (lactide-co glycolide) nanoparticles were pre-
pared by the solvent evaporation process [130].  

 The results proved their applicative potential because the 
amount of dexamethasone encapsulated within nanoparticles seems 
to be sufficient for obtaining a therapeutic effect; the object of this 
study was to improve the encapsulation ability of PLGA nanoparti-
cles to encapsulate dexamethasone. 

 Janoria et al. studied the effect of the lactide/glycolide ratio on 
the in vitro release of ganciclovir (in two forms: one hydrophilic 
and one lipophilic prodrug) from PLGA microspheres for the treat-
ment of cytomegalovirus (CMV) retinitis [131]. Microspheres were 
prepared by the +(O/O) solvent evaporation method. One of the 
most interesting conclusions of the study was that lipophilic pro-
drug encapsulation into microspheres leads to longer residence time 
at the administration site due to multiple processes involved in drug 
release at target tissue. 

CONCLUSION 

 Posterior eye disorders affect patient’s quality of life and in 
many cases lead to different degree of vision loss. Even if some of 
the biochemical and biological mechanisms are still uncertain, the 
strategies for treating these diseases are lately oriented to the devel-
opment of sustained and prolong action non-toxic drug delivery 
systems which are proved that are able to overcome the compli-
cated eye barriers and to provide more efficient therapy with an 
improved compliance for the patient.  

 New technologies have been developed in order to provide 
prolonged action, increased bioavailability of the drugs, improved 
patient safety and minimal side effects. The present review is pro-
posing to describe the latest discoveries in the field of drug delivery 
systems together with the basic knowledge of the posterior segment 
eye anatomy and pathology and with the current therapeutical 
strategies and their drawbacks. Modern drug delivery systems such 
as implants, hydrogels, micro- and nanocarriers, respectively, 
liposomes, solid lipid nanoparticles, natural and synthetic polymer 
micro- and nanoparticles have been presented together with the 
level of progress in founding reliable solutions for treating posterior 
eye diseases have been detailed. The overall conclusion of this 
study is that the potential in developing new systems is endless due 
to the diversity of the materials but also due to the high level of the 
knowledge in the biomedical sciences which finally will lead to 
find the perfect solution. 
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The paper describes the preparation of chitosan/gelatin hydrogels, obtained by double crosslinking with glutar-
aldehyde and sodium sulphate/sodium tripolyphosphate that may be used as matrices for the inclusion of drug
loaded liposomes composed of phosphatidylcholine. Themain objectivewas to create a protective layer to stabi-
lize the liposomal surface and to prolong/control the release of drugs from such systems. Therefore, complex
systems capable of prolonged drug release and controlled release kinetics were obtained. Samples consisting of
different chitosan/gelatin ratios and type/amount of ionic crosslinker have been prepared and characterized.
The present study shows that calcein (used as a model hydrophilic drug) release from polymeric hydrogels has
been retarded from several days to weeks after calcein inclusion in small unilamellar vesicles (SUVs) and
multilamellar vesicles (MLVs) entrapped subsequently in hydrogels with variable composition. The calcein
release kinetics of complex systemswere compared to simple systems (control hydrogels) and important chang-
eswere observed thus proving that themechanism of the process increases in complexity. Also, it is demonstrat-
ed that liposomes' stability can be greatly improved by inclusion in polymeric matrices.
Multilamellar liposomes showed a better release behaviour, which indicates that these calcein loaded vesicles
remained intact to some extent after release from the matrix, due to their improved stability provided by the
multiple layers. When small unilamellar liposomes were tested, calcein have been released from hydrogels
predominantly in a free form (due to their unilamellarity related instability even inside the hydrogel) but in a
sustained and controllablemanner. Themain applications of the systems obtained are in the area of drug release
for tissue engineering/tissue repair (topical administration of drugs for wound therapy — burns, for example).
Hydrogels capable of delivering drugs over prolonged periods of time represent a step forward in wound
management and many diseases that request long term and sustained delivery of drugs. These hydrogels could
be used as tissue replacement or injectable depot systems in many high risk diseases including cancer.
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1. Introduction

Liposomes are spherical self-closed structures, composed of curved
lipid bilayers, which enclose part of the surrounding solvent into their
interior. The simplicity of production, their biocompatibility, the
absence of toxicity [1,2], the size and similar composition to cells and
cellular organites, the possibility of size adjustment for specific applica-
tions [3], the ability of hydrophilic or/and hydrophobic drug loading
(if we consider liposomes a biphasic system), and the stimuli sensitivity
(temperature, pH and magnetic field) [4] make them a revolutionary
tool in biomedical domain. Liposomes have been developed for a variety
of applications. One promising area is drug delivery (small molecules,
genes andmacromolecules) [5,6]. Liposomes have been used as artificial
cells for haemoglobin encapsulation and oxygen transport [7], as
models in cell physiology research, as imaging agents for malignant
tissue labelling [8], in textile industry [9] and cosmetics [10]. Liposomes
are among the few classes of nanoscale materials used as drug delivery
systems that have already reached themarket. Other nanoscale systems
as nanoemulsions, polymeric or ceramic nanoparticulate systems,
micelles or dendrimers are in preclinical or clinical evaluation stage
[11].
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For modulating the drug release kinetics from liposomes the disper-
sion of drug loaded liposomes in hydrogel matrices has been proposed
by several authors in the last decade with the aim of producing
controlled release systems [1,11–26]. Natural and synthetic polymers
were used asmatrix systems for the inclusion of drug loaded liposomes.
Collagen, chitosan, gelatin, fibrin, alginate and dextran are the most
used natural biopolymers [1,11]. The release time of active compounds
could be easily modified according to the hydrogel preparation param-
eters (e.g. bymodulating thefilm composition, liposome composition or
the crosslinker type and concentration) [1,12–15]. Composite materials
(liposomes in the hydrogel approach) provide the opportunity to
control the release of incorporated low molecular weight drugs with
fast diffusion from polymeric matrices [14].

Prolonged release of liposome incorporated drugs from polymeric
matrices has been achieved by many research groups during the last
years [12–26]. These systems are recommended for the treatment of
many injuries located in various body areas. These composites could
take different forms such as wound dressings or injectable depot
systems. Depot systems based on chitosan incorporating liposomes
were obtained recently by Hurler et al. providing prolonged release of
mupirocin, an antimicrobial agent used in the treatment of burns [15].
The inclusion of drugs into liposomes and the dispersion of such vesicles
into the polymeric matrix have multiple purposes like increasing drug
concentration at the site of action, decreasing systemic drug concentra-
tion, maintaining a moist environment at the wound site, creating a
barrier against pathogens and many others.

Injectable depot systems based on chitosan and drug loaded lipo-
somes have been tested by many research teams [14–19]. Alinaghi
et al. prepared composite systems that can prolong the release of drug
loaded liposomes from such polymeric system [16]. Drug release
(doxorubicin) modulation from an injectable composite system based
on chitosan has been described recently by López-Noriega et al. [17].
The drug release from another thermosensitive chitosan hydrogel was
studied by Wang et al. observing a reduced burst effect with improved
antitumor activity and reduced systemic toxicity [18]. Another in situ
gelling chitosan based hydrogel containing liposomes has been devel-
oped byMulik et al. [19]. Recently, depot systems containing antimicro-
bial drugs metronidazole or clotrimazole included in highly deformable
liposomes were prepared and evaluated for the treatment of vaginal
microbial infections [20]. In order to reduce the toxicity of Amphotericin
B used in the treatment of fungal infections Kang et al. incorporated
the drug into a composite system based on a matrix composed of
poloxamer 407 and poloxamer 188 [21].

The great versatility of polymers, crosslinking agents and liposomes
creates a vast domain of choice when designing polymer matrix–lipo-
some composites. Therefore, this area of research has gained more in-
terest in recent era.

Our group proposed novel matrices for the modulation of drug
release from chitosan/gelatin hydrogels containing drug loaded lipo-
somes. The reason for choosing these natural polymers is based on
their intrinsic properties like biocompatibility [22], biodegradability
[23], low toxicity [24], versatility in functionalization [25–28] and so
on. Previous toxicity tests have been performed by our group on chito-
san/gelatin double crosslinked micro- and nanoparticles designed for
ocular applications and the results have shown that the material is
“practically nontoxic” [29]. Also, hydrogels consisting of chitosan and
gelatin, two polymeric hydrogel systems previously proposed, were
prepared via double crosslinking method that allows to diminish the
potential toxicity of glutaraldehyde by partially replacing it with non-
toxic ionic crosslinkers (sodium tripolyphosphate [27] or sodium
sulphate) [28]. All the prepared hydrogels showed good mechanical
stability and high loading/release rate of low molecular weight com-
pounds, which are suitable properties for drug delivery applications.

In this study, the in vitro release of drug-in-liposomes from different
biocompatible and biodegradable hydrogels,with potential applications
as controlled drug delivery systems for tissue engineering/tissue repair,
is compared. The possibility of modulating the in vitro release profile of
calcein (model drug) incorporated into two types of first generation
liposomes, dispersed in different hydrogels,was analyzed. The influence
of the liposome size and the hydrogel characteristics (composition and
crosslinking density) over the calcein release kinetics was determined.
We consider that this study contributes to the general direction of all
controlled drug delivery systems to modulate the drug release kinetics
by varying the properties of the carrier itself.

2. Materials and methods

2.1. Materials

ChitosanHighMolecularWeight (C), Brookfield viscosity 200,000 cps,
degree of deacetylation (DD ~75% determined by 1HNMR technique),
gelatin B (G) of bovine origin, glutaraldehyde (GA) 25% aqueous solution,
sodium tripolyphosphate (TPP), Sephadex G-25 presenting 50-150 μm
bead diameter, rhodamine B (fluorescent hydrophobic tracer), calcein
(fluorescent hydrophilic model drug) and Triton X-100 were purchased
from Sigma-Aldrich (St. Luis, MO, USA). Calcein and rhodamine B were
used without further purification. Phospholipon-90G was received as a
gift sample from Phospholipid GmbH, Nattermannallee 1, D-50829,
Köln. Sodium sulphate was obtained from PrimexChim (Bucharest,
Romania). All other chemicals used were of analytical grade.

2.2. Preparation methods

2.2.1. Preparation of liposomes
Calcein loaded MLVs and SUVs composed of phosphatidylcholine

(PC) were used for complex hydrogel formation, in order to check the
effect of the liposomes as an extra barrier for the calcein release. Plain
liposomes (not containing calcein) were used for size determinations.
For the preparation of complex systems, in each hydrogel a certain
volume of liposome suspension was added before the GA addition and
the total amount of included calcein was calculated by breaking a
liposomal suspension with Triton X-100 surfactant. Also, rhodamine B
labelled liposomeswere prepared for the studies concerning the liposo-
mal distribution throughout the polymeric matrix.

MLVs were prepared by the thin film hydration method [30] with
minor modifications. The lipids were dissolved in a chloroform/metha-
nol mixture (2:1 v/v). The organic solvents were evaporated (using a
rotary evaporator – Heidolph Laborota 4002 – at 60 rpm, 30 °C and
reduced pressure) from the round bottom flask (250 mL) resulting in
the formation of a thin film on the walls of the flask. Then, the lipid
film was hydrated with 2 mL of 30 mg/mL calcein solution (prepared
in phosphate buffer saline [PBS], pH 7.4), at 25 °C. After the vortex
shaking, a spontaneous formation of MLVs occurred. The dispersion
was placed in a bath sonicator for 30 min at 25 °C, in order to break
the existing aggregates. Finally, the liposomal dispersionswere incubat-
ed for 1–2 h at a temperature above the lipid transition temperature (at
25 °C) for annealing membrane structural defects. The separation of
liposomes from non-encapsulated calcein was achieved by centrifuga-
tion (3 spins at 15.000 rpm for 40 min) (Hetich Zentrifugen Universal
320R). A small amount of free calcein, still present in the supernatant
of the centrifugation, was measured spectrophotometrically. The
amount of calcein entrapped in the liposomes was determined by
breaking them with Triton X-100. The latter is the total amount of
calcein included in complex systems.

SUVs were prepared by sonication method [31]. A MLV suspen-
sion prepared as explained above was sonicated using a Bandelin
Sonopuls GM 2200 probe tip sonicator (uniform sonic waves),
20 kHz processing frequency (10 pulses of 60 s duration and 30 s
break to allow the sample to cool down, the probe was immersed
0.5 cm below the surface of the lipid suspension) to obtain the
SUVs. The sonication temperature was above the transition temper-
ature of the lipids to ensure a uniform bilayer of the vesicle and the
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sample was kept cool by immersing the tube in a beaker with ice
water. The SUV separation from MLVs and free calcein was achieved
using Sephadex G-25 column chromatography (25 cm length, 1 cm
diameter) eluted with PBS buffer (2.2 mL/min). Liposomes were
used in the same day of preparation or the day after, keeping them
sealed and protected from light at 4 °C. The model hydrophilic drug
calcein (an analogue for low molecular weight drugs such as antibi-
otics) was selected due to its self-quenching property that allows it to
distinguish the leaked out dye from the free dye (using Triton X-100
which disrupts the liposomal walls) [32] and by subsequent calcein
dilution in PBS. The total calcein included in complex systems repre-
sents, as in the case of MLVs, the amount of calcein dosed after Triton
X-100 treatment of SUV suspension.
2.2.2. Preparation of hydrogels loaded with calcein
Briefly, the two polymers were dissolved overnight in 5 mL of 2%

acetic acid solution (v/v) at room temperature (2.5% final concentra-
tion). The solutions were filtered by using a reusable syringe filter
holder coated with a filter paper. The calcein solution (32 μL of
stock solution containing 640 μg calcein) was added dropwise
under stirring in the polymer mixture. To ensure a minimal mechan-
ical stability, glutaraldehyde amount was adjusted to crosslink
approximately 20% of amino groups of both polymers (considering
the deacetylation degree of chitosan and calculating the composition
of diamino monocarboxylic acids from the gelatin) [33]. The optimal
glutaraldehyde quantity was fixed by preliminary tests. The hydrogels
were then placed in the oven at 50 °C for 1 h to partially eliminate
water, thus allowing subsequent swelling of the hydrogel in the
ionic crosslinking solution. The obtained hydrogels were immersed
in 12mL of different concentrations of ionic crosslinking agent (sodi-
um sulphate and sodium tripolyphosphate) (Table 1), maintained
for 30min in these solutions and then placed in containers with buff-
er solution. The calcein was dosed in the ionic crosslinking solution
remained after the preparation of hydrogels. Based on these
calculations, the amount of calcein left in hydrogels was quantified
(Table 1).
2.2.3. Preparation of polymer–liposomes–calcein systems
Complex polymer–liposomes–calcein systems were prepared in

order to achieve the controlled release of calcein. In a first stage,
calcein was encapsulated in liposomes (as it was indicated above).
The suspension of calcein loaded liposomes in PBS was then added
to the polymer solution prior to the introduction of GA [34]. As in
the case of control samples, the hydrogels were then placed in the
oven at 50 °C for 1 h. Subsequently, the aqueous solutions with
specific amounts of GA were added under vigorous stirring and
the crosslinking process continued with the introduction of ionic
crosslinker according to the procedure described above. Eight com-
plex systems were obtained in duplicate using the preparation
parameters presented in Table 1.
Table 1
The hydrogel preparation protocol.

Sample code C/G (w/w) GA (μL) TPP
(mg)

Na2SO4

(mg)
Calcein loaded
(μg)

CG-S1 1.9 31.5 60.5 579.0
CG-S2 9 40 64 545.6
CG-S3 4.5 37.5 79 562.8
CG-S4 4.5 37.5 59.5 585.9
CG-T1 1.9 31.5 78 503.7
CG-T2 9 40 83 496.5
CG-T3 4.5 37.5 102 503.0
CG-T4 4.5 37.5 77 508.9
2.3. Characterization methods

2.3.1. Liposome size measurements
Themean diameter of the liposomeswas determined by a laser light

diffractometry technique (Shimadzu — SALD 7001). Three successive
measurements were performed and standard deviation was calculated.

2.3.2. Liposome distribution within C/G hydrogels
In order to assess the distribution of entrapped liposomes into

hydrogels, rhodamine B labelled MLVs consisting of PC were prepared.
Complex systems based on hydrogel CG-S1 loaded with liposomes
(MLVs and SUVs) containing rhodamine B were prepared in order to
visualize the distribution of liposomes throughout the polymeric
matrix. These rhodamine B labelled liposomes trapped in hydrogels
were visualized by confocal microscopy (Eclipse TE300, using IBM
Warp-40 operating system and BioRad Lasersharp soft). The samples
were analyzed at a 10×magnification after ice cutoff. Control hydrogels
without rhodamine B labelled liposomes were also prepared and
analyzed.

2.3.3. Calcein release from hydrogels and from polymer–liposome complex
After the liposome preparation and their entrapment in C/G

hydrogels, the release of fluorescent dye (calcein was a small molecular
weightmodel drug)was studied to determine the release kinetics of the
prepared systems. Each hydrogel (0.125 mg) was immersed in covered
containerswith 20mL PBS solution and placed in a GFL 1092water bath
(60 rpm, 37 ± 0.1 °C). This device ensured the lack of light, protecting
the fluorophore against photobleaching. The calcein release has been
spectrophotometrically monitored at predefined times (24 h) using a
Perkin Elmer LS 50B fluorescence spectrophotometer (excitation/emis-
sion= 490/515 nm, bandwidth 5 nm). In the case of hydrogels contain-
ing calcein loaded liposomes spectrophotometric determinations have
been performed before and after the addition of Triton X-100 at a final
concentration of 1% w/v. For each measurement, 1 mL of supernatant
was removed from the container and replaced with fresh PBS buffer.

The calcein released (mci) was calculated using the calibrating plot
and Eq. (1):

mci ¼ Cci � V þ
Xi−1

i−1
mci−1 � 100 ð1Þ

where: mci — total calcein released at the moment i, Cci — calcein
concentration at the moment i (ng/mL); V — the buffer volume where
the calcein was released (20 mL); mci − 1 — calcein content in 1 mL of
suspension or solution equal with concentration (Cci) removed from
supernatant for determinations and replaced with fresh PBS buffer at
previous moments of study (ti − 1) (g).

The release efficiency was calculated using the following equation:

Ei %ð Þ ¼
mci

mct
� 100 ð2Þ

where: mci is the total calcein released at moment i andmct is the total
calcein included into hydrogels.

2.3.4. Measurement of liposome integrity
Calcein presents a high emission when its concentration is lower

than the self-quenching concentration, so the calcein from the vesicles'
interior whichwas found at 30 mg/mL (higher than self-quenched con-
centration) could not be detected spectrophotometrically [35]. After the
addition of Triton X-100 the vesicles disintegrate and release the calcein
which is subsequently diluted in the surrounding media. The total
calcein was measured and the latency calculated. Information about
the calcein release mechanism from complex systems (in the form of
intact liposomes or free calcein) was obtained bymeasuring the latency
in the hydrogel incubation medium. Calcein latencywasmeasured after
the separation of SUVs or MLVs from non-encapsulated calcein to
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ensure the purity of calcein loaded liposomes, just before their use for
the preparation of complex systems; thus, it was ensured that calcein
could not have leaked out of the vesicles during storage. In the case of
MLVs, if the calcein latency (%) was lower than 95%, the liposomes
were re-centrifuged and re-dispersed before being used. For SUVs,
when multiple fractions were collected from the separation column,
the determination of latency was useful to evaluate which fractions
present the highest latency and which will be further used for entrap-
ment into hydrogels. Finally, calcein latency determination was used
as a method for quantitative evaluation of the intact liposomes released
from the films (the calcein latency was calculated during the release
experiments).

For calcein latency calculations, 20 μL of the liposome dispersions
was diluted with 4 mL buffer, pH 7.40 and the fluorescence was
measured. These diluted dispersions of liposomes were treated with
surfactant and the calcein fluorescence was measured again. The
percent latency (%) was calculated from Eq. (3) [36]:

Latency %ð Þ ¼ 1;1 � IAT−IBT
1;1 � IAT

� 100 ð3Þ

where: IBT and IAT are the calcein intensity emitted before and after the
addition of Triton X-100.
3. Results and discussions

Reported hydrogels have been analyzed from the point of view of
drug loaded liposome entrapment. The formation of polymeric
networks has been previously proved by FT-IR spectra and the hydrogel
character has been demonstrated by swelling degree measurements
[27,28]. These hydrogels presented high swelling degree values in
weak basic environment, ability to load/release water soluble drugs
depending on the composition of the initial mixture and the type/
amount of ionic crosslinker. In order to achieve a sustained release, hy-
drophilic compound calcein was initially entrapped in liposomes which
were subsequently dispersed in the polymeric matrix (hydrogels) dur-
ing the preparation process. The main challenge for preparation of such
complex systems was to achieve high drug loading into liposomes and
to incorporate the liposomes in the polymeric matrix without affecting
the hydrogel formation and the liposome integrity. Moreover, it was
expected to achieve a greater control of the drug release process from
prepared systems bymodulating the liposome size andmatrix prepara-
tion parameters (steady-state release rate over time, reducing or even
eliminating the “burst effect”).

However, it remained to evaluate whether such vesicles will retain
their integrity if mixed with C/G blends during the crosslinking proce-
dure leading to a polymeric network formation. The presence of the
liposomes in supernatant (phosphate buffer saline, where the release
take place) has been checked to establish if the drug was released also
in an encapsulated form. If the liposomes would be found in the super-
natant may prove that the polymer matrix plays a role in their protec-
tion, as was initially assumed.
Fig. 2. Confocal microscopy images of CG-S1-MLV that entrap rhodamine B (A) and CG-S1
control hydrogels (B) observed at 100× magnification.
3.1. Liposome size distribution

The mean diameters measured for the vesicles used in this study
were 1.266 ± 0.237 μm for MLVs and 0.112 ± 0.014 μm for SUVs. As
seen, MLV liposomes were large vesicles of micrometre dimension
and SUV liposomes were small vesicles of nanometre size. Fig. 1
shows the distribution curves of the two types of liposomes used
for complex system preparation. It may be observed that dimen-
sional dispersity is a single-mode and presents relatively narrow
distributions.
3.2. Liposome distribution within C/G hydrogels

The hydrogels used in the present work have been characterized
recently by our group. The structural andmorphological characteristics,
the maximum swelling degree at 24 h and the drug loading/releasing
capacity were presented in a previously published paper [27]. These
results have led to the current work.

Fig. 2 presentsmicrographs from confocalmicroscopy observation of
the double crosslinked hydrogels that entrap rhodamine B labelledMLV
liposomes. The liposomes are well distributed throughout the whole
surface area of the hydrogels (Fig. 2A). Similar micrographs were
obtained for hydrogels containing SUVs. No fluorescence was detected
in control hydrogels (Fig. 2B).
3.3. Release of calcein from hydrogels loaded with calcein

The release of calcein from control hydrogels (Fig. 3) was studied. In
the case of hydrogels in which calcein was directly included first, it
appeared as an intense burst release (in the first 3–4 h of the process)
due to calcein release into the supernatant from the film surface or
from superficial layers (which can reach up to 30% of the total calcein
included into the hydrogel). In the next period, first 2 to 3 days, the
in vitro release profile presents an increasing concentration for both
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studied systems, reaching 50–80% efficiency (depending on hydrogel
composition and crosslinker type). Calcein was included into the
hydrogels during the preparation process which took place in an acid
environment that ensure the solubility of the polysaccharide. Calcein
pKa varies between 2.1 and 5.5 according to four dissociation steps
determined by the existence of four carboxyl groups within the struc-
ture. Therefore, during the first stage of ionization calcein acted as a
strong acid and its strength gradually decreased in the other stages of
dissociation. In the conditions of hydrogel preparation certain ionic
bonds occur that caused calcein retention inside the hydrogel. The
ionic crosslinking may undergo between some of the ammonium
ions of chitosan and gelatin (however, mostly participating in the
crosslinking reaction with sulphate and tripolyphosphate anions) and
carboxylate anions of calcein. When the hydrogel loaded with calcein
was suspended in phosphate buffer (pH 7.4), ammonium cations from
the surface and from the superficial layers of the hydrogel were quickly
neutralized. Therefore, ionic interactions between calcein and ammoni-
um ions disappear, so calcein is quickly released, generating the “burst
effect”. As the buffer diffuses inside the hydrogel, ammonium ions
within are also gradually neutralized, causing the calcein release. The
process underwent slower this time conditioned on the one hand by
the buffer diffusion in hydrogel matrix and on the other hand by the
diffusion of calcein itself outside the matrix, processes that depend, in
principle, on hydrogel composition and crosslinking density. To these
processes we added possible hydrogen bonds formed between the
amino groups of the macromolecular substrate (H donor) and carboxyl-
ate anions of calcein (H acceptor). These links were more numerous as
the content in the chitosan hydrogel was higher; therefore, in the first
three days of experiments, a slight difference between the kinetic curves
can be observed, specifically, slightly lower release efficiency at a higher
C/G ratio. Even if the calcein release rate was reduced after manifesting
the “burst effect”, the release efficiency reached 70% (for sulphate anion
crosslinking) and even 80% in the case of tripolyphosphate crosslinking
after 5 days. Green et al. observed a similar phenomenonwhen analyzing
the release of calcein from polymeric matrices containing chitosan [37].
The hydrogel matrix represents a diffusional barrier for calcein
release causing, as it was expected, a gradual release except for the
period when the “burst effect” was noticed. However, it was found
that the release efficiency was not greatly influenced by the diffusion,
but mostly by crosslinking density of the network, considering that
between the curves shown in Fig. 3 the difference of release efficiency
after 7 days was ≈10%. It can be noticed that crosslinking with higher
amounts of sulphate ions (CG-S3) leads to a calcein release with a
slightly higher efficacy compared to the hydrogels crosslinked with
less sulphate (CG-S4). The results were consistent with the determined
amounts of calcein included in hydrogels (Table 1), which decreases
with the higher amount of sodium sulphate.

Comparing the calcein release kinetics from two types of matrices it
was found that the release efficiency is higher for TPP crosslinkedmatri-
ces, which may seem surprising, given the fact that this crosslinking
agent is able to accomplish a superior crosslinking density than the
sulphate ion due to its higher functionality (5 per molecule, compared
with 2 for sulphate anion). In order to explain the apparent differences
that occur between the two matrices in terms of release kinetics esti-
mated by theprocess efficiency, it should be kept inmind that hydrogels
crosslinked with TPP retained a reduced amount of calcein compared
with those crosslinked with sulphate anions (Table 1). Taking into
account the average values of calcein included in the two types of
hydrogels and also the maximum release efficiency, we could obtain
the amount of calcein released, which is practically the same for both
types of hydrogels (approx. 400 μg). Lower amounts of calcein included
into hydrogels crosslinked with TPP can be explained. TPP, through its
superior functionality binds ionically to a larger number of ammonium
cations from C/G blend. Accepting the hypothesis that calcein also binds
ionically to both substrates (see explanation above), clearly it will bind
in smaller quantities given the lower number of available ammonium
sites. The immersion of hydrogels in phosphate buffer in order to
study the release, in absolute value, will release the same amount of
calcein as sulphate crosslinked hydrogels (≈400 μg), but in terms of
process efficiency, it will be higher (Fig. 3B). Close values of the release
efficiency corresponding to hydrogels crosslinked with TPP are further
evidence that the diffusion is not the determining factor in the process.
The fact that, in terms of released calcein amount, there are no
differences between the two types of hydrogels (although the TPP
crosslinked hydrogels aremore dense as shown by the swelling kinetics
studies reported previously) leads to the same conclusion [27,28].

In conclusion, it seems that the studied hydrogel preparation param-
eters (polymer ratio, type and amount of ionic crosslinker) do not have
an important impact on the release behaviour of calcein from control
hydrogels. Therefore, the use of liposomes as a supplementary barrier
against the rapid and uncontrolled diffusion of small molecular drugs
is justified.

3.4. Release of calcein from calcein loaded MLVs

The release of calcein from liposomeswas studied to determine how
calcein is released from liposomes. We found that in less than 24 h all
the loaded calceinwas released in PBS buffer under the same conditions
of stirring and temperature used to study the complex systems. When
calcein was loaded in MLVs and then dispersed within the hydrogels
during the preparation process, the release kinetics was modified.

Calcein loaded in dispersed liposomes and then in hydrogels en-
counters two barriers in the release process: liposomemembrane itself
and the polymer matrix. As a result, the burst release attenuates by
achieving a better control of the release process compared to the situa-
tion of the compound encapsulated in liposomes or just in hydrogel
matrix. In this case it is found, however, that the calcein release efficien-
cy was reduced for TPP crosslinked hydrogels compared with sulphate
crosslinked hydrogels, oppositely from the case of calcein included
directly in hydrogel. The phenomenon is related to the calcein release
mechanisms that occur in these systems: (i) the most part of calcein is
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transported by liposomes in which is encapsulated, driven by PBS
solution entered in hydrogels causing its swelling; these liposomes
gradually diffuse outside the matrix where they encounter the network
resistance which causes their breakage; calcein continues to diffuse
in free form to the supernatant; (ii) another amount of calcein is
transported by liposomes that remain intact during diffusion through
polymer hydrogel and they are released in supernatant – this amount
is emphasized by breaking the liposomes with a surfactant, Triton
X-100 (see Measurements of liposome integrity section); (iii) a lower
quantity of calcein exists in free form from the beginning within the
matrix, either released from liposomes that are broken during the
crosslinking process or existing as such in the liposome suspension
introduced into the polymeric solution before crosslinking – in our
opinion, it is responsible for the “burst effect” that appears also in com-
plex systems, but is highly attenuated compared to hydrogel–calcein
simple systems. We must mention that this amount of calcein was
determined before preparing complex systems according the same
method for measuring the integrity of liposomes in order to determine
the latency. It represents a maximum of 5% of the total calcein used in
the loading of liposomes and it cannot be completely separated from
the liposome suspension included in hydrogels. As it can be observed,
this amount (about 5%, the remaining 95% being encapsulated in
liposomes) is comparable to that released by the “burst effect” (Figs. 4
and 5). Thus, in the case of TPP crosslinked hydrogels, when a superior
crosslinking density is involved, the diffusion of MLV liposomes is
slowed down because of the matrix rigidity and especially the higher
crosslinking density, mainly a smaller mesh size of the network. There-
fore, liposomes reach outside the hydrogel matrix with difficulty due to
their reducedmobility; consequently the percentage of calcein released
is lower as compared with sulphate ion crosslinked hydrogels.

Furthermore, the hydrogel CG-S2-MLV releases calcein less efficiently,
obviously due to more chitosan in its composition. On the one hand, due
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Fig. 4. Kinetics of calcein release efficiency at pH = 7.4 from CG-hydrogels entrapping
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to the increased number of amino groups, the network is denser slowing
the diffusion of liposomes; on the other hand, the large number of free
amino groups that forms in phosphate buffer interacts with free calcein
from the network (from the two sources, as mentioned above) by possi-
ble hydrogen bonds. Accordingly, hydrogel CG-S1-MLVwith less chitosan
in composition releases more calcein; the effect is the same for both
hydrogels crosslinked with sulphate anions and TPP.

An interesting observation stands in the sharp increase of the calcein
concentration in supernatant after 12–13 days for both types of
hydrogels, especially for TPP crosslinked hydrogels. A possible explana-
tion is the fact that a larger amount of liposomes that diffuse through
the hydrogel matrix is destabilized after this time interval, releasing
some of the calcein inside the polymer matrix; then, a small molecular
compound quickly diffuses in the supernatant. It should be mentioned
also that calcein release is more difficult with increasing crosslinking
density of the network (namely the ionic crosslinking agent) for the
systems crosslinked with sodium sulphate (CG-S3-MLV compared
with CG-S4-MLV).

3.5. Release of calcein from SUVs in hydrogels

Unlike the previous case, the release kinetic curves reveals the
presence of a “burst effect”, more pronounced in the case of crosslinked
networks with sulphate anions. Two explanations could be taken into
consideration for this effect: a) the lower size SUV liposomes enable
their easier diffusion through the hydrogel matrix (this effect is ob-
served only for sodium sulphate crosslinked systemswhen the reduced
crosslinking density is responsible); those from the superficial layers of
thematrix quickly reach the surfacewhere they destabilize, immediate-
ly releasing high levels of calcein; b) the mechanical stability of
unilamellar liposomes, even in hydrogel matrix, is lower compared to
the MLVs. It is possible that during the diffusion through the polymeric
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network or even during the crosslinking procedure, the rupture of SUVs
determines the calcein release, which then diffuses easier to the surface
of the hydrogel. In this case, however, the calcein release efficiency is
lower and the kinetic is slower in the case of TPP crosslinked hydrogels,
the explanation being similar as the one in the case of MLVs. The dimin-
ished burst release in the case of systems crosslinked with TPP may be
explained in the same way.

We noticed that an increasing amount of chitosan in hydrogel
composition determines a reduction in calcein release efficiency. As
discussed above, the larger amounts of free amino groups, in the pres-
ence of buffer solution, make possible strong interactions (hydrogen
bonding) with free calcein resulted through the breakage of liposomes.
In these samples, the influence of the crosslinking agent concentration
on calcein release can be also observed. Hydrogels prepared by TPP
crosslinking show an almost direct dependence between TPP con-
centration and calcein release. Keeping constant the polymer ratio and
GA concentration, CG-T3-SUV releases a reduced amount of calcein
compared to the CG-T4-SUV (Fig. 5B) due to greater ionic crosslinking
(similar behaviour was observed in the case of MLVs).

Systems containing MLVs release higher amounts of calcein com-
pared to systems containing SUVs, although these liposomes are more
stable in the matrix (being mainly multilamellar) and diffuses with
difficulty. The likely explanation is that, although MLV liposomes are
more stable than SUVs, they transport amuch higher quantity of calcein.
The MLV diameter is about 10 times bigger than that of the SUVs (if we
neglect the lipid membrane thickness) which means that a single MLV
can encapsulate amounts of calcein 1000 times higher than a SUV. A
smaller number of MLVs diffuse through the hydrogel matrix and
their higher stability is compensated by the high amount of calcein
transported and released through destabilization.

The slow release of calcein from the liposomes entrapped in
hydrogels (SUVs andMLVs) compared to the controls aswell as reduced
“burst effect”, prove that liposomes largely remain intact during the
hydrogel preparation process. All these results demonstrate that the
hydrogel–liposomes–drug complex systems provide a better control
of the drug diffusion process and allow a better control of release
kinetics.

3.6. Measurement of liposome integrity

As discussed above, Fig. 5(A, B) shows the kinetic curves correspond-
ing to the total calcein release efficiency (free calcein in the supernatant
at different times, to which is added that of the liposomes remained
intact after diffusion through hydrogel). As a result of the diffusion,
part of calcein loaded liposomes reach outside the hydrogel and remain
suspended in PBS buffer. For a calcein content determination it is neces-
sary to break up the existing liposomes by using a tensioactive, Triton X-
100. The calcein concentration in supernatant is measured, first, before
breaking the liposomes and, second, after their breaking using Triton
X-100.

The results obtained for CG-S2-MLV (arbitrary selected) compared to
the values of calcein concentration before and after the Triton X-100
treatment are presented in Fig. 6. The kinetic curve corresponding to
CG-S2-MLV-AT is composed of free calcein released from the hydrogel
and from calcein resulted from liposome destruction, observing the
superior values of the calcein concentration. Based on measurements
of calcein released before (BT) and after the Triton X-100 treatment
(AT), the so called latency could be determined; this provides informa-
tion about the stability of liposomes in PBS. The variation of this param-
eter at different moments of the release process is represented for
hydrogels containing MLVs for all the polymer–liposomes–calcein
systems studied and for both ionic crosslinking agents used (Fig. 7).
These results confirm the stability of MLVs composed of multiple lipid
layers. The disruption of MLV liposome membrane is a multiple-stage
phenomenon (layers can break up one by one) that contributes to the
drug protection inside the hydrogels.
The values of the latency parameter were lower for hydrogels
crosslinked with TPP compared with those of hydrogels crosslinked
with Na2SO4. This can be observed as a general trend for prepared
hydrogels that contain MLVs. The hydrogels based on C/G ionically
crosslinked with TPP form compact matrices that retain liposomes for
long periods. Liposomes surrounded by polymer matrix are protected
against destabilization as it can be seen by comparing the total calcein
released (diagrams from Fig. 4) and calcein latency (Fig. 7). Contrary
to the hydrogels entrapping MLVs, hydrogels containing SUVs present
lower latency values (near zero, no-show results). In the case of SUVs,
where one lipid layer covers the aqueous phase, a single rupture of lipo-
somalmembrane results in a total release of calcein inside the hydrogel,
partially during the crosslinkingprocess, butmostly during thediffusion
process through the polymeric matrix.
3.7. The mechanism of calcein release from complex systems

The formulation of the calcein release mechanism from hydro-
gel–liposomes–calcein complex systems must take into account the
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local physical and chemical environments of the small molecular
compound included in the matrix. After suspending the loaded hy-
drogel in phosphate buffer in which the release is carried out, the
calcein that may be detected spectrophotometrically is the non-
encapsulated form (free form) (considering two categories of calcein:
encapsulated in liposomes which is not spectrophotometrically detect-
able and free calcein, a solution with increasing concentration due to
liposome content of calcein). This free calcein detected in the superna-
tant originates, on the one hand, from the suspension of liposomes
encapsulated in the hydrogel during the preparation process (this
calcein cannot be removed by a single pass through column because
of the separation efficiency — few percents under 100%) and, on the
other hand, from the liposomes which were broken inside the matrix
during crosslinking. The free calcein diffuses quickly outwards the
matrix (even if it interacts with amino groups from macromolecular
support) and generates the “burst effect” more or less pronounced,
depending on the hydrogel composition, nature and amount of the
crosslinker, type of liposome. When the supernatant penetrates the
hydrogel mass causing its swelling to the maximum degree, the diffu-
sion of liposomes inside the matrix begins, but slower in the case of
MLVs compared to SUVs. In this process, liposomes encounter resis-
tance from the rigid chains of the polymer network (possibly lower
resistance compared with the dry state) and its mesh size. As a result,
they may destabilize and release calcein which then begins to diffuse
freely towards the outside of the matrix. A smaller number of intact
liposomes can reach outside the matrix; the calcein that they carry
is emphasized by breaking the liposomes with a surfactant (Triton
X-100). It is obvious that the release rate determining the first step of
the whole process is given by the diffusion of liposomes; this represents
a potential way to adjust the kinetics of drug delivery and to eliminate
the “burst effect” specific to drug release systems controlled by diffusion.

4. Conclusions

Small unilamellar and multilamellar liposomes loaded with model
hydrophilic drug, calcein, were entrapped in polymeric hydrogels
consisting of chitosan and gelatin mixtures for modulating the release
profile of hydrophilic drugswith a fast diffusion fromhydrogelmatrices.
It has been shown that the liposome integrity is highly protected during
the double crosslinking procedure, especially in the case of MLV
liposomes where multiple layers cover the drug content. The poor
control of drug diffusion from hydrogel films can be avoided in thera-
peutic approaches by liposome inclusion in composite systems like
these. By modulating the different parameters of the system (hydrogel
composition, type and amount of ionic crosslinking agent and also
vesicle size) one can prepare hydrogel systems capable of releasing
the liposome-encapsulated active substance in a controlled manner
over prolonged periods. In this study it was demonstrated that lipo-
somes containing calcein, especially MLVs, were still present in hydro-
gel surrounding media even after three weeks. As it was expected, TPP
performs a higher crosslinking density that reduces themobility of lipo-
somes, more pronounced in the case of larger vesicles which remain
entrapped in hydrogel meshes for longer periods of time. Therefore,
the percentage of calcein released is finally inferior to the one released
from hydrogels crosslinked with sulphate anions. The kinetic data sug-
gests that calcein releasemechanism is complex and the calcein reaches
the hydrogel surface in two main ways. First, the intact liposome diffu-
sion through hydrogel (free calcein from liposome suspension and that
released by breaking the liposomes inside the hydrogel matrix) should
be considered. The second component consists in destabilization of
vesicles before leaving hydrogel due to network resistance.

The great variability in preparation of liposomes (different sizes or
lamellarity) and hydrogel biomaterials (the ratio of the components,
the type and amount of crosslinking agent) gives the possibility to fine
tune the ability of these systems to regulate drug release kinetics of
water soluble drugs. Thereby, depending on the therapeutic need,
such composite materials may be useful in different medical applica-
tions for the long term delivery of drugs (in tissue engineering/tissue
repair or replacement and injectable depot systems). The inclusion of
liposomes loadedwith drugs in polymer networks represents a solution
for a slower and better controlled release which can be extrapolated to
other water-soluble drugs.
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Received: 15 April 2014 / Accepted: 12 July 2014 / Published online: 1 August 2014

� Springer Science+Business Media Dordrecht 2014

Abstract Nanocapsules with diameter around

100 nm based on a natural polymer (chitosan) and a

synthetic polymer poly(vinyl acetate-alt-maleic anhy-

dride) [poly(MAVA)] by interfacial condensation

method were prepared. The present study proposes a

new type of biocompatible nanocapsules based on

poly(vinyl acetate-alt-maleic anhydride-chitosan)

(MCS) able to become a reliable support for inclusion

and release of drugs. The spherical shape of the

nanocapsules was evidenced by scanning electron

microscopy. Nanocapsules presented a good Norflox-

acin loading and release capacity. Haemocompatibil-

ity tests have demonstrated that the nanocapsules

present a low toxicity and a good compatibility with

sanguine medium. The biocompatibility properties of

the nanocapsules after their intraperitoneal

administration in rats were evidenced by histopathol-

ogical examination of different organs (brain, liver,

kidney, and lung). The results are encouraging and the

nanocapsules can be used as controlled drug delivery

systems.

Keywords Nanocapsules � Interfacial

condensation � Controlled release �
Haemocompatibility � Biocompatibility

Introduction

Carrier-based drug delivery has already an enormous

impact on medical technology and represents an

alternative approach to improve the bioavailability
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Faculty of Medical Dentistry, ‘‘Apollonia’’ University of

Iasi, Muzicii Street, No. 2, 700511 Iasi, Romania

J.-F. Chailan

Matériaux-Polymères-Interfaces-Environnement Marin

(MAPIEM) Laboratory, University of Sud Toulon-Var,

Avenue de l’Université, BP 20132,
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of drugs (Rieger et al. 2005); the use of carriers such as

nanocapsules has been reported to be a promising

solution in this sense (Prego et al. 2006). Nanocap-

sules can be used to encapsulate various hydrophilic

drugs, proteins, and nucleic acids and represent very

promising candidates for the treatment of genetic

diseases, viral infections, or cancers (Fua et al. 2011).

Ideally, a release system should encapsulate and

protect the active substance, to prevent undesired

release and to deliver the active substance in a

controlled manner at the desired site (Irfan and Seiler

2010). Biocompatibility is the basic requirement

which makes possible the application of a biomaterial

for a therapeutic treatment. A large variety of synthetic

and natural polymers can be used for the preparation of

these release systems (Watanabe et al. 2005), even the

polymers which form the membrane of the nanocap-

sules used in biomedical field should be biodegrad-

able, nontoxic, and nonreactive with the inner core

(Singh et al. 2010). For this reason, the natural

polymers such as polysaccharides or proteins are

widely used for the preparation of drug delivery

systems (Watanabe et al. 2005; Jatariu (Cadinoiu)

et al. (2012); Anitha et al. 2011; Ciofani et al. 2008;

Loh et al. 2010). On the other hand, the use of the

synthetic polymers, which are fulfilling the above

mentioned conditions, has the advantage of high purity

and good reproducibility over the natural polymers.

Also, they have an important advantage to achieve a

sustained release of the therapeutic agent over a longer

period of time in comparison with the natural ones

which has a relatively short duration of drug release

(Irache et al. 2011).

Considering this previous information, the main

purpose of this work was to explore the possibilities to

obtain nanocapsules based on a new concept, in order

to improve the biological properties and the drug-

loading capacity and to avoid direct contact of the drug

with the tissues, facts that should lead to the reduction

of side effects at the administration site. For this

purpose, we chose as preparation method interfacial

condensation, because this method offers the possi-

bility of rapid formations of the nanocapsules, at

ambient temperature (20 �C) and at atmospheric

pressure, without using additional cross-linking agents

(Sunil Dhumal et al. 2008) which are frequently toxic

and difficult to remove from the synthesis products.

For the preparation of these nanocapsules, we used

a combination between a natural hydrosoluble

polymer (chitosan) and a synthetic organosoluble

polymer, {poly(maleic anhydride-alt-vinyl acetate)

[poly(MAVA)]}. The reaction took place at interface

between the two immiscible solutions by the opening

of anhydride cycles from the copolymer, under the

action of the –NH2 groups from chitosan, finally

forming a thin polymer membrane. In the membrane

composition, chitosan is found outside of the nano-

capsule and the copolymer inside. The presence of

numerous and powerful chemical amide bonds

between the two polymers makes it impossible

detachment of chitosan from the membrane surface

during nanocapsules processing or their stationing in

physiological fluids from the body. We chose chitosan

as natural polymer because it presents good biocom-

patibility, biodegradability, and capacity to form

membranes, gels, or nanoparticles, and inhibits the

growth of a wide variety of bacteria (Tripathi et al.

2009). On the other hand, poly(MAVA) is an alternant

copolymer insoluble in water but very soluble in

acetone, which exhibits a functional role in neoplastic

processes in immunology and presents a great resis-

tance to viruses (Popa et al. 2007; Spiridon et al.

1997). This copolymer has showed interesting prop-

erties as multi-functional material for advanced

applications (Chitanu et al. 2006) in industrial pro-

cesses or in medicine and pharmacy. The combination

of these two polymers leads to a new material type

interconnected network with advanced properties in

terms of biocompatibility, biodegradability, respec-

tively, capacity to include and release active

principles.

Prepared nanocapsules were loaded with Norflox-

acin which was used as model drug. Norfloxacin is a

synthetic antibacterial compound which belongs to the

second generation fluoroquinolones group. In vitro,

this compound is active against of a high spectrum of

aerobic gram-positive and gram-negative bacteria, and

is used to treat gonorrhea, prostate, and urinary tract

infections (Barbas et al. 2007). However, because of

low lipophilicity, it very slowly diffuses through cell

membrane and cannot reach at the desired therapeu-

tical level (Dhaneshwara et al. 2011). Our goal was to

improve the bioavailability of Norfloxacin trough the

inclusion of the drug in the obtained nanocapsules.

This work contains also a very important study

concerning the in vitro haemocompatibility, toxicity,

and biocompatibility of the nanocapsules at different

organs level after intraperitoneal administration.
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Experimental part

Materials

Chitosan (degree of deacetylation 91 %), acetone,

Norfloxacin (NFX), hexane, and surfactants (Tween

80, Span 80) were purchased from Sigma Aldrich. The

alternant copolymer—poly(MAVA) with a molecular

weight of 140.000 g/mol was synthesized by radical

copolymerization and characterized in laboratory

(Sunel et al. 2005).

Nanocapsules preparation

The nanocapsules were prepared by an interfacial

condensation method. Three types of nanocapsules

were obtained and detailed in the Table 1. The

experiment begins with the preparation of polymer

solutions. In a beaker, 50 ml acetone was introduced

and 0.375 g of copolymer has been added under

magnetic stirring. After complete dissolution of the

copolymer, the surfactant (Span 80) with a final

concentration of 2 % has been added under continuous

stirring. Separately, a certain amount of chitosan was

dissolved in 200 ml of 2 % acetic acid solution at a

temperature of 40 �C, and the specific amount of

surfactant for aqueous phase (Tween 80) was added in

a final concentration of 2 %.

Copolymer solution was introduced dropwise in

aqueous solution of chitosan under continuous mag-

netic stirring (750 rpm). After 3 h, the nanocapsules

suspension was centrifuged for 25 min at 14.000 rpm.

In order to remove any possible unreacted products

and the surfactants, the nanocapsules were purified by

repeated washings with water, acetone, and hexane.

Finally, obtained nanocapsules were dried from hex-

ane at room temperature for 24 h.

Nanocapsules characterization

Determination of total nitrogen content

from nanocapsules

Kjeldahl method was used to determine the nitrogen

content from nanocapsules and gives information about

nanoparticles final content in chitosan. This test

involves the thermal decomposition of the sample with

nitrogen in the environment of concentrated sulfuric

acid, when is formed ammonium sulfate based on

existing nitrogen in the sample. This introduced in the

Parnas–Wagner’s distillation apparatus, is decomposed

with concentrated NaOH, repostulating the ammonia in

liberty, which is entrained by steam distillation into a

recipient that contains a known volume of sulfuric acid

(a from equation) with known titer, Ta, which will retain

ammonia. Finally, the excess sulfuric acid remained

unused is titrated and the percentage of nitrogen in the

sample is calculated (based on the Eq. 1).

The amount of nitrogen in the analyzed sample was

calculated with the following equation:

% N ¼ a�Ta�EN

Eacid�mp

; ð1Þ

where a = volume of H2SO4, Ta = acid titer, EN =

gram equivalent of nitrogen, Eacid = gram equivalent

of acid, mp = amount of analyzed sample (approxi-

mately 50 mg)

Morphological characterization

Surface morphology of the nanocapsules was inves-

tigated using Scanning Electron Microscopy (SEM)

type TESCAN Vega. Nanocapsules were analyzed in a

powder state. This analysis provides information on

the shape and size of the nanocapsules and allows

evaluation (qualitative only) of the agglomeration

capacity of them. Nanocapsules mean diameter has

been analyzed in duplicate using laser light diffrac-

tometry method (SHIMADZU—SALD 7001). Nano-

capsules were suspended in acetone and then dispersed

by ultrasonication. A droplet of Span 80 was added in

order to avoid nanocapsules aggregation.

Capsules NFX loading capacity

Each sample precisely weighed (30 mg) was dispersed

in 1 ml drug solution with a concentration of 5 mg/ml

Table 1 Experimental program and codification of synthe-

sized samples

Sample

code

Molar ratio (moles

NH2 from chitosan/

moles (MAVA)

Poly(MAVA)

amount in

acetone (g)

Chitosan

amount in

water (g)

MCS-1 1/1.44 0.375 0.250

MCS-2 1/1 0.375

MCS-3 1/0.72 0.5
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and kept for 24 h under magnetic stirring at 120 rpm.

The nanocapsules were separated by ultracentrifuga-

tion at 14.000 rpm at 25 �C for 20 min using a

SIGMA 3–30 K Laborzentrifugen ultracentrifuge.

The amount of drug from nanocapsules was calculated

by the difference between the initial amount of drug

and the amount of drug from supernatant. Measure-

ments were performed at a wavelength of 273 nm

using a UV–Vis spectrophotometer NanoDrop ND

1000. The encapsulation efficiency of drug in nano-

capsules (Eef %) was calculated as follows:

In vitro release of NFX

The release of active principles from nanocapsules in a

phosphate buffer solution (pH 7.4) was monitored by

UV–Vis spectroscopic measurements using a Nano-

Drop ND UV–Vis 1000 spectrometer. Each sample

loaded with NFX was introduced in a dialysis

membrane which was then placed in buffer solution.

This system was maintained at a constant temperature

(37 �C) under constant magnetic stirring. 100 ll of

solution was taken at certain time intervals, and the

absorbance has been measured using a UV–Vis

spectrophotometer. Release efficiency of NFX

(Eef %) was calculated with the formula:

Haemocompatibility tests

Haemocompatibility test consisted in the determina-

tion of prothrombin time (PT) and international

normalized index (INR) of the blood in contact with

nanocapsules. Integral blood from volunteers (healthy,

nonsmoker) was incubated with anticoagulant (aque-

ous sodium citrate 3.8 % w/v; ratio 1/9 v/v). 20 mg

nanocapsules suspended in 0.5 ml physiological

serum were added to 3 ml blood. Control samples

were prepared by adding 0.5 ml of physiological

serum to the same volume of integral blood. Samples

were incubated at 37 �C for 30 min under gentle

stirring, then the nanocapsules were separated from

blood cells by centrifugation (1,000 rpm, 10 min). PT

in blood was determined using an ACL 100 blood

tester and a PT-Fibrinogen kit (International Sensitiv-

ity Index (ISI) 1.06) (Biodevice, Italy). INR was

calculated as follows:

INR ¼ PTNC

PTm

� �ISI

; ð4Þ

where, PTNC: prothrombin time of nanocapsules, PTm:

prothrombin time of control samples, ISI: Interna-

tional Sensitivity Index = 1.06.

Calculation formula for Quick index (IQ) is

IQ ¼ PTm

PTNC

� 100 ð5Þ

Normal values of followed parameters are

IQ = 70–100 %, INR = 1–4

Toxicity tests

‘‘Up and down method’’ allows the estimation of

median lethal dose (DL50) with a satisfactory

precision, in the same time respecting one of the

current trends and requirements of experimental

studies with laboratory animals––to involve a small

number of experimental animals. The obtained results

allow classification of the substance in terms of acute

Eef % ¼ initial amount of NFX ðmgÞ � amount of NFX in supernatant ðmgÞ
initial amount of NFX ðmgÞ � 100 ð2Þ

Eef % ¼ the amount of released norfloxacin ðmgÞ
the amount of norfloxacin loaded into capsules ðmgÞ � 100 ð3Þ
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toxicity, according to the International Classification

of Globally Harmonized System. This test aimed the

determination of nanocapsules LD50 after intraperi-

toneal administration using Swiss mice with a weight

of 20–25 g. The animals were grouped on batches, in

special cages and were maintained on a cycle of light/

dark for 12 h at a temperature of 22 ± 3 �C and a

relative humidity of 30–70 %. All animals received

standardized food and had unlimited access to water

during of the experiment.

Principle of the method

Initially, it was performed a limit test which consists in

the intraperitoneal administration of a single dose of

2,000 mg substance/kg body weight. If the animal dies

within 24 h after administration, the main test to

determine LD50 is performed. If the animal does not

die within 24 h, the same dose is injected to 4 different

animals, so that finally 5 animals will be tested. It was

noted with X the animals that died and with O the

surviving animals. However, if three animals die

within 24 h, limit test is considered finished because

LD50 is less than 2,000 mg/kg and then is performed

the main test to determine LD50. If an animal dies

unexpectedly after a few days, all animals should be

observed for a longer period of time. If all animals

survive after administration of 2,000 mg/kg body

weight than the dose is increased to 5,000 mg/kg.

After the limit test, the main test is performed. This

one is performed by administration of a dose from a

range of doses equally spaced on a geometric scale.

Each animal is carefully pursued for a period of 48 h.

The signs of acute toxicity which appear are noted. For

an animal, a dose considered to be close to LD50 is

used. If this animal dies, the second is injected with the

next lower dose. If the first animal survives, it is

injected with next greater dose.

The test is stopped when performed one of the

following criteria:

the maximum number of chosen animals was

injected;

3 consecutive animals survive or die at the maxi-

mum chosen dose;

for five from six consecutive tested animals,

reversed results are obtained.

The obtained results at main test serve as starting

point for calculating LD50 by probability method.

Calculation of LD50

Calculation of LD50 has been performed using

probability method. LD50 is equal with m antiloga-

rithm; m was calculated as

m ¼ yþ d A=N þ 1=2ð Þ ð6Þ
the standard deviation was calculated as

S ¼ 1:62� d � NB� A2
� �

=N2 þ 0:029
� �

; ð7Þ
where, y = logarithm of the lowest dose at which was

produced the less frequently phenomenon (e.g., sur-

vival); A ¼P i � nj, B ¼P i2 � nj, where i is the

number that corresponds to the frequency of phenom-

enon (for the less frequently phenomenon, then

successively up with 1, 2, 3, etc.), ni: number of dead

or survivors animals (the column which has a lower

total); Reliability limit is calculated as m ? standard

error, respectively, m - standard error.

Nanocapsules in vivo biocompatibility:

histopathology exam

For in vivo test of nanocapsules biocompatibility, 20

male Wistar rats were used, weighing 200–220 g,

divided into 2 groups:

• control batch––the rats have received anything

• test batch–––the rats were injected intraperitone-

ally with a nanoparticles suspension (0.5 mg/kg

for 21 days), a single administration/day, same

dose at the same time.

At the end of the experiment, after the intraperito-

neal administration of the nanocapsules, animals were

euthanized, and the tissue fragments from major

organs were prelevated, processed, and included in

paraffin, then sectioned and colored (hematoxylin and

eosin) to be examined microscopically.

Results and discussion

The membrane of capsules was produced by conden-

sation reaction between amino groups of chitosan and

anhydrides cycles of poly(MAVA). Therefore, the

membrane is made from an interpenetrated/intercon-

nected network of natural and synthetic polymers, the

reticulation being assured by amide bonds, as demon-

strated in our previous work (Iurea (Rata) et al. (2013).
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Preparation conditions for the samples used in the

present study were selected to lead to nanometric

particles with diameter at around 100 nm which can be

administered into the body by injection from suspen-

sions in physiological fluids.

Determination of nanocapsules composition

Evaluation of nanocapsules membrane composition

was possible by determination of nitrogen content

(organogenic element brought only by chitosan in the

network). As it can be observed in the Fig. 1, chitosan

was found in nanocapsules composition in a propor-

tion between 30.6 and 48.7 %, whereas chitosan

percentage values in initial polymers mixture vary

between 40 and 57 %.

These results have demonstrated that approxi-

mately 85 % of chitosan which entered in reaction

was found in nanocapsules composition. Polysaccha-

ride was found at lower levels in membrane compo-

sition compared to the original mixture. As expected,

the content of polysaccharide from capsules increases

with the increase of chitosan concentrations from

polymer mixture.

Nanocapsules morphology

Scanning electron microscopy (SEM) brought addi-

tional information about the shape and diameter of

nanocapsules (Fig. 2). Microscopy images have

revealed that (1) synthesized nanocapsules are spher-

ical, (2) in dry state, nanocapsules present an agglom-

eration tendency, but when were placed in an aqueous

medium (under stirring) nanocapsules dispersed very

well, (3) medium nanocapsules diameter is around

100 nm. After the samples drying and re-dispersing in

acetone, it was found that the observed aggregates by

SEM are redispersed in particles with mean diameter

slightly increased, the increase not exceeding 10 %.

The dispersion of aggregates in water and the

measuring of the mean diameter showed an increase

of approximately 50 %, the diameter value being

much lower than the volume of an aggregate.

In Fig. 3, the granulometric distribution curves are

exhibited for MCS-3 sample (in duplicate) which

present a mononodal character and a mean diameter

around 120 nm.

Norfloxacin encapsulation in nanocapsules

In the Table 2, the encapsulation efficiency of NFX in

nanocapsules and the amount of NFX (mg) per 1 g of

nanocapsules are listed. Amount of NFX loaded into

nanocapsules decreased with the increasing of chito-

san amount in the initial polymers mixture, membrane

composition, respectively. This phenomenon has been

due to the reduction of diffusion process of drug

solution through polymeric membrane and it was

caused by increasing of polymer network density. A

part of the drug remains included in the membrane

with hydrogel character. In the release process, the

drug from the surface of the membrane is fast released,

generating the ‘‘burst’’ effect. As physiological liquid

penetrates the capsule, the encapsulated drug starts to

diffuse to the outside, but with a slower and approx-

imately constant speed.
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Fig. 1 Influence of chitosan concentration from initial mixture

of polymers on the nanocapsules composition in chitosan

Fig. 2 Scanning electron microscopy for nanocapsules type

MCS-3
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Encapsulation efficiency was found to be between

48.4 and 55 %, and it was slightly influenced by the

polymers ratio.

NFX release profile

Release profiles of NFX in phosphate buffer solution

(pH 7.4) are represented in Fig. 4. Analyzing the

results, one can observe that NFX release efficiency in

alkaline conditions ranged from 61 to 70 %. The

release of NFX from nanocapsules occurred by a

diffusional mechanism of drug through polymeric

membranes. Another interesting observation was that

in the first 8 h, a rapid release of NFX from

nanocapsules has taken place (‘‘burst’’ effect), this

behavior being due to the release of the drug absorbed

in the membrane nanocapsules. After this time inter-

val, a slow release of the encapsulated drug was

observed and after approximately 30 h, the system

reached an equilibrium state, the release efficiency

value of NFX is depending on nanocapsules mem-

brane composition. NFX release rate of the process

increased in the first 8 h with the amount of chitosan

from membrane composition which led to the increas-

ing of its thickness (Iurea (Rata) et al. (2013). The

results did not revealed significant differences

between the samples that differ by chitosan amount

in composition, the encapsulation efficiency, and

release kinetics of norfloxacin.

In these conditions, the amount of NFX retained in

the capsule membrane increased, the drug is released

faster, explaining this way the order in which are

disposed the curves from Fig. 4.

Haemocompatibility tests

The interaction of materials with blood components

can lead to the modification of the properties of plasma

coagulation (Balan et al. 2012). For this reason, the

Fig. 3 Nanocapsules

granulometric distribution
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Fig. 4 In vitro release kinetics of NFX for obtained

nanocapsules

Table 3 The results of hemocompatibility tests

Sample code Fb

(g/l)

PT

(s)

PT

(s) medium

IQ INR

MCS-3 1.93 16.1 17.3 93.64 1.07

MCS-3 1.47 18.5

Control sample

1

1.81 16.6 16.2 100 1

Control sample

2

2.26 15.8

Table 2 Encapsulation of NFX into nanocapsules

Sample

code

NFX loaded mg/g

nanocapsules

NFX encapsulation efficiency

in nanocapsules (%)

MCS-1 92 55

MCS-2 80 48.4

MCS-3 81.8 49
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effects of the nanocapsules on the blood using a

standard coagulation test were evaluated (Zhu et al.

2009; Amarnath et al. 2006). In this sense, the

prothrombin time (PT), Quick index (IQ), and inter-

national normalized index (INI) were determined. The

obtained results are presented in Table 3.

Analyzing the results, the following conclusions

can be evidentiated:

– There is no significant difference between the

values of coagulation control sample and the

sample of nanocapsules;

– All coagulation indices evaluated are located in the

normal limits.

This information suggests that the obtained nano-

capsules exhibit a good compatibility with the san-

guine environment.

Toxicity tests

Acute toxicity evaluation of nanocapsules type MCS-3

by ‘‘up and down’’ method

Initially, limit test to 2,000 mg/kg body weight has

been performed, followed by the main test.

Limit test to 2,000 mg/kg body weight consisted in a

single intraperitoneal administration (dose of

2,000 mg/kg) for a mouse. Because the mouse died

within 24 h, the main test was performed.

Main test for determination of LD50

Because the mouse died within 24 h after the admin-

istration of a dose of 2000 mg/kg, it was decided to

administer smaller doses in geometrical progression

according to the guidelines OECD/OECD 425.

Data for calculation of LD50 at 24 h are listed in the

Table 4 together with the results of LD50. In conclu-

sion, after the limit and the main tests, it was found that

LD50 for the tested nanocapsules at 24, 48, 72 h, 7,

and 14 days after their intraperitoneal administration

was 4,672 mg/kg body weight. This value of LD50

includes the substance in the group with low toxicity.

In vivo biocompatibility of MCS-3 nanocapsules:

Histopathology exam

The histopathological exam was realized on both

control (a) and nanoparticles-exposed (b) group of

rats, in order to detect their impact on different tissues

after their administration. The study investigated all

the major organs and tissues which are susceptible to

reveal the existence or not of a proper nanocapsules

biocompatibility. The microscopic exam highlighted a

perfect concordance of cerebral (1), pulmonary (2),

and hepatic tissues (3) from the examined groups, the

normal morphology being a common feature for all

these tissues. It was observed that the tested nanopar-

ticles didnot change the cellular architecture of the

Table 4 Data for

calculation of LD50 at 24 h

0 survive, X death

Dose (mg/kg) Log 1 2 3 4 5 6 7 8 9 10 11 12 13

3,000 3.48 0

4,000 3.60 0 0

5,000 3.70 X 0 0 0 0 0

6,000 3.78 0 0 0 0

LD

50 = 4,672 mg/

kg

Total

y 3.48

d 0.10

A 5

B 13

N 2

m 3.67781

LD50 = 4,672 mg/kg body weight
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normal tissue. Biocompatibility test was carried out by

intraperitoneal injection with particles suspension to

the test animals. As has been stated above, in the re-

suspension of drug-loaded particles in aqueous media,

destruction of the aggregates and the individual

dispersion of the particle take place. Histological

analysis reveals the presence of these particles (not

aggregates) to the brain, proving that the particles are

crossing the blood–brain barrier. The hepatic samples

prelevated from the control group, presenting a normal

morphology (Fig. 5a1) were compared with those

from the nanoparticles-exposed group, which did not

reveal structural alterations : the central veins and the

sinusoids were normal configurated, the hepatic cords

were radiating out from the central veins, and the

hepatocytes had a normal morphology, according to

their function (Fig. 5b1).The normal aspect of the lung

samples prelevated from the control group (Fig. 5a2)

was also compared with that of the nanoparticles-

exposed group, which presented normal thin-walled

alveoli, blood vessels, and pulmonary air spaces

without alterations (Fig. 5b2). The nervous structures

examined in the control group (Fig. 5a3) were com-

pared with those of investigated group, which did not

reveal distinct damages. For example, the cerebellar

structures had a normal appearance, the aspect of its

layers and their different types of cells was normal

(Fig. 5b3). The normal renal structure of the control

group (Fig. 5a4) presented some distinct features in

the second group. While in renal cortex, the renal

corpuscles were normal and the renal tubules kept

their specific features (Fig. 5b4), despite the

tubuloglomerular integrity (Fig. 5a5), the renal vas-

culature, especially that one along the boundary

between the renal cortex and the renal medulla, where

large arteries are visible, presented a high degree of

vasodilatation, with red blood cells dispersed in the

renal parenchyma (Fig. 55). These results, together

with the rest of investigations sustain the existence of a

distinct biocompatibility of MCS-3 nanocapsules. All

these data suggest that despite an evident biocompat-

ibility, we found a renal degree of susceptibility,

which will represent a significant factor to take in

consideration during the definition of structural

parameters of nanoparticles.

Conclusions

The present study aimed the evaluation of biomaterial

characteristics of a nanometric capsules based on

chitosan and poly(MAVA) and the validation of the

obtaining method in order to encapsulate, transport,

and release of hydrosoluble drug in the body to some

organs. Combination by interfacial condensation of

the two polymers led to the formation of a membrane

type interpenetrated/interconnected network with

hydrogel characteristics, biocompatible, and nontoxic.

Scanning electron microscopy (SEM) revealed that

nanocapsules are spherical and have a diameter of

about 100 nm. Nanocapsules allowed the encapsula-

tion of an increased amount of Norfloxacin and

presented a good drug release capacity. Haemocom-

patibility and toxicity tests of the nanocapsules exhibit

Fig. 5 Tissular morphology of l: 1 liver, 2 lung, 3 cerebellum, 4 renal cortex, 5 uriniferous tubes; for a control group and

b nanoparticles-exposed group; (H&E stain, ob. 920)
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a good compatibility with the sanguine environment,

and a low toxicity which makes them suitable for

medical applications. Histopathological examination

revealed that the nanocapsules are biocompatible

because does not appear modifications in the liver,

brain, and lung. Tests also revealed that there is

sensitivity at the kidney level.
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Abstract: The first goal of this work was to develop a method

for obtaining interpenetrating gelatin (G)–chitosan (CS) net-

works prepared by double cross-linking (covalent followed by

ionic) that exhibit hydrogel character. The second goal was to

modulate their properties as a function of the preparation

parameters by using neural network models. This study was

therefore carried out by experiment and simulation. The

covalent cross-linking resulted from the reaction between the

carbonyl groups of glutaraldehyde with amino groups belong-

ing to both polymers; the ionic cross-linking is based on the

interaction between tripolyphosphate anions and protonated

amine groups (ammonium ions) of the polymers. The total

cross-linking density (indirectly assessed by estimating the

water swelling capacity) and the ability to include hydro-

soluble bioactive principles are influenced by the following

process parameters: the CS/G ratio, the amount of ionic cross-

linker, and the ionic cross-linking time. The prepared

hydrogels were characterized with respect to their structural,

morphological, and some physical properties. The hydrogels

ability to load high amounts of water-soluble drugs indicates

their potential use as carriers for biologically active principles

in the human body. A neural network methodology was

applied to model the swelling degree and caffeine loading/

release capacity depending on reaction conditions; in addition,

applying this method, the optimal preparation conditions have

been determined, targeting pre-established values for swelling

degree or maximum caffeine value. The accuracy of the

results obtained through this technique proves that the neural

networks are suitable tools for modeling cross-linking

processes taking place complex nonlinear polymers. VC 2011
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INTRODUCTION

Polysaccharide—protein systems show promising applica-
tions in the biomedical field due to their proven biocompati-
bility, biodegradability and nontoxicity.1–6 Nonetheless,
developing a method to prepare hydrogels based on chito-
san (CS) and gelatin (G) with good mechanical stability,
adequate aqueous solution interaction and morphological
characteristics has been a challenge.

CS is a cationic polysaccharide, produced by deacetyla-
tion of chitin, which is the structural element in the exoskel-
eton of crustaceans (crabs, shrimp etc.). CS offers special
characteristics and advantages, such as biocompatibility, bio-
degradability, low toxicity, antibacterial properties, low cost,
good mechanical properties, swelling capacity, and ease of
preparation in various forms.7–10 Due to these properties, it

is frequently used in medical applications as a biomaterial
or constituent of drug delivery systems.

G, also a natural polymer, is obtained by a controlled
acid or alkaline hydrolysis of native collagen,11 a protein
that is the major constituent of skin, bones, and connective
tissue. Due to its excellent biocompatibility, biodegradability,
nontoxicity, G has been used in medical application, espe-
cially in pharmaceutics12 as a material for drug controlled
release. G, when compared with CS, shows poor mechanical
properties and very high swelling capacity in aqueous
solutions.13

The first purpose of this study was to obtain double
cross-linked hydrogels based on G and CS. The choice of
these polymers is justified by the benefits of the two natural
components regarding their application in the biomedical
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field. The use of cross-linking agents is imposed by the
properties of the G/CS non cross-linked gels, such as the
lack of shape and mechanical stability.1 It is also well
known that the covalent cross-linkers like formaldehyde14

and glutaraldehyde present a higher toxicity15 than ionic
cross-linkers like sodium sulphate, magnesium sulphate, and
sodium tripolyphosphate (TPP). Gomez et al. have already
shown long time ago that the glutaraldehyde used for the
preparation of cross-linked CS microspheres made them cy-
totoxic toward B16 F10 cells (melanoma cells).16 On the
other hand, covalently cross-linked hydrogels show superior
mechanical properties compared with the ionic ones, but
their swelling properties and the loading/release capacity
are inferior.17 For example, Mao et al. have studied the me-
chanical behavior of CS/G hydrogels prepared by ionic
cross-linking with TPP showing that it is very difficult to
obtain uniform and stable hydrogels by using with this ionic
cross-linker alone.18

To reduce the amount of toxic covalent cross-linker
without substantially changing the mechanical stability and
at the same time maintaining a high swelling capacity in
aqueous media that will further induce the possibility of
high hydrosoluble drug loading, this study has proposed an
original method for the preparation of CS/G double cross-
linked hydrogels.

The double cross-linking method has previously been
used in our research group to prepare low toxicity micro
and nanoparticles based on G and CS with potential applica-
tion in ophthalmology.19 The method of double cross-linking
of G and CS proposed in this work is completely different
compared with the one published before by the group,
namely: (1) the type of formulation which completely
change the main principle of the preparation method
(micro/nanoparticles vs. hydrogels), (2) the ionic cross-
linker type (sodium sulphate was used for micro/nano-
particles preparation, while sodium TPP was chosen for
hydrogels), and (3) the cross-linking reaction sequence was
reversed: the first step was the covalent cross-linking and
the ionic one was the second.

The second purpose of this study was to model the
main properties of the hydrogels (the swelling degree and
the maximum amount of caffeine released in phosphate
buffer solution, phosphate buffered saline (PBS), or in ci-
trate buffer solution (CBS) as a function of the reaction
parameters [CS/G (g/g), TPP/free NH2 moles/moles, cross-
linking time (min)] using neural network modeling methods.
Direct and inverse neural network modeling allow evalua-
tion of the process in both directions: predicting the values
of the product characteristics and identifying the optimal
initial conditions that lead to imposed final values. A general
modeling methodology was developed, with the possibility
to apply it to other complex cross-linking processes.

Artificial intelligence based on neural networks and
hybrid models has become an encouraging alternative for
classical processes modeling techniques applied in industry.
The difficulties encountered during chemical process devel-
opment when a phenomenological model is used, are
related to limited knowledge of the complex interdepend-

ence between variables. In these conditions, neural net-
works may overcome the modeling difficulties, presenting a
few advantages: they can be applied to complex nonlinear
processes, are easy to develop and use, and they can substi-
tute experiments with predictions.20 Neural networks are
frequently used in polymer reaction engineering, in different
types of applications. The open literature presents many
attempts concerning neural network applications for poly-
merization processes: direct modeling with different types
of neural networks,21,22 neural network based soft sen-
sors,23 inferential modeling,24 inverse neural network mod-
elling,25,26 optimization,27,28 process control.29,30 These
types of applications were reviewed in our precedent
work.31

EXPERIMENTAL PROCEDURES

Materials
CS—Sigma Aldrich, MW—310,000 to 375,000 g mol�1,
deacetylation degree 75%; Gelatin—Type B (G)—Sigma
Aldrich; Glutaraldehyde (GA)—Merck; Sodium TPP—Sigma
Aldrich; Caffeine (Cf)—Sigma Aldrich. All other reagents and
solvents used were of analytical grade and were purchased
from Chimreactiv and Merck.

Hydrogels preparation
0.5 g polymer (CS/G in various weight ratios) was dissolved
in 25 mL of 2% (v/v) acetic acid solution to obtain 20 sam-
ples. Six samples were prepared under identical conditions
to evaluate the reproducibility of this experimental plan.
The calculated GA quantity required for cross-linking 20%
of the total free NH2 groups was added dropwise in each
polymer solution under vigorous stirring.

The number of total free NH2 groups belonging to G was
calculated considering the G composition mentioned by
Schrieber and Gareis in ‘‘Gelatine Handbook: Theory and
Industrial Practice.’’11 Preliminary tests were performed to
determine the optimum quantity of GA yielding films that
may be settled. The mixtures were transferred in Petri
dishes with 90-mm diameter, ultrasonicated to remove the
air bubbles, and then placed in the oven for 1 hour at 50�C.
The covalently cross-linked hydrogels were immersed for
certain time intervals in TPP aqueous solutions of various
concentrations (Table I) for ionic cross-linking to take place.
The non reacted reagents (GA and TPP) were extracted by
successive washing steps using acetone and double distilled
water.

Hydrogels characterization
Structural characteristics. The structural characteristics of
the hydrogels, especially the ionic and covalent new bonds,
were analyzed with an Digilab Scimitar FTS 2000 FTIR
Spectrometer in the transmittance mode, ranging from 400
to 4000 cm�1, using the KBr pellet procedure.

Morphological characteristics. The hydrogels were ana-
lyzed by scanning electron microscopy (FEI Quanta 200
Scanning Electron Microscope) for morphology determina-
tion. For ESEM evaluations of the hydrogels, the slices of
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each sample were placed on carbon discs, on an aluminium
plate.

Maximum swelling degree—Qmax (%). The maximum
swelling degrees of the hydrogels in buffer solutions
with pH ¼ 7.4 and pH ¼ 3, respectively, were determined
using the thermogravimetric method, following the steps
described below:

a. Swelling the sample in an alkaline solution (phosphate
buffer) until equilibrium swelling was reached.

b. Measuring the weight of the swollen sample after equilib-
rium swelling (24 h)—W1 (the aqueous solution was
removed from the sample surface using filter paper).

c. Drying the sample in the oven at 40�C until equilibrium
drying was reached, for more than 24 h.

d. Measuring the weight of the dried sample after equilib-
rium drying—W0;

The maximum swelling degree was calculated using the
following equation:

Qmax ð%Þ ¼ W1 �W0

W0
� 100: (1)

Results are reported as the arithmetic mean of three
determinations.

Drug loading using caffeine as model drug. Certain
amounts of dried samples were immersed into a caffeine so-
lution (10 mL, 10% w/w; aqueous solution) for 24 h, to
complete the diffusional process. The amount of caffeine
loaded in each CSG samples was calculated by difference,
using spectrophotometric analysis of the remaining drug
solutions after the sample removal correlated with the cali-
bration curve of caffeine/water equation.

Drug release using caffeine as model drug. The caffeine
release kinetics from CSG hydrogels in the PBS (pH ¼ 7.4)
or CBS (pH ¼ 3) buffer solution was analyzed using UV–VIS
spectroscopy. Caffeine-loaded samples were immersed in
covered beakers containing 50 mL buffer solution and then
placed in a GFL 1092 Water-Bath shaking incubator at 37�C
with a rotation speed of 60 rpm. The released caffeine
amount was monitored at certain time intervals using a
NanoDrop 1000 UV–VIS Spectrophotometer from Thermo
Scientific (the wavelength used for detection of caffeine was
272 nm). The results were reported as the arithmetic mean
of three determinations.

The maximum amount of released caffeine was calcu-
lated by taking into account the equation of the calibration
curve and the weight of each sample as follows:

mCf ¼ CCf � 50 mL

ms
(2)

where mCf is the maximum amount of released caffeine, CCf
is the caffeine concentration calculated with the calibration
curve (ACf ¼ CCf � 0.0042) (mg/mL), and ms is the sample
weight (mg).

The drug release efficiency (%) was calculated as shown
below:

Ref ¼ mr

mI
� 100 (3)

where mr is the maximum amount of released caffeine and
ml is the maximum loaded caffeine.

MODELLING

The experimental programme based on a first order
central composite rotatable design
Hydrogels containing CS and G (CSG) were prepared by
partial covalent cross-linking using GA, followed by ionic

TABLE I. The Central Composite Rotatable Second Order Design with Three Variables in Terms of Coded and Experimental

Data Used as Experimental Design

Variables Code

Real Coded �1.682 �1 0 1 1.682
The ratio between polymers CS/G (g/g) x1 0.11 1.92 4.56 7.2 9
The amount of ionic cross-linker (moles TPP/moles free NH2) x2 0.3 0.361 0.45 0.539 0.6
The ionic cross-linking time (minutes) x3 60 97 150 204 240

TABLE II. The Experimental Plan Using Coded Variables

Sample

x1—The Ratio
Between Polymers

CS/G (g/g)

x2—TPP/Free
NH2

(moles/moles)

x3—The Ionic
Cross-linking
Time (min)

CSG-1 �1 �1 �1
CSG-2 1 �1 �1
CSG-3 �1 1 �1
CSG-4 1 1 �1
CSG-5 �1 �1 1
CSG-6 1 �1 1
CSG-7 �1 1 1
CSG-8 1 1 1
CSG-9 �1.682 0 0
CSG-10 1.682 0 0
CSG-11 0 �1.682 0
CSG-12 0 1.682 0
CSG-13 0 0 �1.682
CSG-14 0 0 1.682
CSG-15 0 0 0
CSG-16 0 0 0
CSG-17 0 0 0
CSG-18 0 0 0
CSG-19 0 0 0
CSG-20 0 0 0
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cross-linking with TPP based on first order central compos-
ite rotatable design for modeling and optimization of the
influence of three operating variables (Table I). The prepara-
tion of the hydrogels samples followed the experimental
plan presented in Table II.

Neural network modeling
The goal of the neural network modeling was to establish the
influence of the reaction conditions upon the characteristics
of the final product. Consequently, the designed networks
have the following input variables: CS/G (g/g) � x1,
moles TPP/2 moles NH2 free � x2, cross-linking time
(min) � x3 and the subsequent output parameters: the
swelling degree in PBS (pH ¼ 7.4) (SDPBS, %) � y1,
the swelling degree in CBS (pH ¼ 3) (SDCBS, %) � y2,
the maximum amount of released caffeine in PBS (mg
caffeine/g hydrogel) � y3, and the maximum amount of
released caffeine in CBS (mg caffeine/g hydrogel) � y4.
Each of the output parameters is correlated through neu-
ral network modeling with the three input variables.
Therefore, four models have to be developed for this case
study.

The neural network models are obtained by training
with input/output pairs, which have to be related to the
transformation that is being modeled. The adjustment of the
neural network function to the experimental data (learning
process or training) is based on a nonlinear regression pro-
cedure. Training is done by assigning random weights to
each neuron, evaluating the output of the network and cal-
culating the error between the output of the network and
the known results by means of an error or objective func-

tion. When the error becomes too high, the weights have to
be adjusted and the process returns to network output eval-
uation. This cycle is repeated until the error becomes low
or the stop criterion is satisfied.32

One major problem during the development of neural
network models is determining the network architecture,
that is, the number of hidden layers and the number of neu-
rons in each hidden layer. The trial-and-error method is
applied by testing several topologies and comparing the
prediction errors. Lower errors indicate potentially good
architectures, that is, neural network topologies with chan-
ces to train well and to output good results.

Most studies concerning the use of neural networks
have applied a multilayered, feed-forward, fully connected
network of perceptions.33 The use of simple neural net-
works is justified by the simplicity of the theory, ease of
programming, and good results. Also, this type of network
represents an universal function in the sense that it can
take the shape of any broken curve if the topology of the
network is allowed to vary freely.34

Many neural networks were trained and evaluated based
on mean square error (MSE) correlation (r)—the concord-
ance between experimental data and neural network predic-
tion and percent error (Ep). The best performances were
registered by MLP (3:5:1), a multilayer perceptron network
with three neurons in input layer corresponding to the
three input variables (x1, x2, x3), a hidden layer with five
neurons and one output layer with one neuron for y1, y2, y3,
and y4, respectively (four neural models).

It is important to notice that even though the number of
experimental data is not very large, it allows attaining a

SCHEME 1. Proposed structure of CSG hydrogels. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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good neural network model because the data are uniformly
distributed in the investigated domain. The experiments
were planned in such a way that a minimum number of
data were required.

RESULTS AND DISCUSSION

The theoretical double cross-linked structure of hydrogels is
represented in the following diagram (Scheme 1):

Structural characteristics
The Fourier transform infrared (FTIR) spectra performed
for the two polymers and for the prepared hydrogels evi-

denced the presence of the covalent cross-linking bond
located at �1730 cm�1 indicating the presence of imine
groups (AC¼¼NA). The ionic cross-linking was identified at
�893 cm�1, associated with the presence of the APAOAPA
groups.

The hydrogels morphology
Using scanning electron microscopy analysis, the compact
morphology of hydrogels was observed, without obvious
pores (Fig. 1). This may be due to the high density of the
hydrogel networks taking into account the amount of the
amine groups (in CS there is one amine group for each
structural unit) and the reactivity of the cross-linkers to-
ward these functional groups.

Swelling degree
The maximum swelling degree was less then 1600% due to
the compact structure obtained as a result of a high cross-
linking degree.

The maximum swelling degree (Qmax), measured in
acidic conditions (pH ¼ 3) (Fig. 2) was generally lower than
that measured in weak basic medium (pH ¼ 7.4) (Fig. 3),
for each hydrogel sample.

In alkaline conditions, carboxylate anions that are
formed from protein chains determine electrostatic repul-
sion allowing the aqueous solution to get inside the
network.

An interesting observation is that the ionic cross-linking
time has no significant influence upon the maximum swel-
ling degree in alkaline or acidic medium for CSG hydrogels.
The high reactivity of the ionic cross-linking agent causes it

FIGURE 1. Electronic microscopy image for the sample CSG-2.

FIGURE 2. The variation of the hydrogels maximum swelling degree

at pH ¼ 3 depending on the parameters of cross-linking reaction: 1—

the ratio CS/G (g/g) (TPP/free NH2 ¼ 0.45 moles/moles and the ionic

cross-linking time ¼ 150 min); 2—TPP/free NH2 (moles/moles) (CS/G

¼ 4.56 g/g, the ionic cross-linking time ¼ 150 min); 3—the ionic cross-

linking time (min) (CS/G ¼ 4.56 g/g, TPP/free NH2 ¼ 0.45 moles/moles).

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

FIGURE 3. The variation of the hydrogels maximum swelling degree

at pH ¼ 7.4 depending on the parameters of cross-linking reaction:

1—the ratio CS/G (g/g) (TPP/free NH2 ¼ 0.45 moles/moles and the

ionic cross-linking time ¼ 150 min); 2—TPP/free NH2 (moles/moles)

(CS/G ¼ 4.56 g/g, the ionic cross-linking time ¼ 150 min); 3—the ionic

cross-linking time (min) (CS/G ¼ 4.56 g/g, TPP/free NH2 ¼ 0.45 moles/

moles). [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

346 JĂTARIU (CADINOIU) ET AL. CHITOSAN–GELATIN HYDROGELS FOR BIOMEDICAL APPLICATIONS

 15524965, 2011, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbm

.a.33122 by U
niversitatea T

echnica G
heorghe A

sachi din Iasi, W
iley O

nline L
ibrary on [08/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



to react within the first hour, despite the large size of the
TPP molecule.

The experimental data show that higher amounts of
ionic cross-linking agent result in hydrogels with higher
swelling degrees in acidic conditions. This is a consequence
of the fact that under these circumstances the triphosphate
anions partially hydrolyze to their weakly acidic form.35 The
net result is that an increase in the cross-linking agent/
polymer ratio, expressed as the TPP mol/2 moles free NH2

(x2) parameter causes an enhancement of the maximum
swelling degree measured at low pH.

Apparently, the swelling degree in acidic medium should
be higher due to the electrostatic repulsions between the
numerous ammonium cations located on both CS and G
chains. This effect was not actually observed; due to the fact
that the ions are trapped in the network formed by ionic
and covalent cross-linking, they cannot exert rejection
effects that would be evidenced in higher Qmax values.

Increasing the CS/G ratio (x1) results in lower values of
the maximum swelling degree in both acidic and basic
media.

In vitro caffeine release
The maximum amount of released caffeine (after 24 h) from
CSG hydrogels in acidic conditions was in the range of 9–59
mg/g hydrogel (Fig. 4), while in alkaline conditions it was
between 17 and 115 mg/g hydrogel (Fig. 5). The caffeine
release efficiency is very high in alkaline medium, ranging
between 83% and 94%, while in acidic conditions it is only
in the range of 46–62%.

The caffeine release behavior followed a similar pattern
to the swelling degree in both release environments (acidic

and alkaline). As it was expected, the total amount of
released caffeine was lower in acidic environment than in
alkaline environment.

Simulation results
For the parameter of interest in this case study, the feed for-
ward neural networks with the topology (3:5:1) were devel-
oped. They were obtained with a trial-and-error method
and were trained with the well known back propagation
algorithm. The main indicators of performances in the train-
ing phase were MSE, r and Ep. Table III shows the values of
these criteria for the neural models based on which the
neural models were chosen.

The predicted neural network values were in good
agreement with experimental data for all four parameters,
proving that the neural models learned the behavior of the
process well.

The main advantage of a neural network consists in the
capacity of generalization to other inputs which were not
seen yet. Six experimental data were kept for the validation
phase to check the generalization capability of the neural

FIGURE 5. The variation of the maximum amount of caffeine released

at pH ¼ 7.4 depending on the parameters of cross-linking reaction:

1—the ratio CS/G (g/g) (TPP/free NH2 ¼ 0.45 moles/moles and the

ionic cross-linking time ¼ 150 min); 2—TPP/free NH2 (moles/moles)

(CS/G ¼ 4.56 g/g, the ionic cross-linking time ¼ 150 min); 3—the ionic

cross-linking time (min) (CS/G ¼ 4.56 g/g, TPP/free NH2 ¼ 0.45 moles/

moles). [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

FIGURE 4. The variation of the maximum amount of caffeine released

at pH ¼ 3 depending on the parameters of cross-linking reaction: 1—

the ratio CS/G (g/g) (TPP/free NH2 ¼ 0.45 moles/moles and the ionic

cross-linking time ¼ 150 min); 2—TPP/free NH2 (moles/moles) (CS/G

¼ 4.56 g/g, the ionic cross-linking time ¼ 150 min); 3—the ionic cross-

linking time (min) (CS/G ¼ 4.56 g/g, TPP/free NH2 ¼ 0.45 moles/

moles). [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

TABLE III. The Neural Network Performances in the Training

Phase

Nr.crt. Output Parameters MSE r Ep %

1 SDPBS (y1) 0.00021 0.99942 1.4932
2 SDCBS (y2) 0.000055 0.99979 0.56361
3 Max Caffeine released

in PBS (y3)
0.00067 0.98087 2.16925

4 Max Caffeine released
in CBS (y4)

0.000048 0.99997 0.66138
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models. Figure 6 shows a comparison between experimental
data (not included in the training set) and MLP (3:5:1) pre-
dictions for all the outputs of the neural networks. A maxi-
mum relative error of 6% means accurate prediction for
neural models.

Consequently, the neural models can be used to make
predictions for other new experimental conditions, substi-
tuting the experiments or providing useful information for
the experimental practice.

The direct neural modeling performed before allows the
estimation of the reaction yields and swelling degrees in

FIGURE 6. The experimental data compared with neural network results for the validation stage: y1—swelling degree in PBS, y2—swelling

degree in CBS, y3—maximum caffeine released in PBS, and y4—maximum caffeine released in CBS.

FIGURE 7. Validation of the inverse neural network model, MLP

(3:12:4:1): experimental data compared with neural network predic-

tions for some ‘‘unseen’’ data of CS/G.

FIGURE 8. Experimental and neural network data for the validation

phase of inverse modeling with MLP (3:33:11:1).
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various reaction conditions, even under circumstances in
which experimental data are not available.

Supplementary information is obtained by inverse neu-
ral network modeling, which is an optimization problem for
identifying reaction conditions that lead to imposed final
values for y1, y2, y3, or y4. Different optimization problems
can be formulated and solved by inverse neural modeling.

For instance, what is the value of the CS/Gel (x1) ratio
that leads to imposed values for the swelling degree SDPBS
(y1) if the x2 (mols TPP/2 mols NH2 free) and x3 (cross-link-
ing time) parameters are pre-established?

A neural network which answers to such a problem
has x2, x3, and y1 as inputs and x1 as the output. Several
tests performed in inverse neural network modeling led to
an optimal topology MLP (3:12:4:1) with MSE ¼ 0.000006,
r ¼ 0.99991, and Ep ¼ 0.181415% for the training phase.
Figure 7 presents the predictions of the MLP (3:12:4:1) for
a series of data with unknown experimental answers for
the model.

Another example is represented by the following prob-
lem: what is the value of x2 (moles TPP/2 moles NH2 free)
leading to an imposed value for y3 (maximum amount of
caffeine released in PBS) when x1 (CS/Gel) and x3 (cross-
linking time) parameters are pre-established?

The answer to the question shown above is given by a
neural network with two hidden layers, MLP (3:33:11:1),
with x1, x3, and y3 as inputs and x2 as the output. The
simulation results are in satisfactory agreement with the
experimental data (Fig. 8), with a maximum relative error
of about 9%.

CONCLUSIONS

The double cross-linking method may be an alternative
way for obtaining stable hydrogels, thus reducing the
amount of covalent cross-linking agents that are generally
toxic. The hydrogel characteristics, correlated to their abil-
ity to load/release water-soluble drugs are sometimes
influenced in an unexpected way by the cross-linking reac-
tion parameters. The swelling degree presents higher val-
ues in alkaline conditions than in acidic ones. The ionic
cross-linking time does not influence the maximum swel-
ling degree, especially in alkaline environment. The higher
amount of CS in the initial mixture increases the maximum
swelling degree and the maximum amount of loaded/
released caffeine.

The modeling procedure for the process under study
is conducted based on the experimental data aiming to
evaluate the influence of the reaction conditions upon the
swelling degree and the reaction yield. Simple architec-
ture of neural networks and simple methods of establish-
ing the network structure are proposed. Good predictions
are obtained with all the neural models that were consid-
ered, with an average error of less than 9%; thus, these
neural models give a very good representation for the
synthesis process of double cross-linked hydrogels based
on CS and G.
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ABSTRACT: Gelatin/chitosan particles suitable for application in ocular drug
administration were prepared by a two-step cross-linking process performed in an
emulsion-phase separation system. The particles were characterized by scanning
electron microscopy and laser diffractometry, and the diameters were
0.202–4.596 mm. The microparticles pH-dependent behavior was monitored by
their mean diameter changes in aqueous environment. Adrenalin was drug used
to study loading and release characteristics. The prepared particles were
nontoxic, with the DL50 values of 6.9–8.19 g/kg body mass. The in vivo
biocompatibility tests consisted of subcutaneous administration of a micropar-
ticle suspension in physiological serum followed by morpho histological analysis of
the implantation site. The in vivo adrenalin ocular delivery was tested on both
animals and a voluntary human patient to determine the adrenalin action and by
tears. The particles showed good adherent properties without irritation to the
patient; adrenalin was released cleared the ocular congestion.
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INTRODUCTION

Particulate systems have been found to be potential carriers for
ocular delivery following the observation that various types of

nanoparticles tend to adhere to the ocular epithelial surface. The
prolonged residence time of nanoparticles leads to a much lower
elimination rate compared to conventional ophthalmic formulations,
thereby improving drug bioavailability. As a consequence, nanoparticles
have been developed for targeted ophthalmic delivery of anti-inflamma-
tory, antiallergic, and beta-blocker drugs [1]. Among the mucoadhesive
polymers, chitosan has attracted attention as an ophthalmic drug
delivery carrier due to its absorption promoting effect. It has been
proven that chitosan not only prolongs cornea contact time through
mucoadhesion effects mediated by electrostatic interaction between its
positive charges and mucin negatively charged residues but also has the
ability to improve drug bioavailability through transient tight opening
junction. It was found that chitosan solutions prolonged antibiotic
residence time in rabbit cornea [2] and that the chitosan particles
remained attached to the rabbit cornea and conjunctiva for at least
24 h [1]. Chitosan in ophthalmic formulations exhibited an excellent
tolerance by rabbit corneal tissue [2]. Chitosan-coated particles also
enhance corneal penetration [3]. After ocular administration of chitosan
particles in rabbits, most of the drug was found in the extraocular tissue,
cornea, and conjunctiva, while negligible drug amounts were found in
intraocular tissues, iris/ciliary body, and aqueous humor. Together,
these results indicate that chitosan is an attractive material as an ocular
drug delivery vehicle with potential application at extraocular level.

Chitosan is a natural hydrophilic polysaccharide [4] that has nontoxic,
mucoadhesive, and permeation enhancing effects across biological
surfaces. Chitosan microspheres are used in oral or other mucosal
administration to improve the transport of biomacromolecules across
biological surfaces as chitosan microspheres enhance drug adsorption on
paracellular route [5]. Only a few methods have been developed for the
preparation of chitosan microspheres, including emulsification/solvent
evaporation [6,7], spray drying [8,9], ionotropic gelation [10,11], and
coacervation technique [12,13].

Controlled drug delivery systems based on natural polymers are
attractive due to their biocompatibility and use in various formulations.
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Although several drugs were successfully included in various chitosan-
based delivery systems, a major drawback is reduced capacity to interact in
hydrophilic environments and by the relatively low swelling. However,
gelatin is surface active, and it is used as an emulsifier for various oils.
Therefore, it is an ideal candidate as a biocompatible and biodegradable
matrix material in microparticle formulations [14]. Water stability of
chitosan/gelatin blends was found to decrease with greater gelatin content
and so chemical cross-linking is necessary for long-term biomedical
applications [15]. The emulsion-phase separation technique consists in the
formation of water-in-oil (w/o) emulsion aided by the use of a surfactant.
The chitosan solution droplets suspended in the oil phase can be hardened
by cross-linking as well as several well-known techniques [16–18].

The main objective of this work is the preparation of micro- and
nanoparticles based on gelatin (GEL) and chitosan (CHI) mixtures of
interpenetrated/interconnected network type, prepared by a two-step
cross-linking technique applied in reverse emulsion system. In the first
step, the ionic cross-linking is achieved by using nontoxic cross-linking
agents like sodium sulfate. Subsequently, a low amount of covalent
cross-linking (glutaraldehyde (GA)) was used to stabilize the shape and
dimensions of the obtained particles. For drug loading and release,
adrenalin (ADR) was used. It is a hydrosoluble drug that is usually
applied for maintaining the mydriasis during eye surgery.

MATERIALS AND METHODS

Materials

The following materials were used: low molecular weight CHI,
deacetylation degree 75–80% (Aldrich), GEL (Aldrich), GA (Aldrich) –
25% aqueous solution, sodium sulfate (Primexchim, Bucharest), ADR
pharmaceutical grade (SC Terapia SA, Cluj Napoca), Tween 80 (Aldrich),
and Span 80 (Aldrich).

Preparation of Microparticles by Ionic Gelation and Covalent
Cross-Linking in w/o Emulsion

The preparation of CHI solution was performed by dissolving the
polymer in aqueous acetic acid solution 2% (w/w). GEL was dissolved in
water at 408C. Based on specific polymer ratios, the two solutions were
mixed and then Tween 80 was added to make a 1% (w/w) surfactant in the
solution. The mixture was magnetically stirred until the surfactant was
completely dissolved. Separately, a 1% (w/w) solution of Span 80 in
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toluene was prepared by dropwise addition of the aqueous phase to the
organic phase under homogenization with an UltraTurax device at
20,000 rpm. The final water/oil ratio was 1/4 and the emulsion total
volume was 125 mL, which was stirred for 10 more min. The emulsion
was then gelled by slowly adding a 10% sodium sulfate solution at a rate of
2 mL/min with continuous stirring for an extra 10 min. The suspension
was transferred to a round-bottom flask and mechanically stirred at
1000 rpm. Consecutively, 10 mL of a saturated solution of GA in toluene
was added with stirring for 60 min. The particles were separated by
centrifugation at 6000 rpm, repeatedly washed with acetone and water to
eliminate the unreacted compounds. After washing with hexane, the
particles were dried at room temperature.

Particle Characterization

Morphological Studies – Microscopy and Granulometry
The morphology of GEL/CHI microspheres was evaluated by scanning

electron microscopy (SEM; ESEM Philips XL 30). The particle size
distribution of the products, after drying, were measured by laser
diffractometry; to avoid the swelling during the measurements, the
particles were redispersed in toluene and analyzed by using a Shimadzu
laser diffractometer (SALD 7010).

Particle Behavior in Aqueous Environment
The changes in the particle size, in an aqueous environment,

were monitored by laser diffractometry (Shimadzu – SALD 7001).
The influence of the pH was carried out in double distilled water (with
pH adjusted to 5) and phosphate buffer solution (pH¼ 7.4) for alkaline
conditions. A specific amount of microparticle powder was suspended in
the quartz cuvette of the diffractometer filled with aqueous medium
with stirring. All experiments were performed in duplicates.

Loading and Release of ADR
Microparticle drug loading and release profiles were studied by UV-VIS

spectroscopy. The instrument used, Nanodrop ND-1000, allows analysis
of very low sample volumes, in microliter range. Drug loading was studied
in interval of 24 h. An aliquot of 0.1 mg of microparticle dry powder was
suspended in a 0.5 mg/mL solution of ADR in double-distilled water.
Samples were collected at specific time intervals and measured by
UV-VIS. A calibration curve was prepared to determine the loaded drug
concentration. After 24 h, the samples were centrifuged and added to
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20 mL a phosphate buffer solution to determine the release profiles in the
same manner as the loading. ADR is a catecholamine which, in
physiological conditions, could become toxic by its auto-oxidation into
ortho-quinones. It has been proved that this process is very slow at
physiological pH [19]; this fact has already been taken into consideration
when planning the release experiments. All loading and release tests were
performed in duplicate, and the results shown are average values.

Particles Toxicity
The acute toxicity of the microparticles was evaluated by determining

the average lethal dose (DL50). The DL50 was measured in milligrams of
active substance on kilograms of body weight. According to Hodge–
Sterner toxicity scale [20], a DL50 value under 1 mg/kg body mass is
considered extremely toxic, between 1and 50 mg/kg body mass very toxic,
between 50 and 500 mg/kg body mass moderately toxic, between 500 and
5000 mg/kg body mass low toxic, between 5000 and 15,000 mg/kg body
mass is practically nontoxic, and above 15,000 mg/kg of body mass is
considered nontoxic.

In Vivo Biocompatibility
The biocompatibility tests were performed on 27 one-year-old Swiss

male mice. The evaluations on animals were performed in conformity with
the European law. The typical testing protocol consisted in subcutaneous
administration of a microparticle suspension in physiological serum, in the
left thoracic area through a small incision. Samples were then collected
from the affected region. The same procedure was applied to witness a lot
of animals. The samples were collected by excision of the implanted area or
edema containing microparticles, at days 7 and 14. The tissue fragments
were inserted in paraffin and sliced at 0.005 mm thickness. The staining
solutions were as follows: Novelli, PAS, Alsacian blue, Steedman-Mowry,
Papanicolaou, and Giemsa. The samples were then observed by optical
microscopy and the most representative ones are presented.

In Vivo Ophthalmic Tests
The in vivo study has followed two steps: the experimental study on

lab animals (New Zealand rabbits weighing 3.0–3.2 kg and Wistar rats
weighing 250–300 g) followed by a human patient. Animals were
randomly divided in two batches as follows: one was used for testing
the ADR itself (animals received 30 mL ADR solution, 0.25 g/mL in the
right eye) and the other one for testing the ADR-loaded GEL/CHI
microparticles (loaded for 24 h in 0.5 mg/mL ADR, the microparticles
were loaded with ADR 0.025 mg/g microparticles and instilled in the

102 C. A. PEPTU ET AL.

 at Apollo Group - UOP on February 12, 2015jbc.sagepub.comDownloaded from 

http://jbc.sagepub.com/


right eye). The left eye was used as control and received no treatment.
Animal discomfort symptoms and various signs in conjunctiva, cornea,
and lids were evaluated by an experienced ophthalmologist immediately
after the administration, then after 24, 48, and 72 h, respectively. A
scoring system established by Organization for Economic Cooperation
and Development guidelines for ocular irritation testing [21] was used.
The ADR-loaded microparticles were tested for biocompatibility and
controlled drug release. No negative incidents were observed.

The human patient received detailed information about the experi-
mental procedure and the substances used. A written consent form was
signed by both patient and doctor.

The ADR-loaded microparticles were tested on a human eye to
determine the adhesiveness (there was no elimination by tears flow).
For human test protocol, the clinical effect of ADR release from gelatin–
chitosan microparticles on congestive inflammation of eye conjunctiva
was tested. Particles were loaded in ADR solution (0.5 mg/mL) 24 h
before the usage. The right eye was considered as blank and the left eye
was tested. The eyebrow was gently pulled from the medium inferior
side of the left eye at 10 mm of cilia side to uncover the tarsal and bulbar
conjunctivae and eye fornix. ADR-loaded particle suspension (0.025 g
ADR/g microparticles) was uniformly applied with a syringe without
needle. After closing the eyebrow, the area entrapping the particles was
gently pressured in order to spread the drug containing suspension.

RESULTS AND DISCUSSION

Particle Preparation

The method employed for particle preparation involved a two-step
solidification method. The first step, which has a critical influence over
the future shape and size of particles, involved an ionic cross-linking
effect achieved by sulfate bridges between amino functionalities from
both types of polymeric chains. At this stage, an important role was
played by the macromolecular surfactants present in oil and water phase
to ensure emulsion stabilization prior to cross-linking.

One of the most important parameters influencing the cross-linking
efficiency is the pH of the polymer solution [22]. At acidic pHs, the
ionic cross-linking effected by both components of the polymer system.
In the case of gelatin, the cationic density was higher when the pH value
was �4; in this pH range, chitosan is soluble in water and has a looser
chain configuration due to electrostatic repulsions. Therefore, the choice
of pH for water polymer solution was in the range of 3–6. The ratio
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between the polymers also affected the cross-linking, decreasing with
increases in the GEL content. For high amounts of GEL (GC 100) and a
pH close to 6, the extent of ionic cross-linking should be lower (Table 1).

This fact has a crucial influence over the second cross-linking step
achieved by covalent bridges with GA. Since the cross-linking agent is in
the oil phase, the extent of cross-linking is dependent on its diffusion
through the previously formed particles. A dense network would induce
cross-linking mostly at the surface of the particles creating a shell
stabilizing the particle size and shape (GC-1-70/30, GC 50/50, GC 30/70,
and GC-1-50/50).

The SEM photographs (Figure 1) showed that the particle systems
obtained were dimensionally polydisperse for all formulations. This was
expected since the critical cross-linking step, with sodium sulfate, was
carried out in heterogeneous system. The addition of the cross-linking
agent in aqueous solution effected rapid gelation of polymeric vesicles in
the emulsion. Although this was not thoroughly followed in this study, it
could be presumed that ionic cross-linking was not equally performed
for all the polymer vesicles and eventually that the particle forming
vesicles were undergoing coalescence. This may result in relative
dimensional polydispersity as it can be observed in the microscopy
images. The granulometry light scattering studies show a bimodal
distribution of the particles prepared using both polymers (Figure 2).

Table 1. Sample codes, preparation parametersa and the mean diameter
of the particles.

Sample
code % Gel % CHI

Concentration
C (%)

Mean
diameterb (mm)

GC0 0 100 0.5 1.232
GC 10/90 10 90 0.5 0.759
GC 30/70 30 70 0.5 1.173
GC 50/50 50 50 0.5 1.108
GC 70/30 70 30 0.5 1.094
GC 100 100 0 0.5 0.202
GC-1-10/90 10 90 1 0.524
GC-1-30/70 30 70 1 0.467
GC-1-50/50 50 50 1 3.636
GC-1-70/30 70 30 1 4.596
GC-1.5-10/90 10 90 1.5 0.643
GC-1.5-30/70 30 70 1.5 0.595
GC-1.5-50/50 50 50 1.5 0.550
GC-1.5-70/30 70 30 1.5 1.36

aFor all samples, preparation were used 20 mL Na2SO4 (10%) and 10 mL GA extracted toluene.
bThe mean diameter value represents the arithmetic average of the measurements (the standard
deviation values in this case has no physical meaning).
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The particles were dispersed in toluene in order to obtain close
dimensions to those in dry state (by swelling limitation) and then
analyzed by laser diffraction granulometry. The obtained values for all
preparations are presented in Table 1.
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Figure 2. Typical dimensional distribution curves for samples prepared at different GEL–
CHI ratios and at C¼ 0.5% concentration of polymer solution.

(a) (b)

(c) (d)

Figure 1. SEM photomicrographs for the samples (a) GC-1-70/30, (b) GC 50/50, (c) GC
30/70, and (d) GC-1-50/50. The small circles indicate the ‘doughnut-like’ microparticles.
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The size distribution curves, as given by the analysis software, are
presented in Figure 2. It can be observed that the particles obtained only
from chitosan or gelatin are monodisperse, while the combination of
both polymers (sample GC 50/50) have a bimodal size distribution.
All the other samples, prepared using both GEL and CHI and analyzed
by laser diffractometry, have shown a similar bimodal distribution
(data not shown).

The highest values of the mean diameter were obtained for chitosan
particles, while the lowest values were the ones obtained for gelatin
particles. This fact may be explained by faster occurring ionic cross-
linking of chitosan compared with gelatin due differences in amino group
density on both types of polymer chains. The influence of the polymer
ratio could not be established from the analysis of the particle size, while
the dimensional polydispersity is probably related to stirring conditions.

In the SEM microphotographs, two main particle populations were
observable, the first was in the micron range, with rough surfaces and
approximately spherical in shape, while the second population was
submicron dimensions with clear spherical shape and smooth surfaces.
The spherical-shaped particles there were ‘doughnut-like’ particles
probably due tosur face cross-linking. This fact supported the hypothesis
that the particle outer layer is heavily cross-linked, while the core may
actually be partially lost during the washing process. Some rod-like
particles were also observed.

Covalent cross-linking was followed by Fourier transform infrared
spectroscopy spectroscopy. The chitosan absorptions were 3417 cm�1

assigned to OH groups, 1635 cm�1 specific to –C¼O (proving that
chitosan is partially deacylated), the 1114 cm�1 polysaccharide specific
band, and the 1539 cm�1 absorption related to –NH2 free functions. The
gelatin absorptions were as follows: 1641 cm�1 amide I band, 1521 cm�1

amide II band, and free amino groups. The peak at 1100 cm�1

corresponds to –N¼CH– vibrations of chitosan and collagenous chains
indicating covalent cross-linking.

Particles Interactions in Aqueous Environment

Evaluation in Acid Environment
To quantify the interaction of particles with the aqueous environment,

the modification of the mean diameter was measured by light scattering.
This study did not take into account the eventual loss of polymers that are
not cross-linked, cross-linked, gelatin or chitosan, during the swelling.
The swelling behavior was evaluated at two different pH values, acidic
and alkaline, respectively, based on the pH sensitive behavior for
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chitosan/gelatin particles [23,24]. At pH 5.5, most of the formulations
showed a certain swelling with mean diameter modifications.

For a major of the samples, a decrease in mean particle diameter was
observed after a certain period (Figure 3). This may be occurring due to
the fact that in acidic pH, chitosan becomes soluble and a loss of
material may occur, leading to a decreased mean diameter, as confirmed
also by previous studies [25]. This could increase the GEL amount in the
network composition, the swelling degree would be higher due to its
higher hydrophilicity compared with CHI.

Another explanation is related to the morphology of the particles.
As shown in SEM micrographs, some of the particles are doughnut
shaped and some are broken microcapsules. This appearance may be due
to the covalent cross-linking occurring mostly at the surface of the
particles and encouraging a core shell structure formation. The
doughnut shape may occur by the collapsing of the shell during the
loss of the soluble GEL from the core during the rinsing procedures
involving water washing. Also, during the swelling in aqueous
environment with acidic pH, the particle shell may crack and release
the inner core, ultimately leading to a drop in mean particle diameter.

The observed drug-loading capacity values show that the water
interaction of the microparticles is not only due to swelling but there
are also losses caused by particles breakup. This fact was confirmed
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Figure 3. Mean diameter variation in time in acid aqueous environment for samples
obtained at different GEL–CHI ratios and the total polymer concentration C¼0.5%.
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by the mean diameter variation measurements by laser diffractometry.
The quantity of ADR incorporated in the particles by simple
diffusion varied from 0.27 mg ADR/g of microparticles, for GC-1-50/50
(Figure 4(a)), to 38.84 mg ADR/g for GC-1.5-30/70 (Figure 4(b)). The
particles prepared using a high concentration of polymer solution
formed a more relaxed network (considering the acidic pH) due to the
covalent cross-linking that is taking place at the superficial layers of the
particles. Both the concentration of initial aqueous phase and the pH of
the loading environment influence the drug-loading capacity.
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Figure 4. ADR-loading kinetics of microparticles presenting the minimum, respectively,
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Evaluation in Alkaline Environment
The swelling capacity in alkaline environment was investigated for all

particle formulations. The particle interaction in water was quantified
by determining the average particle diameter by laser difractometry at
specific time points (Figure 5). For the low concentrations of the initial
polymer solution, the particle diameters were not modified very much in
the studied swelling time range. However, a certain instability was
observed, probably due to the amount of gelatin incorporated in the
particles. Considering the diameter modifications observed in acidic pH,
in a basic environment, the particles maintained their average size for a
longer period of time.

In the basic pH, the mean particle diameter varied according to the
interactions of both polymers in the composition of the particles. The main
processes that govern the interactions of polymers from the particles
system with the aqueous environment are the electrostatic repulsions
between the gelatin carboxyl anions and ionic destabilization of the ionic
cross-linked network. Since chitosan was less prone to interact in an
aqueous environment at basic pH, it is obvious that gelatin was mainly
responsible for particle swelling behavior. In Figure 5, the highest values
for the mean diameter were obtained from samples with high amounts
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of GEL. The destabilization was also favored by the relatively low
molecular weight of the chitosan; consequently, the destabilization was
followed by decomposition of particles. In the case of studied particle
systems, it was noticed that a certain stability was maintained over 24 h.

The in vitro release of ADR was studied in phosphate buffer solution
at pH¼ 7.4. The drug release kinetics are presented in Figure 6 together
with the influence of the initial GEL:CHI ratio upon the amount of the
released ADR. All analyzed systems showed concentration variations
that were probably due to the modifications of microparticle dimensions
in alkaline environment. The individual polymer ratio affected the
amount of drug released; chitosan alone released the amount of lowest
drug. It is well known that the diffusion of the drug from microparticles
into external medium is influenced by their swelling capacity. This
behavior is related to the modifications of the microparticle dimensions
(due to swelling) in alkaline aqueous solutions; the GEL chains were
mostly responsible for the swelling due to its higher hydrophilicity and
the repulsive interactions between carboxylate groups.
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Evaluation of Microparticles Toxicity
The toxicity microparticle systems were determined based on the

average lethal dose (DL50). The results are presented in Table 2.
The particle systems were compared with the pure polymers used for
synthesis. The values obtained did not vary much compared with pure
polymers; therefore, the particle systems are in the category of
practically nontoxic.

Evaluation of Particles Biocompatibility
In vivo biocompatibility tests were performed for three samples

as follows: (1) gelatin particles (GC 100), (2) chitosan particles (GC0),
and (3) gelatin–chitosan particles (GC 50/50), respectively. The tissue
around the edema area created at the particle implantation site was
analyzed on days 7 and 14, respectively.

The morphohistological photographs show the tissue reaction for GC0
at 7 days (Figure 7(b)); the edema was surrounded by lymphocytes
giving an intense reaction. At the edema site, numerous fibroblasts were
present performing an intense fibrilogenesis, similar results were
obtained in previous studies [15]. The implanted particles were encapsu-
lated with an increase in the macrophage activity at the edema site.
At day 14, the edema was reduced and the particles were entrapped in the
macrophages. The tissue surrounding the reduced edema contained
macrophages with captured particles entrapped in thin conjunctive tissue
(Figure 7(d)). This shows that the nonself elements were trapped and
isolated by the macrophages but not metabolized.

In the case of the GC 100 sample, the histological examination at day 7,
an intense peripheral reaction is revealed, numerous macrophages
are carrying entrapped particles (Figure 7(a)). In the area that is limiting
the edema, the fibroblast reaction is intense. At day 14, the macrophages
were grouped in small nests separated by delicate conjunctive tissue
(Figure 7(e)). The GC 50/50 microparticles had similar reactions at
day 7 as the previous samples (Figure 7(c)). However, at day 14, the
newly formed conjunctive tissue, surrounding the particle loaded
macrophage region was more intense as well as intense fibrillogenesis
(Figure 7(f) and (g)).

Table 2. Average lethal dose (DL50) for the samples prepared at different ratios
between GEL and CHI and at 0.5% concentration of the polymer aqueous solution.

Sample Gel CHI GC-10/90 GC-30/70 GC-50/50 GC-70/30

DL50 (mg/kg
body mass)

8190 7700 6900 6990 7140 7980
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All of the presented elements showed that the prepared particles were
inducing a lymphatic counter reaction occurring both at 7- and 14-day
periods. The reaction was mainly located at the boundaries of the edema
containing the implanted particles. In all cases, the fibrilogenesis was
intense. The newly formed collagen fibers are grouped peripherally in
fascicules limiting the macrophage nests. This is proof of an intense
phagocytosis favored by peripheral capillary dilatation. The GC 50/50

(a)

(g)

(f)(e)(d)

(c)(b)

Figure 7. Histomorphological microphotographs after the subcutaneous administration of
different types of particles on Swiss mice after certain period of time: (a) perifocal reaction
with numerous macrophages, which engulfed the particle powder (PAS coloration; �900;
GC 100, 7 days), (b) macrophages from the monocyte–macrophage system (MMS) contai-
ning numerous phagocytized powders (PAS coloration;�900; GC0, 7 days), (c) dilacerations
of subcutaneous conjunctive tissue around the edema area and powder phagocytizing
macrophages (PAS coloration; �900; GC 50/50, 7 days), (d) focal areas of macrophages
surrounded by conjunctive tissue (PAS coloration;�900; GC0, 14 days), (e) intense perifocal
reaction with numerous macrophages surrounded by conjunctive tissue (Papanicolaou
coloration; �900; GC 100, 14 days), (f) numerous macrophages in the conjunctive spurs of
the edema (PAS coloration;�900; GC 50/50, 14 days), and (g) fibroblasts fibrillogenesis and
MMS reaction (PAS coloration; �900; GC 50/50, 14 days).
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was best tolerated as the nonself was surrounded by collagen fibers due
to intense fibrilogenesis proving the particles biocompatibility.

In Vivo Ophthalmic Evaluation
The in vivo tolerance assay on animals for pure ADR and for ADR-

loaded microparticles, according to the grading system of the macroscopic
signs, the grades were 0 or 1 for all animals (Table 3); the conjunctiva had
a mild hyperemia and edema, the lids suffered a very mild swelling. All of
the animal tests were encouraging.

Subsequently, the ADR-loaded microparticles were tested on a human
with discrete congestion observed at the bulbar conjunctiva level and
accentuated at the fornix and palpebral conjunctiva levels. For the
clinical study, ADR-loaded microparticles using 0.5% polymer concentra-
tion with a 1/1 gelatin/chitosan ratio. The microparticle suspension was
injected using a syringe without needle directly in the fornix (Figure 8(a))
of the left eye only, the right eye was considered the control. After
1 minute, the bulbar conjunctiva was inspected and no adverse reaction
was observed. The particles were still present on the fornix indicating
adhesion to the conjunctive membrane. Clinically, a vasoconstriction was
observed immediately at the place of injection, probably due to the release
of the ADR from the microparticle surface. After 2 minutes, there were no
more reactions (Figure 8(b)). The inspection after 4 minutes revealed a
decrease in the congestion in all regions except the palpebral conjunctiva
indicating a slow release rate. After 8 minutes, the congestion had
disappeared completely (Figure 8(c) and (d)).

The conclusions after this test were very encouraging: the particles
were easy to administer and well tolerated by the patient; the drug effect
was rapid at the place of administration, as evidenced by the disappearance
of congestion; there were no adverse reactions like intense congestion with
tearfulness, conjunctive ulceration, and pupilar miosis/midriasis.
The loaded ADR activity was as expected, but in a slow manner, thereby
avoiding the disadvantages experienced with classical administrations.

Table 3. Macroscopically evaluated signs during the in vivo tolerance study.

Grade Discomfort Cornea Conjunctiva Discharge Lids

0 No reaction No alteration No alteration No discharge No swelling
1 Blinking Mild opacity Mild hyperemia,

mild edema
Mild discharge
without
moistened hair

Mild swelling

2 Enhanced blinking,
intense tearing,
vocalizations

Intense
opacity

Intense
hyperemia,
mild edema

Intense discharge
with
moistened hair

Obvious
swelling
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CONCLUSIONS

Gelatin–chitosan microparticles were prepared by a w/o emulsion method
with two-step cross-linking. Ionic gelation was induced by emulsifying
the aqueous solution together with polymer emulsion, while covalent
cross-linking was performed interfacially. The SEM micrographs of the
microparticles indicated polydisperse sizes, which was supported by laser
difractometry. The sizes ranged from 0.202 to 4.596 mm. Microscopy
showed collapsed microcapsules in dry state. The microparticles mani-
fested pH sensitive interactions in aqueous environments. The swelling
capacity, the ADR loading and release, respectively, can be controlled by
modulating the initial ratio of the two polymers in aqueous mixture. This
aspect is one of the advantages of this particulate system, compared
with CHI or GEL systems alone. ADR loading and in vitro release were
shown to be related to the swelling behavior in aqueous environment.
Microparticle acute toxicity was similar to the individual polymers,
practically nontoxic degree of toxicity. The in vivo biocompatibility tests
showed that microparticles with both gelatin and chitosan were tolerated
best and promoted fibrillogenesis. Potential usage of these microparticles

(a) (b)

 (d) (c)

Figure 8. Human in vivo test of ADR release from GEL-CHI particles: (a) microparticles
suspension administration in the eye fornix, (b) the eye inoculated with ADR-loaded
microparticles at 2 min after the administration, (c and d) the congestion decrease in the
external, medium third conjunctiva, and fornix areas.
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as an ophthalmic drug delivery system for ADR was demonstrated.
Clinical tests showed that the microparticles were effective as anti-
inflammatory agents. The gelatin–chitosan microparticles were easy to
administer and well tolerated with no apparent adverse effects.
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