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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-NHE, 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-NHE, 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~! um 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; Marqgibo®, 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.
Pre-Purification Post-Purification
Sample ID PC-G, CHOL, Diethyl pc.g, CDsNHFor
mg/mL mg/mL Ether, mL mg/mL 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
0.219 (CDs)
LPs-CDs-NHF-DOX 60 40 10 12 —_—
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).

_ Actual drug(DOX or CDs — NHF) content loaded in LPs

DEE
Theoretical drug content (DOX)

x 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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(b) LPs-CDs

(c) LPs-CDs-DOX

(d) LPs-DOX

(e) CDs-NHF

Figure 1. Cryo-TEM images for all LPs formulations and CDs-NHEF. (a) Cryo-TEM images for LPs,
(b) Cryo-TEM images for LPs-CDs, (¢) 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):

g:%“andka>>1 )

where

n—viscosity;
e—dielectric constant;
k and a—Debye-Hfickel 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.

1,000,000 —— CDs-NHF

—LPs

—— LPs-CDs-NHF
—— LPs-CDs-NHF-DOX

800,000

600,000

400,000

Intensity (Counts)

200,000

350 400 450 500 550 600 650
Wavelength (nm)

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

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 x 10°
Control LPs 370 0 0
LPs-CDs-NHF 370 408 4.55403 x 10°
LPs-CDs-NHF-DOX 370 405 5.26137 x 10°(CDs-NHF)
LPs-CDs-NHF-DOX 370 557 3.46898 x 10°(DOX)
LPs-CDs-NHE-DOX 370 593 3.42876 x 10°(DOX)

In addition, the photoluminescent properties of the LPs formulations were visually
assessed under both daylight and UV illumination using a Philips UVA TLAWBLB 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.
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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-NHE. 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 54).

A. MDA-MB 231

12000

10000
sk ok ok
e
CDs-NHF CDs-NHF CDs-NHF
0.1% 1% 5%

80004 CMR

6000

LUMINISCENCE

4000
ek ok ok

2000 LPS-CDs-NHF

B. A549

7000

60004 1

ok

T

CDs-NHF CDs-NHF CDs-NHF
0.1% 1% 5%

LUMINISCENCE
(9% S (4]
o (=) (=]
o o o
T T 9

2000

R T

LPs-CDs-NHF

1000

0_

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-NHEFE.
*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



Int. J. Mol. Sci. 2025, 26, 7535

10 of 21

containing both CDs-NHF and DOX (columns 8-10) did not show further potentiation
compared to DOX-LPs alone. However, when CDs-NHEF-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-NHE, potentially due to
interference within the same endocytic pathway, while separate administration allows each
agent to exert its effect independently and synergistically.

A.MDA-MB 231

12000

10000

8000

6000

LUMINISCENCE

40004

Aokokok ok

LPs-CDs LPs-CDs LPs-CDs
-DOX -DOX -DOX I

LPs-CDs+DOX

20001

T
sk ok sk

B. A549

7000
60| |
5000

CTR

4000

LUMINISCENCE

30004

seokedekok ok EEL LS T

20001

LPs-CDs LPs-CDs LPs-CDs
-DOX -DOX -DOX okok kokokokok ok

1000+

LPs-C-DOTS+DOXO

& 9 10 n 12 13

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,
e p < 0.00000005, and *#******** p < 0.0000000005.

CDs-NHF treatment also reduced the expression of phosphorylated Akt (pAkt1/2/3),
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-NHEF 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-NHE, 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.
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A. MDA-MB 231

e.LPs-1%CDs+DOX

B.As549

b.CDs-NHF5% b.CDs-NHF5%

a.Control g

f. LPs-2.5%CDs+DOX e.LP-1%CDs+DOX f.LPs-2.5%CDs+DOX

C.MDA-MB 231 D. A549
LPs-CDs+DOX
500000 - 1400000 -
-~ -~
= 4000004 =
72 “2 1000000 4
‘ Z
= 300000+ L =
z . z
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~TR  CDs-NHF -
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1000001 200000 5% LPs
1 L 25

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-NHEF 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-
NHEF (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-NHEF, 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-
NHEF 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
(PIBK/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).
MCE-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 pg/mL of streptomycin
and 5% bovine serum; A549 (ATCC) was cultured in F-12K Medium, supplemented with
100 U/mL of penicillin and 100 pg/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-NHE, 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, Grof§lobichau,
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 uL) 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-NHEF, 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):

kBT

PH =25 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;
1 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-¢ integrating sphere. Additionally, visual testing of photoluminescence
properties was performed under a Philips UVA TL4WBLB lamp (Miinchen, Germany;
A_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% CO, 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 uL 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-NHEF-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-NHE. 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.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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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 NH; 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.

CH,0H CH,OH

/{/\/ﬂ\ )J\/CHZ .
H3C' Mu.h acl addition
H

NHCOCH; | NH, H  NHCOCH,

m

Scheme 1. The proposed route for chitosan grafted poly (ethylene glycol) methyl ether acrylate synthesis.

CS-PEGA structural characterization was performed via FTIR and 'H 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 NHp:PEGA = 1:0.5). The assigned characteristic
bands from the obtained spectra are presented in Table S1.
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Figure 1. CS, PEGA, and CS-PEGA-FTIR spectra.

FTIR CS spectra (Figure 1) showed absorption bands at 1076 cm~! (C-O-C stretching
vibration) [28], 1659 cm~!, 1423 cm !, and 1378 cm~! (NHAc units, amide I, NH, bending,
and amide I1I, respectively) [29]; and a strong peak at 3355 cm ™! attributed to the axial
stretching vibration of (OH) overlapped with the (NH;) stretching band of CS molecules.
The PEGA spectra show characteristic signals at 1631 cm~! (C=C starching vibration),
1724 cm~! (C=0 asymmetrical and symmetrical stretching), and intense peaks at 2874 cm ™!
(CH) and 3522 cm ™! (OH stretching vibration). The FTIR spectrum of CS-PEGA proves
PEGA grafting onto CS through the appearance of the specific signal of (C=0) at 1733 cm !,
as highlighted.

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

The 'H 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 H, methine protons of the deacetylated
groups at 3.01 ppm. Hj, Hy, Hs, and Hg 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 'H NMR spectrum (Figure 2b) was recorded in D,O and the characteristic
observed peaks were as follows: 6.44 ppm (CH; = CHCOO), 6.24 ppm (CH; = CHCOO),
6.005 ppm (CH; = CHCOO), 4.35 ppm (-COOCH;-), 3.6-3.83 ppm (-COOCH,;CH,-,
-OCH,CH;-, -CH,CH;OCHj3), and 3.38 ppm (-OCH3).

In the case of CS-PEGA, compared to CS, the peaks corresponding to the (-COOCH,CH,-)
and (-NH-CH,;CH,COO-) appear at 4.33 ppm and 2.60 ppm, respectively. A clear signal at 3.37
ppm corresponds to the (OCHj3) group of the PEGA structural unit. The signals of PEGA and
in-chain methylene groups overlap with the signals of H3, Hy, Hs and Hg 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 (-COOCH,—, 4.33 ppm)
and (—CHs, 2.00 ppm) specific to chitin residues. Thus, DS calculated using Equation (1)
was around 16%.

o 3143 ppm‘(l B DD)

DS
2:Ipp ppm

)
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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:

0%

o Iz —|— Iz/

where I, is the integration of the peak found at 3.17 ppm, corresponding to the unmodified
chitosan rings, and I, 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):

DS

100 )

Ia/XD
b= 3x(100—D) & ©)
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 NH;: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/o0) [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.

Ionic

Water The Surfactants Average

"Cde  Concomiation % NFuNashiOu Rpm P Omwnic  Concenta SR viedsw  Diameter 738
Time, min

Al 0.5 1:05 5000 50 200 2 60 32 Aggregates -
A2 0.5 11 5000 50 200 2 60 41 Aggregates -
A3 0.5 1:2 5000 50 200 2 20 36 Aggregates -
A4 0.5 12 5000 50 200 2 40 44 Aggregates -
A5 0.5 1:2 5000 50 200 2 60 79 3.548 154 +0.2
A6 0.5 1:2 9000 50 200 2 60 80 3.263 152+0.1
A7 0.5 1:2 12,000 50 200 2 60 76 0.708 149402
A8 0.5 1:2 15,000 50 200 2 60 78 0.562 148 +0.2
A9 0.35 1:2 15,000 50 200 2 60 56 0.089 1194+ 0.2
A10 0.5 1:3 15,000 50 200 2 60 59 0.141 155+ 0.1
All 0.75 1:2 15,000 50 200 2 60 51 0.730 158 £ 0.1

The parameters taken into consideration for the preparation process are CS-PEGA
initial concentration, NH; /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 Al to A4 were obtained in the first experiments of the study and the
molar ratio NH, /NagP301 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 (A1l 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 pm 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 NH; /NasP30y, 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 ! the presence of a new bond formed between
P301¢°~ anions of TPP and NH;3" 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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Figure 3. FTIR spectra of the modified chitosan (CS-PEGA) and chitosan particulate hydrogels
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Figure 4. TGA analysis of chitosan (CS) and chitosan particulate hydrogels (A8 sample).
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.

SU1510 20.0kV x4.00k SE 10.0um SU1610 20.0K

' I'U t‘,mn'w SU1510 30.0k

s e |
SU1510 30.0K’ Sl 10.0um § V x4.50k SE

p

SU1510 25.0kV x 10.0um

Figure 5. Micrographs SEM of CPH (magnification graphical bar length A5-A11:10 pum).
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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-AS8, 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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Figure 6. Granulometric distribution curves of CPH.

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, All, 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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Figure 7. Chitosan particulate hydrogels (A9 sample) pH-dependent water uptake in pH = 3.3 (ABS)
and pH = 7.4 (PBS).

Table 2. Maximum water uptake of A5-A11 samples.

Sample Code A5 A6 A7 A8 A9 A10 All
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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Figure 8. The influence of CPH size on the swelling process for CPH: A5 (5000 rpm); A6 (9000 rpm);
A7 (12,000 rpm); A8 (15,000 rpm).

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.
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Figure 9. Polymer concentration influence on water uptake for CPH: A9 (0.35%); A8 (0.5%); All
(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 54).
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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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Figure 10. Chitosan particulate hydrogel in vitro LEV release.

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 1,
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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Figure 11. The influence of CPH concentration on the degree of hemolysis (samples A8, A9, A10).

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, W1, 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% CO,
overnight. Following cell attachment, the cells were incubated with 0.5 and 1% CPH for
72 h. After 72 h treatment periods, 50 uL 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 'H 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 NHy:PEG = 1:0.5). After 48 h the reaction was complete. The reaction
mixture pH was raised from 3.4 to 8 with NaHCOs 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/0) 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 pL) of polymer solution were
added into the organic phase, under ultra Turrax stirring (5000-15,000 rpm), leading to



Gels 2022, 8, 494

19 of 23

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 (FI-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 ! at a resolution of 4.0 cm 1.

'H NMR spectra were obtained using a Bruker Avance DRX 400 (Bruker, Rheinstetten,
Germany). CS, PEGA (Mn = 480), and CS-PEGA derivatives were dissolved in D,O + HCl
or D,O according to their solubility. The substitution degree (DS) was calculated from the
peak area at the chemical shift of -CHjy-proton against that of NHAc proton. NMR spectra
were recorded in HC1/D,0O 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 N; atmosphere, with a heating rate of 10° 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
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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% = WSW;OWO x 100 )

where wy is the weight of swollen CPH; wy 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; R? = 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).

Actual drug (LEV)content loaded in CPH

DEE =
Theoretical drug content (LEV)

x 100 (6)

Total amount of LEV — Amount of LEV from supernatant @)
Total amount of LEV
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.

Entrapment efficiency =

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.

Abs sample — Abs negativ control

0, H 1 i —
% Hemolysis Abs pozitiv control — Abs negativ control

®)

4.2.8. Cytotoxicity
Cell Culture

All cells were cultured in a humidified atmosphere at 37 °C with 5% CO,. MCE-10A
cells were cultured in DMEM /F12 supplemented with 5% horse serum, 20 ng/mL EGF,
10 pg/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.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ gels8080494 /51, Figure S1: TGA analysis of chitosan particulate
hydrogels (A8, A9, A10 samples); Figure S2: Kinetics of the LEV loading into the ABS from chitosan
particulate hydrogels (A8, A9 samples); Figure S3: Kinetics of the LEV release efficiency into the
PBS from chitosan particulate hydrogels (A8, A9 samples); Figure S4: Korsmeyer-Peppas model for
A8, 9 samples; Figure S5: Viability of HDMVEC and MCF-10A cells for submi chitosan particulate
hydrogels (sample A9); Table S1: Characteristic absorption bands of CS, PEGA, CS-PEGA; Table S2:
CPH characteristic absorption bands; Table S3: n and k values obtained based on the Korsmeyer-
Peppas model (0-480 min).
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CS-PEGA-Chitosan grafted poly (ethylene glycol) methyl ether acrylate
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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.
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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
(-COOHR), 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 Ca®*. Alginates are known
as natural block copolymers containing 1,4-linked residues of 3-D-manuronate (M) and
a-L-guluronate (G). The content in the residues of D-manuronate and «-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 (FI-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~! at a resolution of 4.0 cm ™.
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:

Dry weight of film o
Total weight of reactant in feed

Films yield, % = 100. @D

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 0.75 717
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:

Ys — %o

Q%) =2 x 100 2)

wo

where w; is the weight of the swollen probe and wy 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 uL 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 Wt is the amount of MT:

o Witerude — WMTsupernutant

Drug loading efficiency (%) = x 100 ©)]
WMTpluin
Release efficiency (%) = Wattreteasea 100 4)
WTtotal

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 !, stretching vibrations of O-H bonds of AG appeared. Stretching vibrations
of C-H were observed at 2854-2960 cm~!. The bands observed at 1598 and 1409 cm ™!
were attributed to asymmetric and symmetric stretching vibrations of COO- groups. The
bands at 1028 and 947 cm~! 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 ™! was observed corresponding to C-H
anti-symmetrical stretching. The bands observed at 1413 and 1591 cm ! were attributed
to the carboxylate group stretching vibrations (symmetric and asymmetric). Moreover, a
visible band was observed at 3350 cm ™! 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 ™!, which can be attributed to the stretching modes
of the (C=0), (C-C-O) and (O-C-C) bonds of the ester group, respectively. At 877 em 1, a
band specific to the C-H bending was observed. Further, at 1415 cm ™!, 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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Figure 1. Fourier transform infrared (FTIR) spectra of the AG, CMC and F1 synthesized film.

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 ™!, which can be attributed to the stretching modes
of the (C=0), (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 ™, 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.

8U1510 25.0kV x850 SE

Figure 2. SEM images of the AG/CMC films (samples F2 and F7).
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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).

1300

— —
e ——F3

——F4

K X

[

T000 2000 2000 4000 S000 soou
Time, {min)

Figure 3. Film swelling ratios for films with different reaction parameters.
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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 11.9 134 15.8 18.0 10.8
MT-loaded films Efficiency, % 4463 5022 6039 5540 4748 39.86 63.99
MT-released films, mg/g 1503 1236 711 9.07 1213 1354 9.88

MT-released films Efficiency MT, % 9049 8278 59.83 6782 7697 75.04 9141

100,

o0
o

6 #

A0[

Released amonut of MT, (%)

20| %

T
500

v T r
1000

U v T 4 1 v 1 N
1500 2000 2500 3000 o ] 500 1000 1500 000 500 000
Time, (min) Time, (min)
(a) (b)

Figure 4. The MT release kinetics from synthesized films expressed in terms of mg/g (a) and released efficiency (b).

Regarding the drug release capacity, all hydrogel films released between 9.8 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).

Loaded MT  Released MT

Sample Code ECH Crosslinker (mL) Swelling Ratio (%)
mg % mg %

F6 0.75 1273 18.0 3986 1354 75.04
F1 1.5 587 16.6 44.63 1503 90.49
F7 3 362 10.8  63.99 9.88 9141

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
(i) 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:

A
i ANAA, (5] A
%g:aw+WmW+%wf“ D*3,9,Vi = 0 ®)
where
/\l 1 1
Vi=V, -V
Dk = glk _ id/l\k
dlk = ALk — ALK ©

A
dlk = ALAK 4 AL AR
0= 3,0 = 2,00 = 2o, i = V=1, Lk=123

t ox! oxk

where x' is the multifractal spatial coordinate,  is the non-fractal time with the role of
A

an affine parameter of the motion curves, V' is the complex velocity, V}, is the differen-
tial velocity independent of scale resolution, V} is the non-differential /fractal velocity
dependent of scale resolution, dt is the scale resolution, f(«) is the singularity spectrum
of order a, « is the singularity index and a function of fractal dimension Dy, D' is the

constant tensor associated with the differentiable-non-differentiable transition, /\l+ ()&’i) is
the constant vector associated with the backward differentiable-non-differentiable dynamic
processes, A ()\"_) 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:

AL = AAL =267, i,1=1,2,3 7)

where A 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 6" is Kronecker’s pseudo-tensor [16,17,24].

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

A
i A A A, 2 A
WV v+ VIV —irdn) T 9V = 0 ®)

dt
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A AA
where 0, V' represents the local multifractal acceleration, VlalVl the multifractal convection

A

and iA(dt) [ﬁ]flala’ V' 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

A
Vi — —2iA(dD) ) 9 ny )
where

L]_l

x = —2iA(@d)7@ iy (10)

is the complex scalar potential of the complex velocity fields from (6), and ¥ 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
Schrédinger type equation:

2
23000 +ir (a0 a0y = 0 (11)

A2(an) 7o

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

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

dp+9J =0 (12)

where .
_ Adt 7wl -1, _
P =YY, = ()f (‘I’BI‘I’ - Ta’T) (13)
In the relations (12) and (13), p is the multifractal state density, while J! 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, V*:

vi=d - i%Al (14)

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

(7)1
o Mo (Fo'¥ - ¥o'F) — gAY Y (15)

-~

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

¥ = /pe’ (16)



Polymers 2021, 13, 4461

11 of 16

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

A [=2:] 2 1

. o=t . Ry
vi=2a@d) " s —ir@dn) " a'np, (17)

which leads to the determination of velocity fields:
(18)

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

o Vh + Vho v = —9'Q (19)

aio -+ (pVh) =0 (20)
where Q denotes the multifractal specific potential:

20'9
Q = —222(an) 72 \;ﬁf = ViV - 7(dt)[fi>]71

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:

9 Vi (21)

9!
Fi— —aiQ = —aa2(dr)\7in) 291 T OVP 22)
VP
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)).

(ili) The velocity field Vi does not represent the contemporary dynamics; since V}. 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:

g [r51-2 o
= 2A%(dt) 7@’ pa'd In p (23)

the equation defining the multifractal “forces” that derive from Q can be written in

the form of a multifractal equilibrium equation:

N

pd'Q = 9,7 (24)
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A
Since T can be also written in the form:

A
= y(0,VE + 9, V}) (25)

with R
n =A@ 26)
a multifractal linear constitutive equation for a multifractal “viscous fluid” can be high-

lighted. In such a context, the coefficient # 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 Schrodinger 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:

(@) 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

oip+9x(Jx) =0 (27)

where (2]
219 =

fla) — i

=M (Wd‘f’ - T‘”i’) gAY (28)

In particular, for the state function in the form (16), Equation (28) becomes
[2-]-1(ds
Jx = 2A(dt) F@ )P SAxp (29)

(b) The synchronization of the dynamics of any complex system at the two scale resolutions
is achieved by “compensating” the speed fields V}; and V} given by the restriction:

Vh=-V} (30)

Through (18) and (19), a dependence results between the amplitude ,/p and phase s
of the state function ¥ in the form:

p = poe % (31)

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

1
A=2(rxB) (32)

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

1
Ay = EBx,B = const. (33)

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

Jo = a7 1% Leprp (34)
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Equation (27) becomes the multifractal equation Fokker-Planck:

2

010 + Oy (—;ngp) + Oy [—/\(dt)[ﬂa)]_lp] =0 (35)

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

With the notations:

L]—l

n= %gB,D = 2A(dt) 7@ (36)

where 7 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:

1 1/2
plx 1) = (271(D/77)[1 —eXP(—Z'ﬂ)]> or

- xoexp(—p)P?
2D/ —exp(—27p)]| )

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 /7).

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.

Process Variables

Sample : Fractalization
Code Concintratlon Mol.ar AG (@) CMC NaOH ECH Degree
(%) Ratio (g (mL) (mL)
F1 6.6 1:1 0.5 0.5 15 1.5 0.3