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Background. Most of the current models for experimental burns pose difficulties in ensuring consistency and standardization.
Aim of Study. We aimed to develop an automated, reproducible technique for experimental burns using steam-based heat transfer.
Methods. The system developed for steam exposure was based on a novel, integrated, computer-controlled design. Three groups of
rats were exposed to steam for 1, 3, and 7 seconds. The lesions were evaluated after 20 minutes, 48 hours, and 72 hours after burn
induction. Results. One-second steam application produced a superficial second-degree burn; three-second application induced
deep second-degree burn; and seven-second application led to a third-degree burn. Conclusion. The high level of automation of
our integrated, computer-controlled system makes the difference between our system and other models, by ensuring the control
of the duration of exposure, temperature, and pressure and eliminating as many potential human generated errors as possible. The
automated system can accurately reproduce specific types of burns, according to histological assessment.Thismodel could generate
the reproducible data needed in the study of burn pathology and in order to assess new treatments.

1. Introduction

The establishment of new approaches for experimental burns
is an important tool in advancing the understanding of
burn pathology. Adequate methods of experimental testing
using different burn models were crucial to the development
of novel treatments. Rat models have been used since the
1960s and have since then evolved to better represent and
mimic human burn pathology [1]. Walker and Mason (1968)
established the first straightforward and reproducible burn
model in 1968, based on the production of burn on rats

by direct contact with hot water [2]. The rat burn model
can provide useful information on how human tissues react
under specific conditions due to the similarity of the tissue
structure and physiology between rats and humans. Data
from rat models can be extrapolated to include post-burn
physiopathology due to the similarity of both tissues, rat and
human, in the burn and healing processes [3].

Burns are generally created using one of four different
methods in animal models: hot water, hot metal tools, elec-
tricity, and heated paraffin [3–6]. The different burn models
require specific parameters such as elevated temperatures,
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duration of exposure, and specific materials like hot water
or aluminum previously heated in a hot water bath [7–10].
Other materials can be used in a rat model burn experiment,
such as a hot metal plate or an electric coil; however, these
materials are more likely to cause third-degree burns due
to high temperatures reaching 170∘C and 400∘C, respectively
[8, 9].

Although burn experiments using rat models yield data
that may be useful in understanding burn pathology and
physiology, it is difficult to consistently induce a certain type
of burn because the various parameters are often difficult
to reproduce consistently within and among applications
[11–19]. The aim of this study is to create a model that
will allow the objective collection of data in order to study
burn pathology. The reproducible model will have strictly
controlled variables such as exposure time to the heat, depth
of the lesion, and source of the heat.

2. Materials and Methods

2.1. Experimental Design. This study was approved on Jan-
uary 21, 2015, by Grigore T. Popa University of Medicine
andPharmacyResearch Ethics Committee under full compli-
ance with the European Directive 206/27.04.2004. The study
included 54 Wistar male rats, each having a weight of 300
± 20 grams. Rats were housed in individually ventilated
cages with 12/12-hour light/dark cycles, food and water ad
libitum. The rats were divided into three equal groups, each
containing 18 rats, and labeled Group 1, Group 2, and Group
3, respectively. Group 1 rats were exposed to hot steam for
oneminute, Group 2 rats were exposed for three seconds, and
Group 3 rats were exposed for seven seconds. The rats were
anaesthetized with Ketamine/Xylazine cocktail 0.1mL/100 g
of rat, intraperitoneally. Following anesthesia, the dorsa of
the rats were shaved and depilated using hair removal cream
(Farmec SA, Romania). Post-burn analgesia was provided by
subcutaneous administration of buprenorphine 0.05mg/kg
three times daily (Bupredine Multidose 0.3mg/ml Produlab
Pharma B. V. Holland) for 7 days or until sacrifice, if
scheduled earlier than 7 days. Throughout the experiment,
the rat’s general state was observed and we could see normal
behaviors including normal exploratory behavior, walking,
standing on their hind legs, stretching upright, burrowing,
and nesting with no apparent indication of pain or suffering,
like puffed out hair, pinched in sides, or weight loss. After
the burn induction, skin changes based on the following
aspects: swelling, redness, blistering, crust, secretion, gran-
ulation tissue, bleeding, scar tissue, and local complications
or infections were documented by standardized digital pho-
tography imaging. Each group was further divided into three
subgroups comprised of three rats each.

2.2. The Integrated Steam Application System. The integrated
steam application system is comprised of the following:

(i) A computer regulates parameter control through a
user interface (Figure 1) utilizing Lab VIEW 2010
software to enable the display of collected data, input,
the status of the steam generator, valve activation and

Figure 1: The main panel of the program’s interface.

electrical relay, time exposure, temperatures along the
steam circuit, the distance between steam nozzle and
dermis, and the depth to which the steam pervaded
the skin.

(ii) The data board, which can carry out programmed
computer functions, was connected to temperature
(LM35) and pressure sensors, electrical relays and
valves (220 Volts), a water pump, a steam generator,
an electrical 12 Volt power supply, steam pipes, and
silicon steam nozzle (located between the steam jet
and tegument).

The data board controls the relays and electric valves, which
turn water into steam using the steam generator. The tem-
perature of the steam is regulated by the data board and is
monitored by temperature sensors. The schematic diagram
of the integrated system for producing standardized burns is
represented in Figure 2.

Firstly, the digital port D3 activated the steam generator
producing hot steam through relay R3. Once the circuit
is initiated, the acquisition card which controls the D1
port sends a signal to relay R1, activating the E1 solenoid
valve, through which the steam from the steam generator is
propelled. To ensure a uniform and standardized temperature
of the causal burn agent, the temperature of the steam is
monitored using the T1 temperature sensor.

The temperature of the steam was required to be greater
than 90∘C. If, however, the system was initiated accidentally,
the human operator was alerted both visually and acousti-
cally, not allowing initiation of the circuit. When the auto-
mated system is cocked, the first solenoid E1 valve is open,
while the second solenoid E2 valve is closed. This prevents
accidents and possibly lower temperatures that could occur if
the steam would circulate within an appurtenant heat circuit.

The steam is oriented toward the silicon head by pro-
gramming the T1 temperature sensor to detect temperatures
greater than 90∘C which allows the first solenoid E1 valve to
close and the second solenoid E2 valve to open when button
B1 is pressed.

Human error was avoided by creating a controlled time
loop. Thus, skin steam exposure could only take place for
a certain period of time. Time of exposure was calculated
from the moment the silicon head touched the rat’s skin via
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Figure 2: Schematic diagram of the standardized experimental model used to induce cutaneous burns in rats (R1, R2, R3, R4 - 5 Volt relays;
E1, E2 - 220V solenoid valves; T1, T2 - LM35 temperature sensors; PA1, PA2 - water pump; FD - filter sludge trap; B1 - cocking button; B2
– trigger button; NI-DAQ 6211 acquisition card with the following ports: A1 - analog input of temperature sensor T1, A2 - analog input of
temperature sensor T2, D1 - digital output controlling relay R1 solenoid valve command E1, D2 - digital output controlling relay R2 solenoid
valve command E2, D3 - digital output controlling steam generator, D4- digital input arming button B1, D5 - digital input trigger button B2,
D6 - digital output controlling water pump command PA1; steam generator; laptop; 12 Volt power supply; steam pipe; silicone head).

a mechanical sensor attached to a chronometer. Once the set
time of steam exposure was reached, an automated mecha-
nism closed the second solenoid E2 valve while opening the
first solenoid E1 valve, blocking the nozzle through which the
steam was expelled. The water pump is then activated and
directed cold water for a predefined amount of time towards
the same point where heat stimulus occurred.

The duration of steam exposure was controlled due to a
chronometer programmed at intervals of one second, three
and seven seconds, after which the automated electric valves
were deactivated, ending the heat exposure period.

The temperature of the steam was recorded and moni-
tored by a temperature sensor on the rat’s skin.

The silicon head was equipped with a special device
that collects hot water droplets in order not to burn the
surrounding skin via direct hot water droplets.

The time of exposure and the temperature of the steam
were regulated by sensors within the circuit. The steam’s
temperature on the skin was 94∘C ± 2∘C. The information
collected by the sensors was automatically stored in a .cvs file.
The pressure exerted on the skin, monitored by a pressure
sensor, remained constant throughout every trial. Using
the Meeh-DuBois formula for surface area prediction, the
burned surface represented 1% of the rat’s skin, with the
burn diameter being 20 mm and thus constant (represented
by the number 10) ∗ weight2/3 = burned surface area, 𝐾
[20].

The heat transfer version of Newton’s law (𝑄thermal energy =
ℎheat transfer coefficient𝐴heat transfer surface area(𝑇steam temp −𝑇skin temp))

requires a constant heat transfer coefficient that in thermody-
namics is the proportionality constant between the heat flux
and the thermodynamic driving force for the flow of heat.
Knowing that thermal energy is the power propagated with
time application, thismeans that the value of our heat transfer
coefficient was 5,3W/cm2K.

2.3. Evaluation of Morphological Changes following
Steam Application

2.3.1. Macroscopic Examination. The evaluation of macro-
scopic transformations following steam exposure was con-
ducted at different time intervals: 20 minutes, 48 hours, 72
hours, 7 days, 14 days, and 21 days, respectively.

The morphologic elements analyzed were color, consis-
tency, and border (contour aspect). Following each evalu-
ation, photos of the lesions were taken for further use in
comparative evaluation.

2.3.2. Microscopic Examination. Rats were sacrificed at 20
minutes, 48 hours, and 72 hours post-exposure in order to
study the elements of microscopic burn morphology. The
rats were sacrificed according to the ethical principles of
research, internationally regulated by European Directive
number 63/2010 and nationally by law number 206 from
May 24, 2004. Rats were euthanized by the administration
of the lethal dose of 4 times the anesthetic dose of the
combination anesthetic Ketamine/Xylazine in conformity
with AVMA Guidelines for the Euthanasia of Animals: 2013
Edition.
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Figure 3: Lesions at different time intervals after steam-inflicted burns. The Arabic numerals represent the seconds of steam exposure (one
second, three and seven seconds). The roman numerals represent the time intervals at which the lesions were examined once the heat was
removed from the rat’s skin (I = 20 minutes, II = 48 hours, III = 72 hours, VII = 7 days, XIV = 14 days, XXI = 21 days).

After representative samples of both burned and non-
burned skin were harvested from the rat, the collected tissue
samples were fixed in 3.5% formaldehyde prepared in PBS
(0.01M, pH 7.2). Sections of 0.4 micrometers were cut and
then stained with standard hematoxylin-eosin (HE). All
fragments were processed according to the classical protocol
for the histopathologic examination of paraffin-embedded
samples [4]. The histological examination was performed
by an experienced pathologist. The parameters assessed
included cell/tissue necrosis, acute and chronic inflamma-
tory response, vascular lesions, granular tissue (represented
by fibroblasts, myofibroblasts, neovascularization and new
collagen), connective tissue repair/new connective tissue
(healing), and reepithelialization.

3. Results

3.1. Overall Assessment of Steam-Induced Lesions. In each
study group assessed, the burn lesions were macroscopically
described as mainly uniform and homogenous with a round
or slightly oval shape and a visible border (contour) separat-
ing the burned from nonburned skin (Figure 3). Moreover,
the lesions healed uniformly with minimal differences noted
in scab formation and detachment.

In each of the subgroups, it was observed that the
histopathological changes between the three ratswere similar,
with minor differences concerning the degree of inflam-
matory infiltrate. Table 1 summarized the key histological
features at several endpoints.

3.2. Morphological Changes after the One-Second
Steam Exposure

3.2.1. Evaluation after 20 Minutes. Upon evaluating the epi-
dermis, the stratum spinosum and the stratum granulosum
were homogeneous and could not be precisely identified
due to the abolishment of cellular outlines and cellular
shadowing. The stratum corneum was intact. The collagen
in the superficial papillary dermis was homogenous, which
corresponds to the presence of coagulation necrosis (Fig-
ure 4(a)).

3.2.2. Evaluation after 48 Hours. Similar morphological
aspects were identified within the epidermis and superficial
papillary dermis in congruencywith those found in the group
of rats exposed to a one-second burn and the latter evaluation
of the lesion 20 minutes after (Figure 4(b)).

3.2.3. Evaluation after 72 Hours. In comparison to the other
rat groups in which the lesions were studied at an earlier
time interval, the morphological changes encountered were
dominated by an abundance of inflammatory infiltrate com-
prised of both acute and chronic phase cells in the superficial
papillary dermis (Figure 4(c)).

3.3. Morphological Changes after the Three-Second
Steam Exposure

3.3.1. Evaluation after 20 Minutes. In the epidermis, sig-
nificant cell homogenization occurred between the stratum
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Table 1: Synopsis of the key histopathological changes.

Steam
exposure Time point Necrosis

depth∗ Collagenization∗∗ Inflammatory
infiltrate

Vascular
lesions

One second
20 min + Absent Absent Absent
48 hours + Absent Absent Absent
72 hours + Absent Mixt Absent

3 seconds
20 min ++ ++ Acute Absent
48 hours ++ ++ Mixt Present
72 hours ++ +++ Acute Present

7 seconds
20 min +++ +++ Acute Present
48 hours +++ +++ Mixt Present
72 hours +++ +++ Acute Present

∗Necrosis depth: + = epidermis and superficial papillary dermis; ++ = epidermis, superficial papillary dermis, and upper level of deep reticular dermis; +++ =
epidermis, superficial papillary dermis, and whole deep reticular dermis; ∗∗collagenization: + = superficial papillary dermis; ++ = upper level of deep reticular
dermis; +++ = whole deep reticular dermis.

basale, stratum spinosum, and stratumgranulosumdue to the
deletion of cellular limits, disappearance of the intercellular
space, corresponding to desmosomes, and the persistence of
the stratum lucidum and corneum. The coagulation necrosis
present in the superficial papillary dermis continued into
the upper part of deep reticular dermis. The lower area of
the deep reticular dermis and the hypodermis maintained
structural integrity (Figure 4(d)).

3.3.2. Evaluation after 48 Hours. The homogenous epidermis
presented erased boundaries between stratumbasale, stratum
spinosum, and stratum granulosum. On the superficial papil-
lary dermis, a scattered expansion of the coagulation necrosis
toward the upper area of the deep reticular dermis could be
seen (Figure 4(e)).

3.3.3. Evaluation after 72 Hours. The epidermal and der-
mal morphological changes were similar to the changes
observed at the 48-hour evaluation mark; however, within
the dermis an inflammatory infiltrate with acute phase cells
was observed. A conglomeration of PMN’s surrounded the
hair follicles observed at the point where the deep reticular
dermis met the area of coagulation necrosis in the superficial
papillary dermis (Figure 4(f)).

3.4. Morphological Changes after the Seven-Second
Steam Exposure

3.4.1. Evaluation after 20 Minutes. Coagulation necrosis was
identified in the epidermis, the superficial papillary dermis,
and the whole deep reticular dermis. The lower area of
the deep reticular dermis is characterized by the thickening
and homogenization of collagen fibers; these fibers were
horizontally orientated and ran parallel to the coagulation
necrosis area. No clear border between these two areas could
be identified. However, the adipose tissue, which corresponds
to the hypodermis, did not suffer microscopic morphological
changes (Figure 4(g)).

3.4.2. Evaluation after 48 Hours. The specific aspect of coag-
ulation necrosis was found in the epidermis, the superficial

papillary dermis, and the whole deep reticular dermis (Fig-
ure 4(h)).

3.4.3. Evaluation after 72 Hours. The presence of coagulation
necrosis in the epidermis, superficial papillary dermis, and
the deep reticular dermis was associated with the presence of
an inflammatory infiltrate with both acute and chronic phase
cells. These microabscesses were also identified around the
external epithelial sheath of the sebaceous follicles from the
boundary between the remaining deep reticular dermis and
the preserved coagulation necrosis area (Figure 4(i)).

4. Discussion

4.1. The Significance of Steam-Induced Burns according to
the Established Clinical Burn Classification. According to the
burn classification, the expansion in depth of the burn lesion
within the exposed tissue can be of multiple types, ranging
from first-degree, second-degree – type A, second-degree –
type B, and third-degree burns [21–24].

The first-degree burn is superficial and the lesion is
located at the surface of the dermis. A second-degree – type A
burn, also known as a partial superficial burn or a superficial
dermis burn, is when the lesion is located on the surface of
the epidermis and the superficial papillary dermis. Type F,
also known as a partial deep burn or a deep dermis burn, is
when the lesion affects the superficial papillary dermis and
the upper area of the deep reticular dermis. In this type of
burn, the pilosebaceous complexes situated in the lower area
of the deep reticular dermis remain intact. A deep burn or a
third-degree burn affects the entire thickness comprising the
epidermis, dermis, hypodermis and all cutaneous annexes,
and, in some cases, even the adipose tissue.

Ideally, an experimental burn model should allow the
operator to evaluate morphological and histopathological
lesions and tissue modifications and to be able to assess dif-
ferent burn types according to burn classification. Currently,
there is no reliable, reproducible burn model as the literature
is limited. Initially, experimental burn systems would pro-
duce deep burns. In the last 10 to 15 years, experimental burn
systems have aimed to produce partially deep burns. Over
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4: Dermal and epidermal morphological changes in a burn inflicted by (a) one-second steam exposure – assessment at 20 minutes
post-burn, (b) one-second steam exposure – assessment at 48 hours post-burn, (c) one-second steam exposure – assessment at 72 hours
post-burn, (d) three-second steam exposure – assessment at 20 minutes post-burn, (e) three-second steam exposure – assessment at 48 hours
post-burn, (f) three-second steam exposure – assessment at 72 hours post-burn, (g) seven-second steam exposure – assessment at 20 minutes
post-burn, (h) seven-second steam exposure – assessment at 48 hours post-burn, (i) seven-second steam exposure – assessment at 72 hours
post-burn.

25% of modern studies do not mention burn classification.
Moreover, partial superficial burns studied are rarely classi-
fied into type A or type D, which may lead to incongruent
data [4, 5, 25–27].The burn classification is based on different
degrees of lesion severity represented by the histopathological
modifications observed.

As shown above, applying hot steam to the skin for
one second produces a partial superficial burn, a second-
degree – type A burn, characterized by the histopathological
modifications described such as the presence of coagulation
necrosis in the epidermis and the superficial papillary dermis.
Applying hot steam to the skin for three seconds produces
deep partial burns consistent with second-degree – type B
burns, which affects the entire epidermis, the superficial
papillary dermis, and the upper area of the deep reticular

dermis and the pilosebaceous complexes as noted by the
presence of coagulation necrosis.

Third-degree burns are produced when coagulation
necrosis reaches the hypodermis, affecting the epidermis,
superficial papillary dermis, and the deep reticular dermis.
As shown, applying hot steam for seven seconds to the skin
can produce these lesions.

Evaluating reproducibility in an experimental burn
model can be difficult and it is important to assess two
elements: (i) the depth to which the burn affected the tissue
and (ii) the scab formation and healing process important in
regaining integrity of the affected tissue by evaluating epithe-
lial, conjunctive and dermal cellular/structural components.
Furthermore, maintaining a constant burn target area on
the rat’s dorsum allows for a correct classification of burn
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intensity affecting only the tissue layers present in the des-
ignated area and permits the comparison of burn types after
different durations of steam exposure. The reproducibility
of this setup favors the observation of burn intensity over a
period of time.

The healing process for second-degree – type A and
second-degree – type B burns produced by applying hot
steam for one second or three seconds, respectively, starts
around seven days post-exposure. In the deepest area of the
burn lesion, young granulation tissue appears and evolves
into mature granulation tissue. The formation of new con-
junctive tissue structure takes place within the dermis.

4.2. Advantages of the Proposed Experimental Burn Model.
The experimental steam burn model allows for a compar-
ative analysis of pathological lesions produced by different
durations of heat exposure and the healing progression at
several time points post-exposure. This model permits the
extrapolation of data based on comparing the similarities and
differences at each time interval. Histopathological changes
of the tissue in the burn lesions were observed along with
specific mechanisms in the healing process, which were
unique at the each interval. No other described experimental
burn model compares time exposure to heat source, lesion
depth and periodic evaluation post-burn, and healing from a
macroscopic and microscopic viewpoint.

In experimental models, the animals frequently used
are rats, mice, and pigs. None of the three species can
be considered superior to the others, with the obtained
information through their study being complementary [28].

One of the first burn models that was described in the
literature was produced by using hot water on the rats’ skin
[2]. The use of hot water as a vector is reported in under
10% of the experimental models, while approximately 65% of
the studies use metal as a means of induction having been
previously heated with hot water [2–18]. This vector presents
many disadvantages such as application difficulty and work
safety.

However, the use of hot water could regulate the optimum
contact time and temperature as well as the quantity of heat
emanated. Exposure time is harder to measure because the
fluid state increases the difficulty to standardize the process
of elimination. Cuttle et al. developed a bottle with a bottom
constructed of an elastic membrane that contains hot water
[11]. When this hot water is applied on the skin it leads to a
better adaptation to the skin’s uneven surface, avoiding the
overburn of the skin [11].Thismembrane, aswell as the heated
metallic blocks, does not ensure the intimate adherence to
the smallest uneven topographic parts of the surface of the
skin. A limit of the experimental models on hot water or hot
metal heated in hot water is that these vectors produce only
one type of burn at a certain temperature, making the change
of temperature to obtain another degree of burn necessary
[8, 9, 19]. We also need to emphasize the fact that burn
models based on heat transfer at the skin level, by applying
a piece of hot metal or a different energy transfer, involve
a different energy transfer, according to the materials used
[18, 23, 24, 29, 30]. Moreover, different skin characteristics
such as water content or amount of adipose tissue influence

the process of heat transfer and modify the standard of the
burn.

Anothermodel described in the literature involves the hot
plate and electrical coil.They are vectors that are described as
having an even surface that have the disadvantage of appli-
cation of extremely high temperatures (170∘C and 400∘C)
and consecutively producing only third-degree burns [8, 9].
These vectors are easy to apply if their mass is big enough and
if the thermal energy applied is sufficient and is constantly
maintained on the skin. The contact with the skin is difficult
to be standardized because of anatomical differences and
physiological variables. Vectors exert uneven pressure on the
exposed area, with greater pressure on the skin’s prominent
areas and less pressure at the interface between the skin and
the vector.

The motivation to further study the steam burn exper-
imental model was that steam has an advantage over other
methods of heat transfer; steam does not need a transporter
and can be better quantified in order to classify burn intensity.
Another advantage of using steam is that once the cold
water is introduced into the pipe system, the silicon head
cools down rapidly, making time exposure more precise and
allowing for possible standardization. However, because this
study relies on an experimental burnmodel, lesion expansion
due to prolonged heat exposure is a limitation [29].

This system functions due to a software system and data
board with programmed automated functions and safeguard
loop holes. The one variable controlled by the software was
duration of heat exposure. The steam’s temperature was diffi-
cult to control due to the interference of ambient temperature
variations.The automated software allowed temperature data
to be recorded in real time and permitted the system to turn
off if one of the conditions specified in the program was not
met. This allowed for less incongruence in the procedure.

The integrated system used in the experimental burn
model is a customized design, all elements of which are
in unison with the standard criteria for burn models. The
systemmonitors the constant pressure of the heat application,
time elapsed from the beginning of the experiment until the
set time is reached, and variables verified by pressure and
temperature sensors and applied chronometers. This design
is congruent with other models [3, 31] which make note of
different temperature parameters, producing varying burn
intensities within the same experimental model. In themodel
developed by Campelo et al. electrically heated copper was
used as a vector to produce a burn using a metal object [9].
An electric sensor connected to the plate at a two-millimeter
distance ensured temperatures of 100∘C, 150∘C, and 200∘C.
In this model, time was kept by a chronometer and could be
used at 5 minutes after being connected to electricity [9].The
hot metal was applied to the skin at constant nine seconds.
However, only microscopic lesions were observed and no
data as to burn intensity or depth could be provided. Similar
models, based on the use of a metal vectors heated with the
help of hot water, have been developed by research groups
coordinated by Pereira, Crouzet, Nasiri and Selcuk [25, 30,
32–34]. One limitation of using metal to produce burns on
the skin is that there is no instrument that has been used to
record the exact temperature of the metal once it touches the
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skin. Also, there is no data as to the temperature maintained
by the vector during exposure. A solution to correct this
limitation is proposed by Venter et al. and Cai et al. by
applying a temperature sensor at the tip of the metal vector
that produces the burn which displays the temperature on a
digital screen [4, 35]. Therefore our results obtained based
on the tests done are a consequence of superior methods
of temperature monitoring, automated on-off safeguard loop
hole if experimental variables are not met and careful study
of time interval marks.

Otherwise, because a human operator measures time
by starting and stopping a chronometer once the silicon
heat touches the rat’s skin until the time interval is reached
and is then removed [25, 28, 32, 36, 37], human error may
intervene due to a delayed reaction. Considering that the
time intervals are measured in seconds, it is harder to detect
certain errors that may occur. It is important to note that, in
burn experiments where a metal object is heated by hot water
and then transferred and applied to the rat’s skin, a three-
second (±1 second) delay may occur in order to properly
apply the heated vector on the rat’s skin [35]. Moreover, after
the application of heat vectors, the burn may evolve because
of the skin cool down [29].Themajor advantage of the device
used in this study consists of the automatic turn off of the
vector, doubled by an immediate cooling down process of the
skin with the help of cool water sent through the pipe system.
Additionally, the steam’s temperature is directly measured as
it is expelled from the silicon head and not from the heating
tub as in other experimental models [28, 32, 36, 38]. Another
major, beneficial advantage, in comparison to other devices
[18, 20], is that because the heating element itself is not a hard
surface that comes in contact with the rat’s skin it ensures
lesion uniformity via heat radiation from the steam.

The design and the concept behind the integrated system
used simple and efficient methods to create burns that are
easy to reproduce. This system allowed the classification
of burn intensity by histopathological analysis of the burn
lesions produced by uniform steam burns.

Due to lowmaterial investment in the burn apparatus this
model is cost efficient and can further the understanding of
burn types, lesions produced, and possible topical treatments
for wounds produced via heat vectors.

The contributionmade to furthering scientific knowledge
of burn histopathology and physiopathology lies in the
ingenuity of the integrated burnmodel system represented by
the automated on/off circuit, reproducibility, and methodol-
ogy upheld by established knowledge on experimental burn
model criteria.

4.3. Pain Management. The use of analgesia in post-burning
care against pain and suffering is a fundamental requirement
for many laws of ethics that guide animal experimentation
[39]. However in many burn studies, the use of analgesics
in postoperative care is not mentioned [18]. Some authors
justify the lack of use of post-burn analgesics in full thickness
burn models by the fact that nerve endings in the skin
are destroyed [40]. Nevertheless, some studies document
the presence of hyperalgesia and allodynia even when full
thickness thermal injury is induced, suggesting activation

of afferent pain pathways in the regions surrounding the
initial lesion, thus commanding the use of analgesia [41].
Pain management in experimental animals aims to achieve
the well-being of the animal in such a manner that they
will continue the daily routine so the experiment and the
parameters that are observed will not be affected. Drugs can
be administered subcutaneously, intramuscularly, or orally
in the drinking water supplied to animals. Among the most
commonly used opioids for postoperative pain in laboratory
animals is buprenorphine,mainly because of its long duration
of action [42].

4.4. Limitations. Thevalidation of ourmodel is applicable for
the specific species, gender, age, and burn location presented
(i.e., male Wistar rats, 300 g, dorsal burn injury). While gen-
eralizability of ourmodel to other situations with the purpose
to accurately mimic burn injury in patients would be highly
desirable, the focus of this study was rather to overcome
the inherent limitations associated with the energy delivery
approach in the available models. The highly automated and
nonexpensive system to achieve consistent thermal energy
delivery will allow rapid and low-cost validation of burn
models in other species, different gender or age and location
of burn injury. Furthermore, the specific validated model
we present here may be an important tool for experi-
mental testing of various therapeutic approaches for burn
injury.

5. Conclusions

The integrated system described here provides a useful tool
for consistently inducing standardized burns. Duration of
exposure, temperature, and pressure were controlled, cor-
rected in real time, and recorded with the help of software,
eliminating as many potential errors generated by the human
operator as possible. The real time measurements were the
key to the development of the burn model. Variables, some
of which were affected by environmental inconsistencies
or human error, were observed and later controlled. The
integrated system allows the production of precise burns of
constant depth, with histopathological profiles closely repro-
ducing different degrees of clinical burns. The integrated
system described has potential applicability in the study
of burn pathology and in experimental assessment of new
treatments.
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Abstract: This paper describes the process of producing chemosensors based on hybrid nanos-

tructures obtained from Al2O3, as well as ZnO ceramic nanotubes and the following conduct-

ing polymers: poly(3-hexylthiophene), polyaniline emeraldine-base (PANI-EB), and poly(3,

4-ethylenedioxythiophene)-polystyrene sulfonate. The process for creating ceramic nanotubes

involves three steps: creating polymer fiber nets using poly(methyl methacrylate), depositing ceramic

films onto the nanofiber nets using magnetron deposition, and heating the nanotubes to 600 ◦C to

burn off the polymer support completely. The technology for obtaining hybrid nanostructures from

ceramic nanotubes and conducting polymers is drop-casting. AFM analysis emphasized a higher

roughness, mainly in the case of PANI-EB, for both nanotube types, with a much larger grain size

dimension of over 5 µm. The values of the parameter Rku were close or slightly above 3, indicating,

in all cases, the formation of layers predominantly characterized by peaks and not by depressions,

with a Gaussian distribution. An ink-jet printer was used to generate chemiresistors from ceramic

nanotubes and PANI-EB structures, and the metallization was made with commercial copper ink for

printed electronics. Calibration curves were experimentally generated for both sensing structures

across a wider range of NH3 concentrations in air, reaching up to 5 ppm. A 0.5 ppm detection

limit was established. The curve for the ZnO:PANI-EB structure presented high linearity and lower

resistance values. The sensor could be used in medical diagnosis for the analysis of breath ammonia

and biomarkers for predicting CKD in stages higher than 1. The threshold value of 1 ppm represents

a feasible value for the presented sensor, which can be defined as a simple, low-value and robust

device for individual use, beneficial at the patient level.

Keywords: ceramic nanotubes; conducting polymers; chemiresistor; chemosensor; breath ammonia

detection; chronic kidney disease

1. Introduction

Metal oxides exhibit several critical advantages as gas sensor materials, including
simple fabrication at a low cost and applicability to both sensing technologies of oxidizing
or reducing gasses [1]. From a structural point of view, most commercial sensors currently
present as active detection surfaces of metal oxides in the form of thick films [2]. The
considerable difficulties encountered in obtaining sensors based on thin films and ceramic
nanotubes prevents their large-scale manufacture. However, their apparent advantages in
terms of compactness, precision, and high detection sensitivity encourage researchers to
continuously improve the available technologies.

In the last 15 years, some studies have been dedicated to the synthesis of ceramic
nanotubes using different technologies [3–12], but no research has specifically focused
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on ceramic nanotube composites, despite certain articles discussing carbon–ceramic nan-
otube composites or ceramic nanoparticles combined with carbon nanotubes, as in refer-
ences [13–20]. Nanotube-based devices could alter their conductivity because of surface
adsorption when they come into contact with chemical substances, similar to findings from
extensive research on carbon nanotubes [21]. Adsorption on the surface can also occur with
biomolecules like amino acids and proteins, indicating that nanotubes can also be used to
detect bioagents [22,23]. Most authors focus on the surface properties of carbon nanotubes;
however, none have examined the analogous properties of ceramic nanotubes.

On the other hand, many research results emphasize the advantages of using con-
ducting polymers for sensor applications, alone or as composites with nano-carbon or
metallic/ceramic particles, as in [24–31], but, in general, studies on hybrid structures ob-
tained from ceramic nanotubes and conducting polymers are practically non-existent in
the literature, despite their potential applications for various types of sensors, but also
for photovoltaic energy generation, energy storage in supercapacitors, or other photocat-
alytic applications.

Resistive gas sensors are flexible and affordable options for identifying a variety of
gasses in various scenarios [32,33]. By selecting the appropriate sensing material, resistive
gas sensors can be customized to detect a particular gas of interest [34–36]. However, their
selectivity decreases and their response and recovery times increase [36,37]. Temperature
and humidity levels can affect how well resistive gas sensors operate [38]. However,
these sensors have a simpler design, which enables easy integration into signal processing
systems and efficient mass production. By choosing the right sensing material, resistive gas
sensors can be customized to identify a particular gas, such as ammonia. Our paper intends
to put the base of a new type of chemiresistors, based on ceramic nanotube composites
with conducting polymers, with potential use in breath ammonia detection associated with
chronic kidney disease (CKD) [39]. Ammonia breath testing [40,41] was recently appointed
as an accurate diagnostic tool, based on the concept that some specific gasses represent
by-products of a limited liver and kidney function, which leads to increased blood urea
nitrogen (BUN) within the body. The damage to the kidneys may be caused by various
conditions, e.g., diabetes, heart disease, age, etc., and a preliminary sign is a metallic taste,
which is clearly related to elevated levels of ammonia (NH3) in the mouth. Similarly, this
occurrence could be linked to sensitivity to certain foods or food intolerances, highlighting
the significance of utilizing these sensors. Regrettably, identifying ammonia in breath is
difficult because of its low levels and inherent interferents. Only a few studies have been
conducted on the topic of dedicated sensors for detecting ammonia, e.g., [42–44]. However,
they are not adequate for detecting low concentrations in air, and no commercial biosensor
for ammonia has been developed to date. It is known that resistive gas sensors have
reduced selectivity and longer response and recovery times. Factors such as temperature,
the influence of other exhaled gasses, and humidity may impact the performance of resistive
gas sensors for biomedical applications. Yet, for initial inquiries regarding CKD or for
regular home monitoring, chemiresistors are deemed effective under room temperature
conditions, as long as the readings are not rapidly repeated. The syndrome detection is
based on exceeding a threshold value and does not require an exact assessment of the value
of the exhaled gas concentration.

The novelty of this paper is mainly related to the development of hybrid nanostruc-
tures obtained from ceramic nanotubes and conducting polymers with dedicated sensing
features not yet presented in the literature. The surface architecture of ceramic nanotubes
represents a critical element that may impact the future development of sensor applications.
Another novelty is related to the direct application presented in the paper to evaluate
breath ammonia, which can be associated with CKD, under circumstances in which only
a few research papers have addressed the development of sensors for this purpose. The
sensor principle presented in the paper is more straightforward, cost-effective, and efficient
compared to the other currently proposed methods for ammonia detection in CKD, e.g., col-
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orimetry, fluorescence chromatography, thermal decomposition, ion mobility spectrometry,
gas chromatography, fluorescence, or photoacoustic detection [45–49].

2. Technology for Obtaining Hybrid Nanostructures from Ceramic Nanotubes and
Conducting Polymers

2.1. Technological Equipment

The electrospinning process of polymethyl methacrylate (PMMA) nanofibers was
carried out using Neu-Pro-BM equipment from TongLiTech in Wuhan, China.

The Tectra Sputter Coater (Tectra GmbH Physikalische Instrumente, Frankfurt,
Germany) was the device employed for radiofrequency (RF) magnetron sputtering.

A specialized furnace, (Nabertherm GmbH, Lilienthal, Germany), operating at tem-
peratures up to 800 ◦C, was utilized for the calcination of PMMA.

2.2. Materials and Preparation Methods

All chemical components (ceramic powders and polymers) were purchased from
Merck (Darmstadt, Germany) and Kurt J. Lesker Company Ltd. (Hastings, UK) and used
as received, without any further adjustments.

According to the general technological description in [4,15,50] (Figure 1), the technol-
ogy for manufacturing Al2O3 and ZnO ceramic nanotubes was based on three stages.

(i) The initial production of polymer fiber meshes made of poly (methyl methacrylate
(PMMA), with a molecular weight (Mw) of 300,000, using a 10 wt% solution with dimethyl-
formamide (DMF) as the solvent. To produce freestanding polymer fiber webs, sizable
(10 × 10 cm2) square copper frames were employed as collectors within a conventional
electrospinning arrangement. These frames were positioned between the syringe needle
spinneret and a 20 × 20 cm2 aluminum plate, which functioned as a grounded electrode.
The separation distances between the copper frame collectors and the aluminum plate,
as well as between the collectors and the spinneret, were approximately 5 cm and 10 cm,
respectively. A syringe pump delivered the solution of 10 mL to a blunt needle with a
diameter of 0.8 mm at a flow rate of 0.5 mL/h. The drum rotation was 5 rpm. After more
tests, the optimum voltage value applied to the needle was 12 kV. Each copper frame was
subjected to a collection time of 60 min. The fiber networks showed uniformity in spatial
placement and consistency in diameter. However, since ceramic thin films are deposited
on PMMA nanofibers, a minimum diameter of 0.3 µm was deemed ideal to ensure the
structural stability of the fibers when covered from a mechanical perspective.

(ii) Magnetron deposition of ceramic films
The PMMA nanofibers nets in copper frames were coated with ceramic thin films on

both sides using RF magnetron sputtering. In the deposition procedure, ceramic targets
measuring 2 inches in diameter and 0.125 inches in thickness were utilized. Regarding
the deposition of Al2O3, an RF power of 200 W was utilized on the magnetron, and the
deposition duration for each side was 3 h. For ZnO deposition, the RF power applied to
the magnetron was 100 W, and the deposition duration for each side was 2 h. In both cases,
within the deposition chamber, an argon atmosphere with a purity of 99.99% at a pressure
of 5.4 × 10−3 mbar was used as the working gas.

(iii) Thermal treatment of nanotubes
After this process, the PMMA nanofibers nets, coated on both sides with either Al2O3

or ZnO films, were transferred onto a Si/SiO2 substrate and subjected to calcination using
a convection oven. The calcination process was conducted at 600 ◦C for 12 h in ambient air
at atmospheric pressure. Following this procedure, three-dimensional web-like networks
of Al2O3 and, respectively, ZnO nanotubes were achieved after the complete combustion
of PMMA occurring during the calcination process.
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Figure 1. Technological phases for ceramic nanotube manufacturing.

The technology of drop-casting was used to obtain hybrid nanostructures from
ceramic nanotubes (Al2O3 and ZnO) and the following conducting polymers: poly(3-
hexylthiophene) (P3HT), polyaniline emeraldine-base (PANI-EB), and poly(3, 4-
ethylenedioxythiophene)-polystyrene sulfonate (PEDOT-PS). Five samples of each
type were manufactured to compare technological feasibility. The technological process
involved the use of the following solutions:

(i) P3HT at a concentration of 15 mg/mL was mixed in chloroform at room temperature
using an ultrasonic bath and left for 30 min to ensure even dispersion.

(ii) A solution of 20 mg/mL PANI-EB in N-methyl pyrrolidinone (NMP) was prepared
by dissolving it at room temperature using an ultrasonic bath and allowing it to sit for
30 min to ensure even distribution.

(iii) A 1.3 wt% mixture of PEDOT-PS in water was placed in an ultrasonic bath at room
temperature for 10 min to ensure even dispersion.

Next, 240 µL of every polymer solution was applied onto ceramic nanotubes (SiO2/Si
substrate) using the drop-casting technique with Pasteur pipettes in every instance. Each
solvent was evaporated for 60 min in a vacuum, utilizing a Pfeiffer vacuum pump attached
to a desiccator.

3. Results and Discussion

3.1. Characterization Equipment

Transmission electron microscopy (TEM) results were obtained using a JEOL 2100
Plus transmission electron microscope operating at an accelerating voltage of 80 kV (JEOL
Ltd., Akishima, Tokyo, Japan). Electron diffraction (SAED) analysis was also performed.

Raman spectroscopy was performed using AvaRaman 532 equipment (Avantes B.V.,
Apeldoorn, The Netherlands).

Fourier-transform infrared spectroscopy (FTIR) was performed using JASCO equip-
ment (Tokyo, Japan), 12000—50 cm−1 spectral range.

X-ray photoelectron spectroscopy (XPS) and energy-dispersive X-ray spectroscopy
(EDS) were performed with an AXIS Supra+ unit (Kratos Analytical Ltd., Manchester, UK).

Scanning microscopy SEM was performed using Lyra III XMU equipment (TESCAN
GROUP a.s., Brno-Kohoutovice, Czech Republic). To evaluate the obtained graphene layer,
a progressive morphological analysis was conducted.

Atomic force microscopy (AFM) analysis using a Dimension Edge unit from Bruker in
Billerica, MA, USA, was conducted for optical purposes. Average roughness parameters
were provided for four scanned zones on every type of sample.

3.2. TEM and Selected Area (Electron) Diffraction (SAED) Analysis

The TEM images for ZnO nanotube composites are presented in Figures 2–4. The
hexagonal ZnO phase was identified using SAED analysis. Pick intensity is related to the
concentration of ZnO nanotubes in the composite assembly. For each diagram, the other
picks beyond Zn are specific to the composition of the polymer.
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            ‐    Figure 2. TEM image for the ZnO-P3HT composite.
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Figure 3. TEM image for the ZnO-PANI composite.
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               Figure 4. TEM image for the ZnO+PEDOT:PS composite.

3.3. Raman and FTIR, XPS, and EDS Analysis

Figures 5 and 6 show the Raman spectra recorded at an excitation wavelength of
514 nm for Al2O3, as well as ZnO nanotube composites with P3HT, PEDOT:PS, and PANI-
EB. The Raman spectrum of P3HT is identified using the following Raman lines located
at 729, 1013, 1092, 1184, 1380, 1442, 1515, and 1620 cm−1 attributed to Cα-S-Cα′ bond
deformation vibration modes, Cβ-Calchil stretching, Cβ-H bond bending, Cα-Cα′ stretching,
Cβ-H bending, Cβ-Cβ stretching, Cα=Cβ stretching, Cα′=Cβ′ stretching, in addition to
the quinoid structure [51]. The Raman lines of PANI-EB are identified at 814, 1176, 1247,
1352, 1414, 1501, 1565, and 1610 cm−1, being attributed to the deformation vibration modes
of the benzene ring (B) of the bond C-H in the benzene ring, C-N stretch, C-H bond in
the quinoid ring, C-C stretch in the quinoid ring, C-H bond in the quinoid ring, C=N
stretch, C=C stretch in the quinoid ring, and C-C stretch in the benzene ring [52]. The
Raman spectrum of the PEDOT:PSS copolymer is characterized by the following Raman
lines located at 439-574 -990, 1257, 1364, 1439, 1502, and 1569 cm−1, which are attributed to
the vibrational modes of deformation of the oxyethylene ring, Cα-Cα′ stretching and C-H
bending, Cβ-Cβ′ stretching, symmetric C-C stretching, and asymmetric C-C stretching [53].
In conclusion, regardless of the analyzed sample, only the absorption bands of the three
polymers were mainly observed in the IR absorption spectra.



Chemosensors 2024, 12, 198 7 of 21

                   
 

 

               
                             

                          ‐  
                             
                −       α‐ ‐ α′     

    β‐     β‐       α‐ α′    β‐    
β‐ β    α β    α′ β′               

          ‐                      
    −                        
        ‐           ‐     ‐             ‐  

          ‐                        
      ‐                         ‐
                      ‐   ‐

              −                
            α‐ α′      ‐     β‐ β′  ‐
    ‐         ‐           ‐
                             

           

                    ‐      

                    ‐      

                           

200 400 600 800 1000 1200 1400 1600

1442

1381

1190

Wavenumbers (cm
-1
)

R
a
m

a
n

 I
n

te
n

s
it

y
 (

a
.u

.)

Al
2
O

3
/P3HT

200 400 600 800 1000 1200 1400 1600

1
6
0
9

1
5
6
2

1402

1352

1179

809

609
415

Wavenumbers (cm
-1
)

R
a
m

a
n

 I
n

te
n

s
it

y
 (

a
.u

.)

Al
2
O

3
/PANI-EB

200 400 600 800 1000 1200 1400 1600

1564

1500

1437

1367

1261
991577

440

Wavenumbers (cm
-1
)

R
a
m

a
n

 I
n

te
n

s
it

y
 (

a
.u

.)

Al
2
O

3
/PEDOT:PS

Figure 5. Raman spectra of Al2O3 nanotubes composites with P3HT, PANI-EB, and PEDOT:PS.
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Figure 6. Raman spectra of ZnO nanotube composites with P3HT, PANI-EB, and PEDOT:PS.

The XPS analysis of the nanotube composites is presented in Figures 7 and 8.
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Figure 7. Cont.
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Figure 7. XPS analysis of Al2O3 nanotube composites with P3HT, PANI-EB, and PEDOT:PS.
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Figure 8. XPS analysis of ZnO nanotube composites with P3HT, PANI-EB, and PEDOT:PS.

As shown in Figure 3, the elements present on the surface of the Al2O3-P3HT sample
and identified according to the general spectrum are oxygen, carbon, sulfur, and silicon;
the elements present on the surface of the Al2O3-PANI:EB sample and identified according
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to the general spectrum are sodium, oxygen, nitrogen, carbon, sulfur, and aluminum; the
elements present on the surface of the Al2O3-PEDOT:PSS sample and identified according
to the general spectrum are sodium, oxygen, nitrogen, carbon, sulfur and aluminum.

As shown in Figure 4, the elements present on the surface of the ZnO-P3HT sample
and identified according to the general spectrum are sodium, oxygen, carbon, silicon; the
elements present on the surface of the ZnO-PANI:EB sample and identified according to the
general spectrum are zinc, oxygen, nitrogen, carbon. The elements present on the surface of
the ZnO-PEDOT:PS sample and identified according to the general spectrum are sodium,
zinc, oxygen, carbon, sulfur.

Chemical interactions were also observed, but only between PANI-EB and ZnO ce-
ramic nanotubes. In this case, an additional analysis of the EDS characteristic was per-
formed (Figure 3). The chemical interactions are explained by the presence of oxygen in the
polymer used and partially due to the large thickness of the samples.

3.4. SEM Analysis

Preliminary proof of the obtained ceramic nanotubes is presented in Figures 9 and 10.
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Figure 9. PMMA net with Al2O3 ceramic film (500 magnitudes, selected area); Al2O3 ceramic

nanotubes after the thermal process (100 k magnitude, with image processing).
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Figure 10. PMMA net with ZnO ceramic film (500 magnitudes, selected area); ZnO ceramic nanotubes

after the thermal process (200 k magnitude, with image processing).

After conducting comprehensive chemical–physical analyses of the technological
stages involved in the production of ceramic nanotubes, we observed a uniform dispersion
of PMMA fibers within the deposited nets, along with a uniform deposition of ceramic
film upon these fibers. Following the thermal process, the images of ceramic nanotubes
confirmed the uniformity of the ceramic nanotube structures, which are hollow inside.
Figures 11 and 12 show the SEM analysis at 1000x magnification for Al2O3 and ZnO
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nanotube composites with P3HT, PEDOT:PS, and PANI-EB. The difference in contrast is
due to the thickness of the obtained material.

                   
 

 

   
                            ‐

                     

 
                            ‐

                     

               
                        ‐

                            ‐
                          ‐
                        ‐
                               

            ‐            
               

     
                        ‐  Figure 11. SEM image of Al2O3 nanotube composites with P3HT, PEDOT:PS, and PANI-EB.
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Figure 12. SEM analysis of ZnO nanotube composites with P3HT, PEDOT:PS, and PANI-EB.

In general, for both cases of ceramic nanotubes, a uniform morphology with a uniform
distribution over the surface of composite nets is observed. There are no significant
differences among the sizes of covered nanotubes with different polymers. In the ZnO-
PANI:EB sample, the chemical interactions between the nanotube and polymer may lead
to rare clusters. The SEM image in particular may offer a general view of the sample’s
morphology. Still, in the case of applications of sensors, the surface architecture, which is
determined using AFM analysis, is decisive.

3.5. AFM Analysis

The AFM optical analysis shows the grain dimension, their distribution vs. surface
area, and the general roughness of surfaces.

In the case of optical images (Figures 13 and 14), where the optical images are a little
unclear, the composite film is characterized by a variable thickness. Very homogenous films
are obtained for both ceramic nanotubes, mainly in the case of composites with PANI-EB.

After analyzing the AFM images (Figures 15–20), it is evident that for both ceramic
nanotube composites, the grains are generally arranged either in smaller clusters or larger
clusters, leading to the formation of zones with a symmetric distribution. Beyond this, the
values of the parameter Rku, close to or slightly above 3, indicate, in all cases, the formation
of layers predominantly characterized by peaks and not by depressions, with a Gaussian
distribution; Table 1.

In the case of Al2O3 nanotube composites with P3HT and PEDOT:PS, lower peaks
of under 1 µm were obtained, and overall, the surfaces are smoother, with low roughness
(Figures 15 and 16, Table 1).

In the case of Al2O3 nanotubes composites with PANI-EB, very high and agglomerated
peaks of about 5 µm are obtained, and still, their distribution remains uniform despite
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larger roughness (Figure 17, Table 1). The architecture is settled in such a way that the
peaks do not form large holes between them. For all composites based on Al2O3, the RSk

parameters are positive and relatively high, indicating that the architecture of the surface is
characterized more by higher spaces than by lower spaces.
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Figure 13. Optical analysis at 500x for Al2O3 nanotube composites with P3HT, PEDOT:PS, and

PANI-EB.
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Figure 14. Optical analysis at 500x for ZnO nanotube composites with P3HT, PEDOT:PS, and

PANI-EB.
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Figure 15. AFM topographic 2D and 3D images and profile lines—Al2O3 nanotube composites

with P3HT.
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Figure 16. AFM topographic 2D and 3D images and profile lines—Al2O3 nanotube composites with

PEDOT:PS.
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Figure 17. AFM topographic 2D and 3D images and profile lines—Al2O3 nanotube composites with

PANI-EB.
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Figure 18. AFM topographic 2D and 3D images and profile lines—ZnO nanotube composites

with P3HT.
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Figure 19. AFM topographic 2D and 3D images and profile lines—ZnO nanotubes composites with

PEDOT:PS.
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Figure 20. AFM topographic 2D and 3D images and profile lines—ZnO nanotube composites with

PANI-EB.

Table 1. Average roughness parameters determined by AFM lines—scanned area 40x40 µm.

Scanned Material RMS (nm) Ra (nm) RSk RKu

Al2O3 nanotubes—P3HT 198 123 0.62 5.86

Al2O3 nanotubes—PEDOT:PS 273 194 0.16 3.97

Al2O3 nanotubes—PANI-EB 881 702 0.08 3.44

ZnO nanotubes—P3HT 1191 956 −0.15 2.88

ZnO nanotubes—PEDOT:PS 265 196 −0.13 4.23

ZnO nanotubes—PANI-EB 1413 1086 −0.21 2.89

Regarding the composites with ZnO nanotubes, in all cases, we noticed negative
RSk parameters but relatively low values, indicating that the architecture of the surface
is characterized more by lower spaces than by higher spaces; Table 1. Here, the peaks are
higher for each polymer used compared to homolog Al2O3 nanotube composites. The
ZnO nanotube composite also achieves the highest peaks with PANI-EB, exceeding 5 µm;
Figure 20. Here, the parameters of RMS and Ra present the highest values of all samples,
too, meaning the highest roughness; Table 1.

In summary, the AFM analysis emphasized a higher roughness in the case of PANI-EB
for both nanotubes, with a much larger grain size dimension but an evenly distributed
assortment of grains, with minimal empty space separating them. Structures with symmet-
rical distribution and high roughness dimensions at the µm scale are seen as ideal for gas
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sensor applications as they provide a significant active area for interacting with the gas
being targeted.

4. Analysis of Functionality as Gas Sensors for Ammonia

In the literature, different processes of metallization of materials for chemiresitors are
described, e.g., drop-casting, electrodeposition in solution, vacuum deposition, etc., but
the majority of them are not suitable for basic sensor applications. In our situation, we
utilized an ink-jet printer to apply commercial copper ink for printed electronic purposes.
A resistor design was created, featuring an operational area of about 2 cm2 (a relatively
large surface because the concentration of potentially exhaled NH3 to be detected was
also very low) limited by two metalized regions that created the conductive links. The gas
sensor’s performance was evaluated with a test system that resembles the one detailed
in [54]. The sensor was placed in a sealed container that only permitted gas exchange
through two valves and access to the electric connections. A precision ohmmeter was used
to externally measure the sensor’s resistance. Different combinations of NH3 in synthetic
air (80% nitrogen and 20% oxygen) were transferred through the closed chamber via a valve
and released through another valve to keep the pressure at 1 atm. The precise quantity of
NH3 in artificial air was individually examined, sample by sample using an SGT-P portable
ammonia gas detector (SENKO Advanced Components, Inc., Yokkaichi, Japan) in order to
correlate the sensor resistance and NH3 concentration on calibration curves.

Based on the conclusions related to the largest active area of composites with ceramic
nanotubes and on a uniform distribution, hybrid structures of Al2O3 and ZnO nanotubes
with PANI-EB were selected. Experimental calibration curves were plotted for both sensing
structures for a larger domain of NH3 concentration in air of up to 5 ppm. The limit of
detection (LoD) was found to be 0.5 ppm for both ceramic nanotube composites, a very
reasonable value for the proposed applications; Figure 21. Under this concentration value,
the resistance of both sensors presents extremely high and uncontrollable values, with
low credibility to be compared with very low gas concentration, which is also difficult to
measure with precision by any commercial ammonia gas detector.
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Figure 21. Limit of detection for sensing NH3.

The experimental calibration curve for sensing NH3 is presented in Figure 22. A high
degree of correlation can be observed for both experimental calibration curves. The curve
for ZnO: PANI-EB presents high linearity and lower resistance values, making it suitable
for a broader assessment of NH3 levels in air through a basic signal processing system. In
contrast, the curve for Al2O3:PANI-EB can be represented by a polynomial curve of at least
a second degree, leading to challenges in signal processing and potentially increasing the
cost of the sensor. The explanation for the shapes of the characteristics is related to the
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electronic features of ceramic nanotubes in relation to the conductive polymer. ZnO is a
wide-bandgap semiconductor of the II-VI n-type group, with native doping due to oxygen
vacancies or zinc interstitials, compared to Al2O3, which exhibits more dielectric features
and consequently determines a higher and nonlinear resistance.
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Figure 22. Experimental calibration curve for sensing NH3.

For the application of breath ammonia detection, a threshold value of 1 ppm may
indicate the syndrome occurrence, i.e., the occurrence of CKD stages greater than 1 [31,32],
a threshold feasible for the presented sensor.

Figure 23 presents a comparison of the sensing structures of Al2O3:PANI-EB and ZnO:
PANI-EB, showing the change in resistance over time for four NH3 concentrations (0.5, 1, 2,
and 3 ppm). The marker “On” is used to signify the start of measurements using NH3 and
customized mixtures of synthetic air until the resistance reaches a stable value, as shown
in Figure 23. “Off” refers to the state in which only artificial air is directed to the sensor
until it reaches its original resistance level in the air. Both resistance reduction and recovery
exhibit a quasi-exponential nature. Initially, one can observe the heightened responsiveness
of the ZnO: PANI-EB structure, resulting in a faster reaction.
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Figure 23. Experimental resistance–time curves for the sensing structures.
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Figure 24 presents the assessment of the sensing structures’ experimental response
(on) and recovery time (off). In general, it was observed that the response and recovery
times are shorter for the ZnO: PANI-EB structure. The discrepancy increases with greater
NH3 concentrations (2 or 3 ppm).
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Figure 24. Experimental response (on) and recovery time (off) for the sensing structures.

The response time values around 5 s for ZnO: PANI-EB structure at 0.5 ppm NH3

concentration are highly dependable for swiftly detecting CKD, linked to rapid exhalation
of air through the mouth. After identifying the syndrome, its intensity can be reassessed
by taking a slow breath out lasting around 10–11 s, which is a reasonable step to take.
Regarding the recovery time value, it is deemed viable as, at higher NH3 concentrations,
such as 3 ppm, the sensor only takes approximately 17 s to regain its initial resistance.
Waiting approximately 1 min between consecutive measurements for medical purposes is
reasonable, even when evaluating multiple patients using the same device.

The detection mechanism related to ceramic nanotube and conducting polymers is
still under research due to the novelty of such assemblies. However, it can be related
to the models presented, e.g., those in [55–57]. In principle, the effective absorption of
gas molecules is the most significant way to achieve a high sensor response, and this
is mainly due—in the case of hybrid assemblies—to the large dimension of grain size,
with a pretty symmetrical distribution of grains, and with reduced free space between
them (a high surface–volume ratio). On the other hand, the semiconducting properties
of ceramic nanotubes and conducting polymer assemblies enhance the affinity to tailored
gas molecules due to a higher carrier transport and the synergistic interaction between
the components, which can be preliminarily evaluated from the XPS characteristic of
ZnO-PANI:EB, i.e., by analyzing the high-resolution spectra for each main deep level—Zn
2p, O 1s, N 1s, and C 1s—in the energy domain related to each level (Figure 8). Even
if the role of conducting polymer-based nanostructures is considered decisive for the
sensing mechanism of gas sensors, as in [58–60], new approaches seem to consider that
the architecture of hybrid assemblies of conducting polymers and metal oxide plays a
major role in enhancing the affinity for detecting a certain gas [61–65]. The present research
confirms this theory, in terms of the combination of these different materials resulting
in synergistic outcomes. Combining conducting polymers with inorganic nanomaterials
creates an efficient method to enhance the movement of charge carriers within and between
polymer chains. It is considered that by introducing metal oxide nanostructures into the
polymer matrix, a P-N heterojunction is created at the interfaces, which also leads to the
generation of a depletion region in both the polymer and metal oxides, as shown by the
AFM analysis. Efficient gas molecule absorption is crucial for achieving a strong sensing
response in addition to interfacial interactions, as the physical absorption of gas molecules
onto the film is the initial stage of gas detection. A coating with a significant surface area,
the high volume of pores, and tailored pore size improve the absorption of gas molecules.
The presence of target gas molecules on the surface of the nanocomposite film influences
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the electron levels in the polymers, resulting in a change in the depletion region width and
potentially altering the conductive path of the polymers. The increased sensitivity of the
nanocomposite films to the target analyte is caused by the combined impact of the altered
conductivity and conductive pathway of the polymers in the films.

Regarding, the features of the presented sensor for ammonia, the reaction and restora-
tion times of the sensing devices align with those of similar gas sensors, e.g., based on
semiconductive assemblies found in references [49,66–70]. However, in our situation, the
quicker response times are attributed to the direct utilization and increased conductivity
of ZnO nanotubes and conducting polymer composites. Yet, the sensor characteristics
remain inferior or equivalent at this stage regarding the minimum detection limit to other
industrial sensors on the market for NH3 concentrations in air, based on different testing
methods (colorimetric, plasmonic, capacitive, electrochemical, etc.), as presented in [71–76].
However, practically none of those methods or related sensors are feasible for CKD eval-
uation in the medical environment. As long as the presented sensor can be tailored for
different threshold values of NH3 concentrations in air, with critical values of 1–2 ppm, it
can be described as a basic, inexpensive, and durable device for personal use, helpful at the
individual level, as it allows for better monitoring of the progression of the syndrome or
effectiveness of treatment. Overall, the sensor characteristic is in line with the actual meth-
ods for CKD detection and evaluation. It can be customized for various threshold levels of
NH3 concentrations in the air based on the type of study and the extent of the syndrome.
Utilizing a basic, inexpensive, and durable device for personal use can be advantageous for
patients as it allows for a more efficient monitoring of syndrome progression or treatment
effectiveness at an individual level.

Due to these preliminary successful results, the sensor features (mainly sensitivity,
selectivity, response time, and reproducibility) will be further analyzed in the presence of
perturbing factors, also determined by the breathing process. The potential influences of
exhaled CO2, exhaled humidity, and eventually, exhaled CH4, will be assessed. The study
may present additional relevance for associating related digestive syndromes, e.g., irritable
bowel syndrome and exhaling CH4 [77], a concept also suggested in [46] in relation to
helicobacter pylori infection.

5. Conclusions

The process of producing chemiresistors, based on hybrid nanostructures ob-
tained from Al2O3 and ZnO ceramic nanotubes and conducting polymers—poly(3-
hexylthiophene), polyaniline emeraldine-base, and poly(3, 4-ethylenedioxythiophene)-
polystyrene sulfonate—was technologically described.

The process of producing ceramic nanotubes from Al2O3 and ZnO involved three
distinct and repeatable steps: creating polymer fiber nets using a 10 wt% solution of
poly(methyl methacrylate) in dimethylformamide (DMF); depositing Al2O3 and ZnO films
onto the PMMA nanofiber nets using magnetron deposition; and heating the nanotubes at
600 ◦C to completely burn off the PMMA support.

The technology for obtaining hybrid nanostructures from ceramic nanotubes, and
subsequently conducting polymers, was drop-casting.

AFM analysis emphasized a higher roughness, mainly in the case of PANI-EB for
both nanotube types, with a much larger grain size dimension of over 5 µm but with a
relatively symmetrical distribution of grains, with reduced free space between them. The
values of the parameter Rku were close or slightly above 3, indicating, in all cases, the
formation of layers predominantly characterized by peaks and not by depressions, with a
Gaussian distribution.

An ink-jet printer was used to generate chemiresistors from ceramic nanotubes: PANI-
EB structures, and the metallization utilized copper ink designed for printed electronics. A
resistor was created with a functional area of approximately 2 square centimeters. Calibra-
tion curves were experimentally created for both sensing structures, covering a wider range
of NH3 concentration in air, reaching up to 5 ppm. It was determined that the detection



Chemosensors 2024, 12, 198 18 of 21

limit is 0.5 ppm. The ZnO:PANI-EB structure showed great linearity and lower resistance
values, which makes it suitable for easily measuring NH3 levels in the air on a large scale
with a basic signal processing system. For the application of breath ammonia detection, a
threshold value of 1 ppm may indicate the syndrome occurrence, i.e., appointment for CKD
stages superior to 1, a threshold feasible for the presented sensor. As long as the sensor
can be tailored for different threshold values of NH3 concentrations in breath air, it can
be defined as a simple, low-value, and robust device for individual use. This is beneficial
at the patient level because the evolution of the syndrome or treatment efficiency can be
surveyed more effectively.
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Abstract: Our research outlines a method for creating chemosensors utilizing hybrid

nanostructures derived from TiO2 ceramic nanotubes alongside conducting polymers, with

embedded gold nanoparticles. The method used to create hybrid nanostructures from

ceramic nanotubes and conducting polymers was drop-casting. AFM analysis highlighted

an increased roughness, particularly for PANI-EB, exhibiting a significantly larger grain

size exceeding 3.5 µm, with an increased inclusion of gold and uniform arrangement on the

surface. The Rku parameter values being around three suggested that the layers primarily

exhibited peaks rather than depressions, showing a Gaussian distribution. A chemiresistor

was created by using an ink-jet printer and a multilayer metallization was achieved with

commercial silver ink for printed electronics. Based on the experimental calibration curve,

which exhibits adequate linearity over a wider range of H2S concentrations in air up

to 1 ppm, the detection limit was established at 0.1 ppm, a threshold appropriate for

recognizing oral diseases. The sensor is a simple, affordable, and durable device designed

for individual use, offering significant benefits for patients by enabling improved tracking

of the syndrome’s advancement or treatment success.

Keywords: ceramic nanotubes; conducting polymers; gold nanoparticles; chemosensor;

oral diseases

1. Introduction

Oral diseases rank among the most prevalent human ailments, yet they are less

researched. These illnesses impact the physical, mental, and social well-being of patients,

leading to diminished quality of life. Inadequate oral care, genetic predispositions, and

external influences significantly impact the onset and advancement of these conditions.

Despite the existence of treatment alternatives for these conditions, recurrences limit their

effectiveness [1]. The result is bad breath, a significant health issue. Despite its significance,

patients often fail to notice their own oral malodor, and this challenge can lead to anxiety

in those experiencing halitosis [1]. Foul odors arising from the mouth signify the metabolic

activity of the entire oral microbial community. The breakdown of sulfur-containing amino

acids in the mouth and upper/lower respiratory tract, and their exchange with blood in

the alveoli, causes halitosis. Analytical methods relying on organoleptic assessments are

essential for quantifying foul-smelling gases in the diagnosis and management of halitosis.

However, it is possible that bad-smelling oral gases signify not just halitosis but also the

pathogenic potential of oral microbiota.
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Human breath that is exhaled includes nitrogen (approximately 78%), oxygen (16%),

carbon dioxide (4–5%), hydrogen (5%), and water vapor. Oral volatile sulfur compounds

(VSCs) are significantly generated in the oral cavity due to bacterial activity, stemming

from the decomposition of sulfur-containing amino acids. Hydrogen sulfide (H2S), methyl

mercaptan (CH3SH), and, to a smaller degree, dimethyl sulfide account for 90% of the VSCs

associated with halitosis. H2S is a gaseous neurotransmitter, mainly generated internally,

which plays a role in the control of cellular functions. A significant rise in H2S levels

suggests the existence of different oral diseases in the individual [2].

Gas chromatography has been utilized to analyze hydrogen sulfide and methyl mer-

captan, which are representative VSCs; however, this method is costly and necessitates

skilled operators [3]. The VSC cut-off thresholds for identifying halitosis were determined

by gas chromatography to be 65.79 ppb for females and 79.94 ppb for males, though these

figures pertain to the group of individuals included in a specific clinical study [4]. Typi-

cally, any concentration exceeding 0.5 ppm is regarded as significant for the diagnosis of

halitosis and associated metabolic issues [5], irrespective of the measurement technique

employed [6]. Portable gas chromatography devices like Oral Chroma™ [7] can measure

the levels of hydrogen sulfide, methyl mercaptan, and dimethyl sulfide separately. A

portable sulfide detector like the Halimeter [8] is specifically designed to assess the overall

concentration of sulfide. However, it requires a considerable amount of time for mea-

surement and is exclusively fit for clinical use, despite it providing several clear benefits

(portable, user-friendly, reproducible, and providing immediate outcomes). Conversely,

it does not have the ability to distinguish between various sulfuric compounds when

affected by non-sulfuric volatile substances, like Oral Chroma™ does [9]. Finally, the

OralChroma™ device now merges gas chromatography with a gas sensor made of an

indium oxide semiconductor. Another similar example is given in [10]. Such combined

methods can determine the exact concentrations of each VSC component in 10 min, which

is a practical duration for medical applications, but their cost remains fairly high. Lastly,

Breathtron® [11] utilizes a semiconductor sensor made of a zinc oxide membrane that is

responsive to VSCs. Its assessment is regarded as more precise than that of the Halimeter;

however, it requires a lengthy measurement time and is applicable solely in clinical settings.

It is clear, however, that the practical aim of a sensor for oral diseases should not

solely depend on its availability in a clinic, but rather the advancement of such sensors

should primarily address the requirements of patients who monitor their own conditions.

Different kinds of H2S sensors have been suggested to meet the needs for halitosis investiga-

tion [12–14]. The most prevalent H2S sensors utilize semiconducting metal oxides; they are

inexpensive and can be operated quickly and effortlessly [15–19]. Nonetheless, metal oxide

semiconductor (MOS) gas sensors generally exhibit low selectivity, since they respond to

all reducing or oxidizing gases. Electrochemical sensors were tested as well; however, they

are not as sensitive as MOS gas sensors and are affected by variations in temperature and

humidity [20]. Various other H2S-sensing technologies have been suggested, including

colorimetric sensors [21], surface acoustic wave gas sensors [22,23], and devices created

with different sensing structures based on thick metal oxides [24–27]. Nonetheless, these

sensors face challenges linked to the need for selectivity or detection of ppb levels.

Embellishing sensorial frameworks with conductive substances, like graphene, carbon

nanotubes (CNTs), or metallic nanoparticles has been widely discussed recently in the

literature to improve sensor selectivity, and may be applied in H2S detection applications.

Combining metal oxides with various metal-based catalysts can enhance both sensitivity

and selectivity. Certain doped metal oxides may interact with gases that contain sulfur,

causing a modification in their electrical conductivity [28–31]. Recent research upon the

chemisorption of H2S on gold nano-structures [32] resulted in sensors exhibiting minimal
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variability, excellent selectivity, and enduring stability, positioning gold nanostructures as a

strong candidate for further exploration. The impact of gold nano-structures is enhanced

when the metal oxide base, where the gold particles are incorporated, is presented as

nanowires or nano-sheets. Even though the nanofiber interacted with sulfur-based gases,

the incorporation of metal increased its sensitivity to hydrogen sulfide [33–36]. Never-

theless, the complex nature of these processes impeded the production of H2S sensors

with reliable and repeatable attributes. On the other hand, because human exhaled breath

contains substantial amounts of water vapor, there are considerable disadvantages for

sensors lacking proper moisture resistance, a critical factor to consider alongside the impact

of other gases released in human breath [37–39].

In conclusion, to our knowledge, an H2S sensor that possesses high selectivity, de-

tection capabilities at parts per billion levels, and a straightforward fabrication method

resulting in consistent sensor properties has yet to be created, warranting further research in

this area. The novelty of this paper mainly relates to the development of hybrid nanostruc-

tures formed from TiO2 nanotubes and conductive polymers doped with gold nanoparticles,

exhibiting unique sensing properties that are not present in the current literature. The choice

of titanium dioxide is due to its properties as a wide-bandgap semiconductor that exhibits

excellent chemical stability and remarkable resistance to corrosion from sulfur-bearing

gases. The sensor principle described in the paper is less complex, more cost-effective, and

more effective than the methods currently suggested for detecting sulfur-containing gases

in breath, akin to the application with the previously mentioned sensor types.

2. Technology for Obtaining Hybrid Nanostructures from Ceramic
Nanotubes and Conducting Polymers with Embedded Gold Nanoparticles

Materials and Methods of Preparation

According to the comprehensive technological stages widely described in [40,41],

the process for producing ceramic nanotubes involved three steps: creating polymer

fiber networks using poly(methyl methacrylate), depositing ceramic coatings onto the

nanofiber networks through magnetron deposition, and heating the nanotubes to 600 ◦C to

completely remove the polymer support. The optimal results were achieved with a 10%

PMMA solution at 20 kV, with a drum rotation speed of 5 rpm, as the fiber nets exhibited

greater homogeneity in both spatial deposition and diameter. Conversely, considering the

properties of ceramic thin films to be applied on PMMA nanofibers, a minimum diameter of

0.3 µm was deemed ideal for PMMA nanofibers to ensure the structural stability of coated

fibers from a mechanical perspective [41]. Concerning RF magnetron sputtering, ceramic

targets measuring 2 inches in diameter and 0.125 inches in thickness were utilized during

the deposition process. The deposition time lasted for 1 h, and the RF power supplied to

the magnetron was 200 watts.

The process for subsequently obtaining hybrid nanostructures from TiO2 nanotubes

and conductive polymers such as poly(3-hexylthiophene) (P3HT), polyaniline emeraldine-

base (PANI-EB), and poly(3, 4-ethylenedioxythiophene)-polystyrene sulfonate (PEDOT-PS)

included drop-casting. Five samples of each type were created to evaluate technological

feasibility. The technological process involved the use of the solutions outlined in [42].

In all instances, 240 µL of every polymer solution was applied onto ceramic nanotubes

(SiO2/Si substrate) using Pasteur pipettes. Each solvent underwent evaporation for 60 min

in a vacuum, using a Pfeiffer vacuum pump linked to a desiccator.
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The TiO2-conductive polymer composite materials were further immersed in a diluted

HAuCl4/2-propanol solution (0.001 M) using the dip-coating technique, and stored for

24 h. Following impregnation, the samples were subjected to drying in an oven at 150 ◦C

with a flow of Ar (100 sccm) for 30 min. The samples were subsequently cooled to room

temperature in an argon stream. Au nanoparticles with an average size of 100 nm were

quasi-uniformly integrated into the hybrid structures. This method for acquiring predefined

Au nanoparticles from a highly diluted HAuCl4 solution on the polymer substrate, heated

from ambient temperature to just over one hundred degrees Celsius, resembles those

described in [43,44]. However, this method, presented in the paper, involves immersing the

polymer film in a highly diluted HAuCl4 solution, which has the benefit of forming and

quasi-uniformly distributing gold nanoparticles over larger areas, a necessary requirement

for creating more responsive gas sensors.

3. Results and Discussion

3.1. Characterization Equipment

Transmission electron microscopy (TEM) results were obtained using a JEOL 2100

Plus transmission electron microscope operating at an accelerating voltage of 80 kV (JEOL

Ltd., Akishima, Tokyo, Japan). SAED assessment was carried out as well.

Raman Spectroscopy was performed using AvaRaman 532 instruments (Avantes B.V.,

Apeldoorn, The Netherlands).

Fourier transform infrared spectroscopy (FTIR) was performed using JASCO instru-

ments (Tokyo, Japan), across a spectral range of 12,000–50 cm−1.

X-ray photoelectron spectroscopy (XPS) and energy-dispersive X-ray spectroscopy (EDS)

were performed utilizing an AXIS Supra+ system (Kratos Analytical Ltd., Manchester, UK).

Scanning electron microscopy (SEM) was performed with Lyra III XMU equipment

(TESCAN GROUP a.s., Brno-Kohoutovice, Czech Republic). To evaluate the obtained

graphene layer, a sequential morphological examination was performed.

An assessment using atomic force microscopy (AFM) was conducted with a Dimension

Edge instrument from Bruker (Billerica, MA, USA) for optical purposes. Average roughness

measurements are provided for four scanned regions on each type of sample. The analysis

of the surface roughness parameters was according to [45,46].

3.2. TEM and Selected Area (Electron) Diffraction (SAED) Analysis of TiO2—Conducting
Polymers Composites

The TEM images for TiO2 nanotube composites are presented in Figures 1–3, from

which the tetragonal TiO2 anatase phase can be identified, as nanotubes with diameters of

approx. 400–500 nm with extended areas of crystalline coherence. The pick intensity from

the EDX spectrum related to the concentration of TiO2 nanotubes in the composite assembly

is similar in all diagrams. But, for each diagram, the other picks beyond Ti are specific to

the composition of the respective polymer corresponding to the composite assembly. In

Figure 1, from the EDX spectrum, the TiO2/PANI-EB ratio was 30:70 (% at).

In Figure 2, from the EDX spectrum, the TiO2/PEDOT:PS ratio was 33.3:66.6 (% at).

In Figure 3, from the EDX spectrum, the TiO2/P3HT ratio was 28:72 (% at).
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Figure 1. TEM image for TiO2 nanotube–PANI-EB composite.

 

Figure 2. TEM image for TiO2 nanotube–PEDOT:PS composite.
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Figure 3. TEM image for TiO2 nanotube–P3HT composite.

3.3. Raman and FTIR, XPS, and EDS Analysis of TiO2—Conducting Polymers Composites

Figure 4 shows the Raman spectra recorded at an excitation wavelength of 514 nm

for TiO2 nanotube composites with PANI-EB, PEDOT:PS, and P3HT. The analysis reveals

that the main Raman lines of the TiO2 nanotubes are located at 144, 396, 519, and 639 cm−1,

attributed to the Eg, B1g, A1g, and Eg vibration modes [47]. In general, for all spectra

of TiO2 nanotube–polymer composites, each Raman spectrum corresponds to the sum of

the two constituents of the respective composite materials. The absorption bands of the

three polymers may be independently identified: (i) PANI-EB at approx. 814, 1176, 1247,

1352, 1414, 1501, 1565, and 1610 cm−1, attributed to the deformation vibration modes of the

benzene ring (B), of the C-H bond in the benzene ring, the C-N stretch, C-H bond in the

quinoid ring, C-C stretch in the quinoid ring, and C-H bond in the quinoid ring, the C=N

stretch, the C=C stretch in the quinoid ring and, respectively, the C-C stretch in the benzene

ring [48]; (ii) PEDOT PS at approx. 439–574–990, 1257, 1364, 1439, 1502, and 1569 cm−1

are attributed to the vibrational modes of deformation of the oxyethylene ring, of Cα-Cα’

stretching and C-H bending, of Cβ-Cβ’ stretching, of symmetric C-C stretching and of

asymmetric C-C stretching [49]; (iii) 729, 1013, 1092, 1184, 1380, 1442, 1515 and 1620 cm−1

attributed to Cα-S-Cα’ bond deformation vibration modes, Cβ-Calchil stretching, Cβ-H

bond bending, Cα-Cα’ stretching, Cβ-H bending, Cβ-Cβ stretching, Cα=Cβ stretching,

Cα’=Cβ’ stretching and, respectively, the quinoid structure [50].

The XPS analysis of the TiO2 nanotube composites is presented in Figure 5. Measure-

ment conditions are as follows: Anode Al (1486.74 eV); U = 15.kV; I = 15 mA; P = 225 W; p

SAC 5 X 10–9 mbar; Parameter spectrum recording Line Extended spectrum E start (eV),

1200; Estop (eV), −5; step (eV), 0.1; Pass Energy (eV), 140; number of passes, 1.
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Figure 4. Raman spectra of TiO2 nanotubes composites with PANI-EB, PEDOT:PS, and P3HT.

(a) 

 

 

(b) 

 

(c) 

Figure 5. XPS analysis of TiO2 nanotubes composites with (a) PANI-EB, (b) PEDOT:PS, and (c) P3HT.
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In Figure 5a, related to the TiO2-PANI:EB sample, the identified elements are as

follows: fluorine, oxygen, titanium, nitrogen, and carbon, for which high-resolution spectra

were recorded (main peaks: F 1s, O 1s, Ti 2p, N 1s, C 1s). In Figure 5b related to the

TiO2-PEDOT:PS sample, the elements present on the surface with main peaks were sodium,

oxygen, nitrogen, carbon, and sulfur (Na 1s, O 1s, N 1s, C 1s, S 2p). Finally, in Figure 5c,

related to the TiO2-P3HT sample, the identified elements are as follows: oxygen, titanium,

nitrogen, carbon, sulfur, and silicon (main peaks: O 1s, Ti 2p, N 1s, C1s, S 2p and Si 2p).

3.4. SEM Analysis of TiO2—Conducting Polymers Composites with Au Addition

SEM image 6, of TiO2/PANI-EB composites with Au, reveals that some gold nanopar-

ticles attach to the TiO2 nanotubes, while others fit into the gaps between the ceramic

nanotubes. The dispersion of gold nanoparticles is quite uniform and the quantity is

relevant, although some agglomerations are observable.

From SEM image 7, of TiO2/PEDOT: PS composites with Au, it can be seen that gold

was rarely deposited in the form of nanoparticles, but rather in the form of clusters. It

seems that the area covered in gold seems to be reduced.

From SEM image 8 of TiO2/P3HT composites with Au, it can be seen that gold was

primarily deposited in the form of nanoparticles, but some forms of clusters are also visible.

The morphology is similar to TiO2/PANI-EB composites with Au; however, the area coated

in gold appears to be slightly diminished.

3.5. AFM Analysis of TiO2—Conducting Polymers Composites with Au Addition

Figures 6–8 emphasize the surface analysis via SEM. It is evident that the gold was

deposited both in the form of nanoparticles and in clusters, influenced by the affinity to

the polymer used for deposition support, but also related to the spatial architecture of

TiO2—conducting polymer composites before being submitted to the dip-coating technique,

consistent with the findings shown in [42] for different ceramic nanotubes, yet utilizing the

same polymers.

From an optical perspective, Figures 9–11 resulted in comparable conclusions to

Figures 6–8, noting that the sample includes both TiO2 nanotubes and Au.

It should be noted that the composite films exhibit varying thicknesses, and although

uniform films were achieved for all polymer cases, more uniform structures were associated

with the composite containing PEDOT-PS and PANI-EB, where it seems that the polymer

was deposited more effectively, and covered, much more efficiently, the spaces formed

between the nanotubes.

Additionally, the AFM optical examination displayed the grain size, their distribution

across the surface, and the overall roughness of the surfaces [45,46].

tt
ff

  

Figure 6. SEM image of TiO2/PANI-EB composites with Au.
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Figure 7. SEM image of TiO2/PEDOT: PS composites with Au.

tt
ff

  

Figure 8. SEM image of TiO2/P3HT composites with Au.

 

Figure 9. Optical analysis at 100× and 500× of TiO2/PANI-EB composites without and with Au.
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Figure 10. Optical analysis at 100× and 500× of TiO2/PEDOT: PS composites without and with Au.

 

Figure 11. Optical analysis at 100× and 500× of TiO2/P3HT composites without and with Au.
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The results for the roughness parameters determined by AFM lines are comparatively

presented in Table 1. In every instance, it was observed that there appears to be a relatively

uniform grain distribution; however, the incorporation of gold nanoparticles alters the

surface structure and forces the initial grains to create spaces for Au particles to penetrate

deeper and accumulate into small clusters, which in turn slightly enhances the grain size

and locally sharpens the peaks.

Table 1. Average roughness parameters, determined by AFM lines. Scanned area of 40 × 40 µm.

Scanned Material RMS (nm) Ra (nm) RSk RKu

TiO2 nanotubes–PANI-EB 947 715 −0.18 4.04

TiO2 nanotubes–PANI-EB/Au 1197 948 −0.01 2.97

TiO2 nanotubes–PEDOT: PS 131 105 0.38 3.04

TiO2 nanotubes–PEDOT: PS/Au 107 79 0.56 4.42

TiO2 nanotubes–P3HT 362 298 0.17 2.53

TiO2 nanotubes–P3HT/Au 420 341 0.42 2.89

As regards the profile lines of TiO2/PANI-EB composites without and with Au, as

in Figure 12, the formation of layers is predominantly characterized by peaks and not by

depressions; the negative value of Rsk, seen in Table 1, indicates that many low spaces are

present on the sample, so we are confronting significant roughness and asymmetry, which

are largely mitigated by adding gold nanoparticles, which somewhat organizes the grains

into more uniform clusters. This observation is reiterated by the Rku value, which reduces

from 4 to about 3, indicating a transition from a random distribution to an almost Gaussian

distribution of the grains, confirming that the presence of metal nanoparticles aids in the

uniformity of the structure.

ff ffi

Figure 12. AFM Topographic 2D and 3D images and profile lines, and TiO2/PANI-EB composites

without and with Au.
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As regards the profile lines of TiO2/PEDOT: PS composites without and with Au,

Figure 13, the formation of layers is predominantly characterized by large valleys and not

by peaks; the presence of gold, predominantly in the form of clusters, explains the increased

value of Rsk, suggesting the creation of even broader valleys among the elevated regions.

Conversely, the change in symmetry is clear, as the Rku value, originally near three—

indicative of a Gaussian distribution—increases beyond four, signifying that the addition

of gold nanoparticles as clusters alters the original structure, which was more symmetrical.

 

Figure 13. AFM Topographic 2D and 3D images and profile lines, and TiO2/PEDOT: PS composites

without and with Au.

Finally, as regards the profile lines of TiO2/P3HT composites without and with Au,

Figure 14, the grains are generally arranged in smaller clusters in both cases, and the

formation of layers is predominantly characterized by peaks and not by depressions.

The addition of metal nanoparticles presented a low influence, which confirms the low

incorporation observed, e.g., in Figure 11; the Rku values remained near three, indicating

that the grain distribution is symmetrical, and slightly more symmetrical in the case of

gold incorporation.

Overall, the greatest roughness was obtained from the TiO2 nanotube structure–PANI-

EB with Au, with a much larger grain size dimension of over 3.5 µm, which also exhibits a

decent symmetry in the distribution of grains, and greater uniformity in the distribution

of polymers within the ceramic nanotubes. At first glance, considering the technical

conclusions outlined earlier, this structure, considering the higher incorporation of gold and

its distribution on the surface, along with the surface morphology, appears to be the most

promising candidate for testing chemisensor properties. Structures exhibiting symmetrical

distribution and high roughness dimensions at the µm scale are regarded as optimal for gas

sensor applications, because they offer a substantial active area for engagement with the

targeted gas. Anatase titanium dioxide experiences a quasi-doping effect when linked with

gold nanoparticles, leading to the creation of new energy levels close to the conduction
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band, enhancing its sensitivity to sulfur-containing gases; a comparable effect is observed

following metal doping for the detection of other gases, as presented in [51–53].

−
−

ff

ff

Figure 14. AFM Topographic 2D and 3D images and profile lines, and TiO2/P3HT composites with Au.

4. Analysis of Functionality as Gas Sensors for H2s of TiO2–PANI-EB
Composites with the Addition of Gold Nanoparticles

The literature outlines various metallization processes for chemiresistor materials,

such as drop-casting, solution electrodeposition, vacuum deposition, and more; however,

most of these methods are inappropriate for fundamental sensor applications. In our

case, we employed an ink-jet printer to use commercial silver ink for printed electronic

applications. A resistor design was developed, showcasing an operational area of roughly

2 cm2 (a relatively large surface due to the minimal concentration of H2S that may be

exhaled and detected), constrained by two metalized areas forming the conductive connec-

tions. The metallization was performed by using commercial ORGACON SI-J20X silver

ink (Ag-fa-Gevaert N.V., Mortsel, Belgium) designed for printed electronics, with a mul-

tilayer deposition to ensure minimal contact resistance. The design and sensor structure

description are presented in Figure 15, with a general design for chemosensors [54].

The performance of the gas sensor was assessed using a testing system similar to the

one described in [55]. The sensor was embedded inside a sealed enclosure that allowed

gas exchange solely via two valves and access to the electrical connections. An accurate

ohmmeter was employed to measure the sensor’s resistance from the outside. Various

mixtures of H2S in synthetic air (80% nitrogen and 20% oxygen) were transferred through

the closed chamber using one valve and then expelled through a second valve to maintain

the pressure at 1 atm. The source of H2S was a specialized cylinder—H2S SENSIT (Sensit

Technologies LLC, Valparaiso, IN, USA)—that supplied a concentration of 25 ppm hydrogen

sulfide in the air. The specific amount of H2S in synthetic air was analyzed one sample at a

time using a Gastec detection system equipped with tube no. 4 LT (Gastec Corporation,

Kanagawa, Japan), which detects hydrogen sulfide within a range of 0.05 to 1 ppm. The
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detection limit was 0.01 ppm, which significantly surpasses the sensor’s detection limit.

The resistance of the sensor—as an average of five measurements—was linked to the

concentration of H2S on the calibration curve, for a range of H2S concentrations in the air of

up to 1 ppm. The reasonable detection limit (LoD) was determined to be 0.1 ppm, as shown

in Figure 15, which is a suitable value for the suggested applications for personal external

clinic usage. Under this concentration level, the resistance values are making the sensor

unreliable for comparison with very low gas concentrations, which are also challenging to

accurately measure with the gas detector used.

 

(a) (b) (c) 

Figure 15. Sensor description: (a) design concept; (b) sensing material on SiO2/Si substrate;

(c) metalized electrical contact.

The experimental calibration curve for sensing H2S is presented in Figure 16.
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Figure 16. Experimental calibration curve with the limit of detection for sensing H2S.

A strong correlation can be observed (R = 0.967), indicating high linearity for the

domain of 0.1–1 ppm for sensing H2S, thus making it appropriate for employing a basic

signal processing system.

Figure 17 shows the variation in resistance over time for four different H2S concentra-

tions (0.1, 0.2, 0.5, and 1 ppm). The “On” marker indicates the beginning of measurements

until the resistance attains a consistent value. “Off” denotes the condition where solely

artificial air is channeled to the sensor until it attains its initial resistance level in the air.

Both the decrease in resistance and the process of recovery display a quasi-exponential

characteristic.
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Figure 17. Experimental resistance–time curves.

Figure 18 illustrates the evaluation of the experimental response time and recovery

time of the sensing structure.
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Figure 18. Experimental response and recovery time.

The response time values close to 10 s at 0.1 ppm H2S concentration are associated

with a gradually slow exhalation of air via the mouth. Concerning the recovery time

value, it varies based on gas concentrations, and it is advised to go beyond 20 s for a more

accurate repetitive measurement. However, it is reasonable to wait a few minutes between

successive measurements for medical reasons, even if assessing several individuals with

the same device.

The detection hybrid systems associated with ceramic nanotubes and conducting

polymers are still of high interest, because these combinations are new, especially with the

insertion of metal nanoparticles. The efficient uptake of gas molecules is key in attaining sig-

nificant sensor responses, primarily attributed—particularly in hybrid assemblies—to the

large grain sizes, with a high surface–volume ratios. Conversely, the semiconducting charac-

teristics of ceramic nanotubes combined with conductive polymer assemblies, enhanced by

the presence of gold nanoparticles, increases the affinity for specific gas molecules because

of improved carrier transport and the synergistic interactions between the components. It

is believed that incorporating metal oxide nanostructures into the polymer matrix creates a

P-N heterojunction at the interfaces, at which the presence of gold nanoparticles—leading

to the creation of new energy levels close to the conduction band—are essential for gas
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molecule absorption at low quantities. In our specific situation, the affinity of H2S for TiO2

anatase is attributed to the enhancement of electronic conductivity of TiO2 when H2S is

present, indicating a significant interaction between TiO2 and the adsorbate, a point also

emphasized in [56,57], despite these studies not focusing on sensor applications. According

to the activation energy barriers, the findings suggest that anatase TiO2 displays high

reactivity towards H2S, leading to S-substitution at the O2c sites on the TiO2 surface, which

reduces its band gap. Moreover, when compared to other metal oxides, TiO2 appears to

provide the strongest affinity for H2S as well [58]. The formation of vacancies combined

with S on the TiO2 surface improves the H2S adsorption energy, a factor that is amplified in

our case by the increase of TiO2’s active surface in the form of nanotubes. In [58], it was

demonstrated that surpassing 200 ◦C can cause adsorption to result in dissociation phenom-

ena, highlighting the strong attraction of H2S to TiO2. This situation is not connected to our

application, but any advancements that boost the H2S affinity for TiO2 at room temperature

are essential. Thus, the embedding of Au nanoparticles might additionally lower the band

gap of the hybrid structure. Additional studies highlighted the potential benefits of, e.g.,

Ag decoration on TiO2 [59], or gold-nanoparticle-decorated SnO2 [60] for H2S gas detection,

reinforcing the significance of metal inclusions, particularly, as conducted in our research,

at the nanoscale, within more complex structures.

Concerning the characteristics of the sensor introduced here for hydrogen sulfide, its

capabilities are evidently better than those of similar sensors that rely only on basic various

nanostructured types of TiO2, such as [61–63]. In those instances, the detection limit is

significantly higher, and the sensitivity relies on operating at increased temperatures of

over 100 ◦C, making them unsuitable for medical purposes. A comparable analysis could

be made also regarding sensors that utilize metallic nanoparticles, as seen in [64,65], but

while their detection limits align with our sensors, their detection mechanism is optical,

making it inappropriate for medical applications.

Recent studies introduce alternative sensor types, such as those utilizing gold nanoclus-

ters, MXene, or metal–organic frameworks, which could potentially measure hydrogen

sulfide with greater accuracy [66]. Nonetheless, while the declared optimal detection limit

is claimed to be 10–30 ppb, this must be weighed against the intricate technology employed,

which is quite challenging to implement on an industrial scale for medical applications.

Concerning sensors utilizing embedded gold nanoclusters within metal–organic frame-

works, the latest developments for gas sensors, as outlined in [67–69], show that their

detection limit for H2S of over 10 ppm is significantly greater than that of our sensors. On

the other hand, their primary use pertains to identifying allowable occupational exposure

limits for H2S in industrial settings, rather than for the diagnosis of oral diseases.

As a result of these initial successful outcomes, the characteristics of the sensor (pri-

marily in terms of sensitivity, selectivity, response time, and reproducibility) will undergo

additional examination in the context of influencing factors, also linked to the breathing

process. The possible influence effects of exhaled CO2, exhaled moisture, and possibly

exhaled CH4 will be evaluated. This research could offer further significance in linking

malodor with associated digestive syndromes, a topic of great interest in the medical field.

5. Conclusions

The process of producing active surfaces for chemiresistors, based on hybrid nanos-

tructures obtained from TiO2 ceramic nanotubes and conducting polymers (poly(3-

hexylthiophene), polyaniline emeraldine-base, and poly(3,4-ethylenedioxythiophene)-

polystyrene sulfonate) with the addition of gold nanoparticles, was technologically described.

The method used to fabricate hybrid nanostructures from TiO2 nanotubes and con-

ducting polymers was drop-casting. Additionally, the resulting structures were immersed
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in a HAuCl4/2–propanol solution using an innovative dip-coating technique, and sub-

sequently subjected to a regulated heating process from ambient temperature to slightly

over one hundred degrees Celsius. The method provides a nearly uniformly dispersing

of gold nanoparticles with an average dimension of 100 nm over more extensive surfaces

of structures.

AFM analysis highlighted that the highest roughness was observed in the TiO2–PANI-

EB structure with Au, featuring a significantly larger grain size of over 3.5 µm and a fair

symmetry in grain distribution relative to the surface. The Rku parameter values were

around three, indicating that the respective grain layers mainly displayed peaks instead of

depressions, exhibiting a Gaussian distribution. This configuration seems to be the most

likely candidate for evaluating chemisensor characteristics, given the increased inclusion

of gold and its arrangement on the surface, as well as the surface morphology.

A chemiresistor was produced using an ink-jet printer, the applied metallization being

made with commercial silver ink for printed electronics. A resistor was designed with

an active area of about 2 cm2. A calibration curve was experimentally generated for the

sensing structure, spanning a broader range of H2S concentration in air, reaching up to

1 ppm, and providing a reasonable linearity. It was established that the detection limit is

0.1 ppm, a level suitable for the identification of oral diseases. The sensor can be described

as a straightforward, low-cost, and robust device meant for personal use, proving to be

highly advantageous at the patient level as it allows for more effective monitoring of the

syndrome’s progression or treatment effectiveness.
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Abstract: This article outlines the method of creating electrodes for electrochemical sen-

sors using hybrid nanostructures composed of graphene and conducting polymers with

insertion of gold nanoparticles. The technology employed for graphene dispersion and

support stabilization was based on the chemical vapor deposition technique followed by

electrochemical delamination. The method used to obtain hybrid nanostructures from

graphene and conductive polymers was drop-casting, utilizing solutions of P3HT, PANI-

EB, and F8T2. Additionally, the insertion of gold nanoparticles utilized an innovative

dip-coating technique, with the graphene-conducting polymer frameworks submerged

in a HAuCl4/2-propanol solution and subsequently subjected to controlled heating. The

integration of gold nanoparticles differs notably, with P3HT showing the least adhesion of

gold nanoparticles, while PANI-EB exhibits the highest. An inkjet printer was employed to

create electrodes with metallization accomplished through the use of commercial silver ink.

Notable variations in roughness (grain size) result in unique behaviors of these structures,

and therefore, any potential differences in the sensitivity of the generated sensing structures

can be more thoroughly understood through this spatial arrangement. The electrochemical

experiments utilized a diluted sulfuric acid solution at three different scan rates. The oxida-

tion and reduction potentials of the structures seem fairly alike. Nevertheless, a notable

difference is seen in the anodic and cathodic current densities, which appear to be largely

influenced by the active surface of gold nanoparticles linked to the polymeric grains. The

graphene–PANI-EB structure with Au nanoparticles showed the highest responsiveness

and will be further evaluated for biomedical applications.

Keywords: graphene; conducting polymers; gold nanoparticles; electrochemical sensors

1. Introduction

The electrochemical sensor is a common type of sensing device that converts bio-

chemical events into electrical signals. In this kind of sensor, the working electrode is

an essential element used as a solid base for the immobilization of biomolecules and the

transfer of electrons. Owing to various nanomaterials with significant surface area, syn-

ergistic effects are facilitated by enhancing loading capacity and the mass transport of

reactants, leading to improved performance in analytical sensitivity. The carbon allotropes

can serve as electrodes and supporting scaffolds because of their extensive active surface
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area and efficient electron transfer rate. Conducting polymers represent other significant

category of functional materials that have been extensively utilized in the production of

electrochemical sensors, due to their adjustable chemical, electrical, and structural charac-

teristics. Conducting polymers can also be engineered with other functional materials like

nanoparticles to significantly enhance the sensitivity and selectivity of the sensor’s reaction

to various analytes. In recent years, hybrid materials made of graphene and different

polymers have been thoroughly studied, considered to lead to considerable progress in

electrochemical sensing. The creation of such hybrid nanostructures is associated with their

unique electrical properties.

A method for producing graphene/polyaniline, graphene/poly(3,4-ethylene

dioxythiophene), and graphene/polypyrrole (PPy) nanocomposites is highlighted

in [1]. A detailed overview of various hybrid structures comprising metallic oxides,

graphene, and conductive polymers like poly-indole, polypyrrole, and poly-aniline

is provided in [2]. A review of analogous structures of graphene oxide/conducting

polymer composites, now presented as hydrogels, is provided in [3]. Similar technolo-

gies are noted in additional sources [4–9]. The main use of hybrid structures made

from graphene and conducting polymers is related to sensors. In the last 15 years,

numerous sensors have been developed, starting from simple types like those for hu-

midity [10,11], temperature [12], and gas detection [13–17], which also include waste

gas evaluation [18] and various chemical sensors [19,20]; advancing to sensors with

multiple applications for detecting dopamine, serotonin, cholesterol, bilirubin, uric

acid, and others [21–26]; as well as specialized sensors for environmental monitoring

that identify pollutants in water, such as heavy metals [27,28]; and finishing with

examinations of food and pharmaceutical products [29,30].

A new research direction in the field of sensors involves integrating metallic nano-

structures into the architecture of conducting polymers to improve the sensitivity and/or

selectivity of sensors, as detailed in [31–35], with applications tested for impedimetric, elec-

trochemical, or chemosensors. However, no research has so far attempted to improve the

characteristics of sensors by incorporating gold nanoparticles into more complex structures,

even if the advantage of simple use of gold nanoparticles for sensor application was noticed

by some authors in recent studies [36,37]. Therefore it is worthwhile to further investigate

the development of electrodes featuring more intricate structures that incorporate gold

nanoparticles. Various techniques for integrating gold nanoparticles into polymer frame-

works are extensively discussed in the literature, such as: drop-casting, dip-coating or

in-situ synthesis and integration, [38–40], but the paper introduced an innovative approach

in this domain based on dip-coating method.

The significance of this study lies in creating functional electrodes for electrochemical

sensing systems by embedding gold nanoparticles within hybrid assemblies of graphene

and conducting polymers, a complexity of materials for electrodes not previously detailed

in the literature. An effective technique for incorporating gold nanoparticles into the surface

of conducting polymers was presented, involving the immersion of the polymer film in a

highly diluted HAuCl4 solution, followed by controlled heating, resulting in a substantial

impact on a broader surface, potentially serving as a working electrode. Three hybrid

structures were analyzed, ultimately determining which one was the optimal selection

based on responsive features evaluated through cyclic voltammetry.

2. Materials, Preparation and Characterizing Methods

2.1. Materials and Preparation Methods for Graphene Substate

The technology used for graphene synthesis, dispersion and support stabilization was

widely describe in [41], and was based on the chemical vapor deposition method followed
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by an electrochemical delamination. The optimal process, by examining the outcomes

achieved at 900 ◦C and correspondingly 950 ◦C as detailed in [41], was achieved at 950 ◦C,

leading to enhanced grain structure and the formation of layers mainly characterized by

peaks rather than hollows. The samples were ultimately moved onto a SiO2/Si substrate,

because a nonmetallic support allows a more efficient treatment with conducting polymers

and can finally generate a functional precursor for an electrochemical electrode. The

graphene structures resulted uniform and free from structural defects. The grain size ranged

from 1.5 µm and the peak density was reduced, resulting in an improved equilibrium

between peaks and hollows.

2.2. Materials and Preparation Methods for Hybrid Nanostructures from Graphene and
Conducting Polymers

The method used for creating hybrid nanostructures from graphene and conduct-

ing polymers was drop-casting, and five samples of each type were created to evaluate

technological feasibility, as widely described in [41]. For Poly 3-hexylthiophene (P3HT),

15 mg/mL of the polymer was dissolved in CHCl3 at room temperature using an ultrasonic

bath and allowed to sit for 30 min to achieve a uniform dispersion. In the case of Polyaniline

emeraldine-base (PANI-EB), a 20 mg/mL polymer solution was prepared in N-methyl

pyrrolidinone (NMP) by dissolving it at room temperature with an ultrasonic bath and

allowing it to rest for 30 min for uniform distribution. For Poly[(9,9-dioctylfluorenyl-2,7-

diyl)-co-bithiophene] (F8T2), a 20 mg/mL polymer solution was prepared in toluene at

60 ◦C using an ultrasonic bath and allowed to disperse uniformly for 30 min.

In all instances, 120 µL of each polymer solution was applied to graphene (SiO2/Si

substrate) via the drop-casting technique with Pasteur pipettes. The evaporation of each

solvent occurred for 30 min under vacuum conditions, utilizing a Pfeiffer vacuum pump

linked to a desiccator.

2.3. Materials and Preparation Methods for Embedding Au Nano-Particles Within Hybrid
Graphene-Polymer Structures

The graphene-conductive polymer composite structures were impregnated with a

HAuCl4/2-propanol solution by the dip-coating method. The samples were completely

immersed and kept for 24 h in a diluted HAuCl4/2-propanol solution (0.001 M). After

impregnation, the samples were dried in an oven at 150 ◦C in a stream of Ar (100 sccm)

for 30 min. The system was then cooled to room temperature in a stream of Ar. As shown

below, Au nanoparticles with an average size of 100 nm were quasi-uniformly integrated

into the hybrid graphene-polymer structures. This approach for obtaining pre-defined Au

nanoparticles from a very diluted HAuCl4 solution on the polymeric substrate, heated

from room temperature to slightly above one hundred degrees Celsius, is similar to those

detailed in [42,43], in those instances handling with remnants of a droplet of HAuCl4
solution and following the same process of heating. But this technique, introduced by

the paper, using immersion of the polymer film in a very diluted HAuCl4 solution, has

the advantage of creating and quasi-uniformly dispersing gold nanoparticles on larger

surfaces, along with several extra advantages: (1) the cost of generating gold nanoparticles

is low; (2) the method is simple; (3) no waste liquid is produced following the synthesis of

gold nanoparticles.

2.4. Characterization Equipment

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX)

were performed with a field emission and focused ion beam scanning electron microscope

Lyra III XMU (TESCAN GROUP a.s., Brno-Kohoutovice, Czech Republic).
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Optical analysis using atomic force microscopy (AFM) was conducted with a Dimen-

sion Edge device (Bruker, Billerica, USA). The assessment of roughness was performed

using these derived parameters: Ra = Average Roughness; RSk = Skewness; RMS = Root

Mean Square Roughness; RKu = Kurtosis. The outcomes for the roughness parameters are

shown as averages for 4 scanned regions on each type of sample. The surface roughness

parameters are described according to ISO 21920-2:2021 [44,45].

A PARSTAT 4000 potentiostat/galvanostat device (AMETEK Scientific Instruments

Inc., Oak Ridge, TN, USA) along with its associated software linked to a computer via

the VersaStudio electrochemistry graphical interface was used to assess electrochemical

features of samples. Its K0264 Micro-Cell Kit was used as electrochemical cell assembly.

3. Results and Discussion

3.1. AFM Analysis

Along with the initial analysis presented in [41], a SEM analysis was also introduced

for all hybrid structures of graphene-conducting polymers. In the case of graphene covered

with P3HT, although, at first glance, it seems to have a fairly uniform grain distribution,

Figure 1a), when relaying to the image at 500× Figure 1b), it can be noticed that the

roughness is quite high. Grains of different sizes but also smoother stretches can be

observed, Figure 2.

ff

  
(a) (b) 

Figure 1. Optical analysis of graphene–P3HT: (a) SEM at 10 kx and (b) optical at 500×.

ff

 

Figure 2. AFM Topographic image and profile lines for graphene–P3HT.

The grain size is small, typically below 0.3 µm. The grains are typically organized in

bigger groups. The Rku values are near 3, Table 1, indicating that the grain distribution is

fairly symmetrical. The Rsk values are minimal, and we can approximate a roughly equal

percentage of peaks and hollow distributed across the surface.
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Table 1. Average roughness parameters determined by AFM lines: graphene—P3HT.

Scanned Area RMS (nm) Ra (nm) RSk RKu

40 × 40 µm 64 53 0.143 3.31

In the case of graphene covered with PANI-EB, we can evaluate a roughly equal

percentage of peaks and valleys distributed across the surface, but here the grains are

organized in smaller groups and present a higher density, Figure 3. The grain size is larger,

typically over 2.2 µm, Figure 4, and their concentration is heightened. The Rku values

remained near 3, indicating that the grain distribution is symmetrical. The Rsk values are

also minimal, comparable with the values for graphene–P3HT structures, suggesting that

polymer deposition creates a similar architecture, see Table 2.

  
(a) (b) 

ff

ff

Figure 3. Optical analysis of graphene–PANI-EB: (a) SEM at 1 kx and (b) optical at 500×.

  

 

ff

ff

Figure 4. AFM Topographic image and profile lines for graphene–PANI-EB.

Table 2. Average roughness parameters determined by AFM lines: graphene—PANI-EB.

Scanned Area RMS (nm) Ra (nm) RSk RKu

40 × 40 µm 522 414 0.16 3.16

In the case of graphene covered with F8T2, a different topography is observed com-

pared to the structures presented above. Analyzing Figure 5, even if it seems to present a

fairly uniform grain distribution, the roughness is much higher compared to the graphene

deposited with P3HT or PANI-EB. The grains are arranged less uniformly, and there are

grains of different sizes separated by smoother stretches.
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(a) (b) 

tt

Figure 5. Optical analysis of graphene–F8T2: (a) SEM at 5 kx and (b) optical at 500×.

The grain size is generally 3 µm, Figure 6, about 10 times larger compared to the

graphene deposited with P3HT, where the grain dimension was 0.28 µm. But the grain size

for graphene–F8T2 assembly is in line with the dimension for graphene deposited with

PANI-EB, of 2.2 µm. The grains are generally arranged in smaller clusters, and according

to the values of RSk and Rku the grain distribution is quite symmetrical, Table 3.

  

 

tt

Figure 6. AFM Topographic image and profile lines for graphene–F8T2.

Table 3. Average roughness parameters determined by AFM lines—graphene–F8T2.

Scanned Area RMS (nm) Ra (nm) RSk RKu

40 × 40 µm 705 546 0.191 3.36

In all, AFM emphasized a higher roughness in the case of F8T2 compared to P3HT or

PANI-EB, and a larger dimension of grain size.

The analysis of the structure obtained after inserting Au nanoparticles within

graphene–P3HT assembly is presented in Figure 7. The existence of gold as quasi-spherical

particles with the average dimension of approx. 100 nm is easily observable. However, at

first glance, the number of gold particles bonded to the polymer is quite minimal.

The grain size typically measures 0.48 µm, consistent with the size of graphene de-

posited with PANI-EB without the addition of Au, as shown in Figure 8. The grains are

usually organized in smaller groups too. The RSk values are elevated, suggesting the

formation of distinct hollows post-Au deposition; however, the structure of these hollows

is scattered due to the limited number of Au particles. The Rku values exceed 4, indicating

that the grain symmetry is somewhat altered by the addition of Au, as shown in Table 4.
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(a) (b) 

Figure 7. Optical analysis of graphene–P3HT+Au: (a) at 100× and (b) at 500×.

Figure 8. AFM Topographic image and profile lines for graphene–P3HT+Au.

Table 4. Average roughness parameters determined by AFM lines: graphene—P3HT+Au.

Scanned Area RMS (nm) Ra (nm) RSk RKu

40 × 40 µm 255 197 0.51 4.59

Figure 9 shows the analysis of the structure achieved after incorporating Au nanopar-

ticles into the graphene—PANI-EB assembly. The presence of gold in the form of quasi-

spherical particles with an average size of about 100 nm is clearly visible, yet the quantity

of metallic particles is greater and somewhat grouped in small clusters.

  
(a) (b) 

tt
tt

Figure 9. Optical analysis of graphene–PANI-EB+Au: (a) at 100× and (b) at 500×.
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The grain size is generally 1.8 µm, in line with the dimension for graphene deposited

with PANI-EB without Au addition, Figure 10. The grains are usually organized in larger

groups. The RSk values are high, indicating the development of unique hollows after Au

deposition, characterized by a specific arrangement featuring large hollows among the

groups of grains. The Rku values are over 7, demonstrating that the grain symmetry is

completely altered by the inclusion of Au, as illustrated in Table 5, as integration of metal

compels the initial grains to form gaps for Au particles to delve further and gather into

small clusters, thereby sharpening the peaks.

tt
tt

Figure 10. AFM Topographic image and profile lines for graphene–PANI-EB+Au.

Table 5. Average roughness parameters determined by AFM lines: graphene—PANI-EB+Au.

Scanned Area RMS (nm) Ra (nm) RSk RKu

40 × 40 µm 465 297 0.42 7.44

Figure 11 illustrates the analysis of the structure obtained after adding Au nanoparti-

cles to the graphene–F8T2 composite. Gold is noticeably present. At first glance, when com-

paring Figures 7, 9 and 11, in this instance, the area covered with nanoparticles surpasses

that of the graphene–P3HT assembly but is fewer compared to the graphene–PANI-EB

assembly. The metallic particles are somewhat clustered in larger groups, but the respective

clusters are quite dispersed among the graphene–F8T2 grains.

  
(a) (b) 

ff

Figure 11. Optical analysis of graphene–F8T2+Au: (a) at 100× and (b) at 500×.

The grain size typically reaches 3.8 µm, aligning with the dimensions for graphene

deposited with F8T2 without the addition of Au, as shown in Figure 12. The grains are
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typically arranged in smaller clusters. The low RSk values suggest the formation of some

hollows; however, the architecture of these hollows is scattered, due to the fairly dispersed

gold clusters, and overall, the grains settle closely together, resulting in minimal free space

among them. The Rku values exceed 4, indicating that the grain symmetry is somewhat

modified by the presence of Au, as shown in Table 6, although this modification is less

significant compared to the graphene–PANI-EB assembly case, since, despite clustering,

the Au particle clusters are few and fairly dispersed.

ff

Figure 12. AFM Topographic image and profile lines for graphene–F8T2+Au.

Table 6. Average roughness parameters determined by AFM lines: graphene—F8T2+Au.

Scanned Area RMS (nm) Ra (nm) RSk RKu

40 × 40 µm 767 563 0.195 4.63

To evaluate the amount of gold in these hybrid structures, energy dispersive X-ray

analyses were performed. The images have been very challenging to identify differences

regarding the Au peak intensities, as there is a very low amount of gold relative to the

graphene quantity, and minimal fluctuation in atomic percentage of gold as well, which

renders the images irrelevant. Conversely, because of the weak EDS signal from small

nanoparticles, the detection time for these particles increased, and other elements, such

as Cu, Fe, and Co (likely connected to the sample holders etc.), appeared in the images,

affecting the quality of the Au peak intensities. EDS analysis, a semi-quantitative method,

has reasonably confirmed the incorporation of gold nanoparticles into hybrid structures.

Table 7 depicts the weight and atomic percentage of gold atoms in the hybrid samples, but

under the previously mentioned experimental conditions, the accuracy of this information

is constrained.

Table 7. Weight and atomic percentage of gold atoms in the hybrid samples.

Hybrid Structure Weight Percentage (%) Atomic Percentage (%)

Graphene–P3HT+Au 3.79 ± 0.14 0.25 ± 0.05
Graphene–PANI-EB+Au 9.81 ± 0.16 0.65 ± 0.04

Graphene–F8T2+Au 6.02 ± 0.12 0.39 ± 0.08

In assessing the incorporation of gold nanoparticles into graphene-conducting poly-

mer assemblies, we can infer that the interaction of gold with the polymer structures

varies significantly, with P3HT exhibiting the weakest physical connection and lowest

quantity of linked gold nanoparticles and PANI-EB showing the strongest. Conversely,

the effect of incorporating gold nanoparticles varies, being more individual and dispersed

for P3HT, and distinctly clustered and more agglomerated for the other two structures.
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In every instance, a fairly symmetrical arrangement of grains was observed, with min-

imized space between them. Structures featuring symmetrical distribution and rough-

ness dimensions at the micrometer scale are regarded as ideal for use as electrochemi-

cal sensors, although electrochemical evaluations in various reactants could determine

their definitive usefulness.

3.2. Analysis of Electrochemical Functionality

The literature describes various metallization processes for graphene-supported com-

posite materials, such as in [46], but many of them are unsuitable for a basic sensor applica-

tion. In our instance, an ink-jet printer was utilized, and the metallization was performed

using commercial ORGACON SI-J20X ink (Agfa-Gevaert N.V., Mortsel, Belgium) designed

for printed electronics, by deposition in 2 layers. A uniform dispersion of the ink on the

active area was observed, Figure 13a. An electrode structure was created from each of the

earlier shown hybrid samples, featuring an active surface approximately 1–1.5 cm2, linked

on one side to the connecting conducting path.

  
(a) (b) 

Figure 13. (a) Sample of working electrode; (b) K0264 Micro-Cell Kit configuration used as electro-

chemical cell assembly.

The electrochemical cell utilized for obtaining the cyclic voltammograms consisted

of three electrodes: one of the previously mentioned electrodes served as the working

electrode, the reference electrode was Silver/Silver chloride, and the counter electrode

was a Pt spiral of 0.3 mm diameter. The K0264 Micro-Cell Kit configuration, used as

electrochemical cell assembly, is presented in Figure 13b.

The solution employed for the preliminary testing the three working electrodes

was a 0.5 M aqueous H2SO4 solution, a typical method associated with cyclic voltam-

metry for examining proton reduction [47–49], primarily if pertaining to electrodes

that include metallic elements. Figure 14 displays the cyclic voltammograms of the

graphene–P3HT electrode with Au nanoparticles, employing 3 scanning rates of: 200,

100, and 50 mV/s respectively.

A thorough examination of Figure 14 shows that the peaks of oxidation and reduc-

tion in the voltammograms are found at 439 and 325 mV, respectively, indicating an

irreversible process related to the electrochemical doping of P3HT by HSO4
− anions in

the vicinity of Au nanoparticles, similar with the cases described in [50,51]. As the scan-

ning speed slows down, a reduction in both the anodic and cathodic current densities of

the voltammograms is noted.

Figure 15 presents the cyclic voltammograms of the graphene–PANI-EB electrode

with Au nanoparticles, at the same scanning rates.
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Figure 14. Cyclic voltammograms for graphene–P3HT+Au at scanning speeds of 200, 100, and 50 mV/s.

 

 

ff

ff

Figure 15. Cyclic voltammograms for graphene–PANI-EB+Au at scanning speeds of 200, 100, and

50 mV/s.
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It was observed that regardless of the scanning speed, the cyclic voltammograms

display an oxidation peak at 450 mV and a reduction peak at 291 mV. This difference in

potential between the maximum oxidation and reduction indicates an irreversible process

resulting from the doping of PANI-EB, which leads to the creation of emeraldine polyaniline

salt (PANI-ES). Furthermore, as the scanning speed decreases, there is a nearly linear drop

in the anodic and cathodic current densities, suggesting that the electrochemical process is

controlled by diffusion.

Finally, Figure 16 presents the cyclic voltammograms of the graphene– F8T2 electrode

with Au nanoparticles, at the same scanning rates.

ff

ff

 
Figure 16. Cyclic voltammograms for graphene–F8T2+Au at scanning speeds of 200, 100, and

50 mV/s.

Upon examining the voltammograms collected at a sweep rate of 200 mV/s, it is

evident that the maximum anodic and cathodic current densities increase with a growing

number of cyclic voltammograms. By the conclusion of the 5 cycles, the process gener-

ally starts to stabilize, with the oxidation and reduction potentials of 428 and 325 mV,

respectively. This effect is reduced at slower scanning speeds. More than this, a slower

sweep speed leads to a decreased density of the anodic and cathodic currents, with a slight

shift in the positions of the oxidation and reduction peaks; at a sweep speed of 50 mV/s,

the potentials of the anodic and cathodic maxima are 448 mV and 337 mV, respectively.

The voltage variation linked to the anodic and cathodic peaks suggests an irreversible

process tied to the doping of the F8T2 macromolecular compound with gold nanoparticles,

especially concerning their clustering in large quantities.

In all cases, especially at higher scanning speeds, preliminary minor oxidation and

reduction processes, at potentials of about 200 and 180 mV, respectively, were noticed. They

can be explained by the surface oxidation of gold nanoparticles, especially if pertaining

to electrodes that include a carbon-based support, as described e.g., in [52]. A piece of

evidence supporting this hypothesis is that for the graphene–F8T2 electrode, the effect
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is somewhat intensified when taking into account the clustering of Au nanoparticles in

greater amounts. The variations of the electrochemical features demonstrated by the three

electrodes when exposed to the 0.5 M H2SO4 solution distinctly show that the oxidation and

reduction reactions at the electrode/electrolyte interface possess an irreversible nature due

to the doping of the conjugated polymers, enhanced by the presence of gold nanoparticles.

The notable differences in roughness (grain size) and the arrangement of Au nanopar-

ticles distribution within polymer grains lead to differing behaviors of those structures, and

thus, any possible discrepancies in the sensitivity of the created sensing structures can be

further clarified by this spatial configuration. At first glance, the oxidation and reduction

potentials of the structures appear quite similar, particularly in the presence of sulfuric acid

solution. However, a significant distinction can be observed in the values of the anodic

and cathodic current densities, which seem to be greatly influenced by the amount and

the way the gold nanoparticles are attached to the polymeric grains. In examining the

slight oxidation and reduction reactions of Au nanoparticles for graphene–P3HT assembly,

the effect appears comparable to that observed for graphene-F8T2 assembly, despite a no-

ticeable difference in the atomic percentage of Au nanoparticles attached to each polymer

surface, Table 7. Conversely, the oxidation and reduction processes of Au nanoparticles are

hardly significant for the graphene–PANI-EB assembly, despite the amount of Au nanopar-

ticles attached to the respective polymer surface being similar to that of the graphene-

F8T2 assembly. For graphene–P3HT and graphene-F8T2 assemblies, the incorporation of

Au nanoparticles appears to provide a distinct effect that does not necessarily improve

the polymer’s electrochemical activity. In contrast, for the graphene–PANI-EB assembly,

the impact is more synergistic, the oxidation and reduction processes of Au nanoparti-

cles being negligible. These findings are supported by the analysis of Au nanoparticle

dispersion linked to Figures 7, 9 and 11, where a more uniform and consistent distribu-

tion of Au nanoparticles among the polymer grains is observed solely in the case of the

graphene–PANI-EB assembly.

In Figure 17, the current densities of structures at different scanning speeds is pre-

sented for the three graphene-polymer assemblies. The tests were repeated five times,

and the results presented achieved a confidence level exceeding 90%. As shown, the most

responsive structure is validated to be graphene–PANI-EB integrating Au nanoparticles.

The explanation is founded on an adequately large grain size of 1.8 µm of the structure, with

a significant quantity of Au nanoparticles, arranged as small clusters uniformly dispersed

among the polymer grains, which become sharper due to arrangement of Au nanoparticles.

ff
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Figure 17. Current densities of structures at different scanning speeds.
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In contrast to other research on graphene-polyaniline composites that may serve as

electrochemical sensors [53–57], which primarily focus on graphene clusters embedded

within PANI chains and utilize Van der Waals interactions on larger surfaces, the electrode

technology introduced in this paper is groundbreaking and highlights a novel approach in

altering at the nanoscale the architecture of sensing structures traditionally composed solely

of graphene and conducting polymers. Additionally, incorporating gold nanoparticles

enhances sensitivity regarding redox potential, both of which are critical attributes for an

electrochemical sensor that targets specific biomolecular components for testing. Future

research will focus on specifying hybrid structures of graphene–PANI-EB integrating Au

nanoparticles for cancer diagnosis, aiming to exceed the results presented in [58,59], where

the properties of PANI and graphene are examined independently, or the results presented

in [60–63], where gold nanoparticles and graphene are examined independently.

4. Conclusions

This paper describes the process of fabricating electrodes utilizing hybrid nanos-

tructures made from graphene and conductive polymers, as well as integrating gold

nanoparticles.

The technique employed to create hybrid nanostructures from graphene and conduct-

ing polymers was drop-casting, using solutions of P3HT, PANI-EB, and F8T2. Furthermore,

the graphene-conducting polymer structures were submerged in a HAuCl4/2-propanol

solution employing a novel dip-coating method, followed by a controlled heating from

room temperature to just above one hundred degrees Celsius. The technique offers the

benefit of generating and quasi-uniformly distributing gold nanoparticles with an average

size of 100 nm across larger graphene-polymer structure surfaces. The incorporation of

gold nanoparticles into polymer structures varies significantly, as P3HT shows the least

affinity while PANI-EB exhibits the greatest.

An ink-jet printer was utilized to fabricate electrodes for electrochemical experiments

from the relevant hybrid structures, with metallization carried out using commercially

available silver ink intended for printed electronics. The electrochemical experiments

used a 0.5 M aqueous H2SO4 solution at three different scanning rates. The significant

difference in roughness (grain size) leads to diverse behaviors of these structures, and

thus, any possible variation in sensitivity can be better comprehended through this spatial

configuration. At a glance, the oxidation and reduction potentials of the structures appear

quite similar. However, a significant distinction is observable in the anodic and cathodic

current density values, which seem to be greatly influenced by the active surface and

structure of gold nanoparticles attached to the polymeric grains. The most responsive

structure seems to be graphene–PANI-EB with Au nanoparticles, featuring a grain size of

1.8 µm and a significant quantity of Au nanostructures, arranged in small clusters that are

evenly spread across the polymer grains.

Upcoming studies will target the specification of this electrode type for cancer detection.
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Abstract

This study describes the approach to develop hybrid nanostructures made of four vari-
eties of ceramic nanotubes and three types of conductive polymers embedded with gold
nanoparticles through a novel technique, which can exhibit distinct sensory properties not
documented in the existing literature. Atomic force microscopy (AFM) analysis highlighted
the characteristics of their surface roughness, identifying which could be the best choice for
electrochemical electrodes depending on their surface structure. The incorporation of gold
nanoparticles modifies the surface structure and forces the original grains to create voids
that allow the gold particles to penetrate deeper and gather in small clusters, which in turn
leads to a minor increase in grain size and localized sharpening of the peaks. The analysis
mainly identified the peaks that were higher in relation to the valleys to identify a Gaussian
distribution. It turned out that the configuration of ZnO nanotubes in the composites leads
to the highest Ra values, with Al2O3 nanotubes coming in second place. Regarding the
contribution of conducting polymers, PANI:EB presented the highest importance for all
composites, while P3HT was relevant in several other cases. The evaluation of the electrode
roughness, as described in this paper, is essential for the evaluation of its potential electro-
chemical activity and acts as a reliable measure that goes beyond the role of the evaluation
of the active surface area (EASA). In our opinion, the evaluation of the EASA by traditional
approaches described in the literature is not relevant for sensor applications, since the
evaluation of the electrode surface structure must be performed before electrochemical
tests, because the general electrochemical tests designed for sensor applications do not
evaluate the EASA. Consequently, a thorough assessment of the electrode surface struc-
ture is advised, choosing the optimal electrodes according to this design, and additional
data obtained from cyclic voltammetry will finally ascertain the true EASA and the actual
performance of the respective electrode for identifying the target molecules.

Keywords: ceramic nanotubes; conducting polymers; gold nanoparticles; surface
roughness; electrochemical sensors

1. Introduction

Electrochemical analysis offers numerous benefits, including high sensitivity, selec-
tivity, simplicity, lower cost compared to alternative methods, and rapid analysis [1]. The
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binding interaction occurs between the target molecule and the active site. As a prereq-
uisite, a larger surface area and surface texture are essential for optimal adhesion of the
molecules of interest. The electrical signal generated originates from either the generation
or consumption of electroactive species in stoichiometric amounts. However, the use of
bare electrodes presents several disadvantages, including electrode fouling and inadequate
electron transfer. The intercalation of physical modifiers plays a crucial role in addressing
the problems associated with the use of bare electrodes. Nanomaterials are often used as
modifiers that lower the potential required for electron propagation, thereby enhancing
the selectivity and sensitivity of an electrode. Numerous studies have investigated the
application of nanomaterials to achieve higher sensitivity, including hybridization of transi-
tion metals [2,3], metal oxides [4,5], carbon nanomaterials [6–8], nanowires [9,10], metallic
nanomaterials [11–14], and various hybrid nanostructures, among others [15–19]. Typi-
cally, it has been shown that higher surface roughness improves the adsorption of target
molecules onto the sensing surface by providing more active sites, leading to significant
interaction between the adsorbed molecules and the sensing material [20–25]. Conversely,
it has been shown that a higher degree of electrode roughness positively influences the
shapes of cyclic voltammograms, and the corresponding peak currents are at significantly
higher levels [26].

The effect of higher roughness on sensor performance impacts reaction kinetics, which
are improved, charge transfer rates, by modifying ion/electron motion, and generally,
sites for reactant adsorption, by providing additional sites. The main focus has been on
the development of optical sensors, as shown in [27–31], but in recent years, there has
been an increased interest in custom-designed electrodes with specific architectures for
electrochemical applications, including sensors, as well [32–36]. The texture and irregular-
ities present on the surface of an electrode, known as roughness, can significantly influ-
ence its electrochemical properties, including charge transfer and capacitance. In the last
15 years, numerous studies have focused on the synthesis of ceramic nanotubes using differ-
ent technologies [37–42]. While many authors have focused on the surface characteristics of
hybrid structures involving carbon nanotubes or graphene, especially those incorporating
conducting polymers for sensing applications, none have investigated the properties of
composites comparable to ceramic nanotubes, despite their potential for various types of
electrochemical sensors. However, the clear advantages that such hybrid structures offer
in terms of compactness, precision, and improved detection sensitivity should inspire re-
searchers to continuously improve current ceramic nanotube-based composite technologies,
primarily in terms of improving their electrochemical active surface area (EASA) [43,44],
by tailoring the electrode surface structure.

The innovation of this work mainly concerns the development of hybrid nanostruc-
tures made of ceramic nanotubes and conductive polymers containing embedded gold
nanoparticles, which could exhibit unique sensing capabilities not recorded in the current
literature. The surface structure of ceramic nanotube-based electrodes is an important
aspect that may have an impact on future advances in electrochemical sensor applications.
This work presents hybrid structures of four types of ceramic nanotubes associated with
three types of conductive polymers, with the aim of evaluating their physical characteristics
and surface roughness properties and, finally, determining which of them could be the
optimal selection for electrochemical electrodes based on their surface architecture.

2. Materials, Technology, and Characterization Methods

2.1. Sample Preparation

Based on the technological steps detailed in [38,42,45–47], the method for fabricat-
ing ceramic nanotubes consisted of three phases: forming polymer fiber networks with
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poly(methyl methacrylate), applying ceramic coatings to the nanofiber networks by mag-
netron sputtering, and heating the nanotubes to 600 ◦C for complete removal of the polymer
support, [38,42,46,47]. Figure 1 shows the images of TiO2, Al2O3, Y2O3, and ZnO ceramic
nanotubes, respectively, emphasizing the uniformity of the ceramic nanotube structures,
which are hollow inside.

(a) (b)

(c) (d)

Figure 1. Images of nanotubes of (a) TiO2, (b) Al2O3, (c) Y2O3, and (d) ZnO (200 k magnitude, with
image processing) [38,42,46,47].

The subsequent method of obtaining hybrid nanostructures from ceramic nanotubes
and conducting polymers, including emeraldine-based polyaniline (PANI:EB), poly(3, 4-
ethylenedioxy-thiophene)-polystyrene sulfonate (PEDOT:PSS), and poly(3-hexylthiophene)
(P3HT), involved drop-casting. Five specimens from each category were prepared to
evaluate the technological feasibility. The technological procedure used the solutions
detailed in [46,47]. In each case, 240 µL of each polymer solution was deposited onto
ceramic nanotubes (SiO2/Si substrate) using Pasteur pipettes. Each solvent was evaporated
for 60 min under vacuum conditions, using a Pfeiffer vacuum pump connected to a
desiccator [42]. Figures 2–5 show the deposition process of PANI:EB, PEDOT:PSS, and
P3HT on TiO2, Al2O3, Y2O3, and ZnO nanotubes, respectively. A different adhesion of
the polymers to the nanotubes can be briefly observed. As for the nanotubes, Al2O3 and
Y2O3 are applied over a large surface. As for the polymers, it happens that PEDOT:PSS
covers the nanotube network with a thicker film; for Al2O3, Y2O3, and ZnO, the ceramic
nanotubes are completely covered, which raises questions about their influence on the new
hybrid structure in terms of surface parameters.
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(a) (b) (c)

Figure 2. Deposition of (a) PANI:EB, (b) PEDOT:PSS, and (c) P3HT upon TiO2 nanotubes.

(a) (b) (c)

Figure 3. Deposition of (a) PANI:EB, (b) PEDO:PSS, and (c) P3HT upon Al2O3 nanotubes.

(a) (b) (c)

Figure 4. Deposition of (a) PANI:EB, (b) PEDO:PSS, and (c) P3HT upon Y2O3 nanotubes.

(a) (b) (c)

Figure 5. Deposition of (a) PANI:EB, (b) PEDOT:PSS, and (c) P3HT upon ZnO nanotubes.
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However, these initial findings may change significantly upon deposition of gold
nanoparticles. A more comprehensive examination of the gold nanotube composites will
discuss X-ray photoelectron spectroscopy (XPS), energy-dispersive X-ray spectroscopy
(EDS), and scanning electron microscopy (SEM) analysis later, which could clarify the
structure of these materials. The conductive polymer composites with ceramic nanotubes
were further immersed in a dilute HAuCl4/2-propanol solution (0.001 M) by dip-coating
and allowed to stand for 24 h. After impregnation, the samples were dried in an oven
at 150 ◦C with an Ar flow (100 sccm) for 30 min. The samples were then cooled to room
temperature in an argon flow. Au nanoparticles with an average size of 100 nm were
quasi-uniformly integrated into the hybrid structures. This approach to obtain specific
Au nanoparticles from a highly dilute 132 HAuCl4 solution on the polymer substrate,
heated from room temperature to just over one hundred degrees Celsius, is similar to those
presented in [48,49]. However, the approach described in this paper involves immersing the
polymer film in a significantly dilute 135 HAuCl4 solution, which helps in the generation
and almost uniform spreading of gold nanoparticles over larger regions, an essential factor
for the development of more sensitive electrochemical sensors.

2.2. Characterization Equipment

X-ray photoelectron spectroscopy (XPS) and energy-dispersive X-ray spectroscopy
(EDS) were performed with an AXIS Supra+ unit (Kratos Analytical Ltd., Manchester, UK).
Measurement conditions: anode Al (1486.74 eV), U = 15.kV, I = 15 mA, P = 225 W, p SAC 5
X 10-9 mbar, parameter spectrum recording line extended spectrum E start (eV) 1200, Estop
(eV) −5, step (eV) 0.1, pass energy (eV) 140, number of passes 1.

Scanning electron microscopy (SEM) provides insights into the surface structure and
was conducted using Lyra III XMU equipment from TESCAN GROUP a.s., located in
Brno-Kohoutovice, Czech Republic.

Atomic force microscopy (AFM) delivers high-resolution visuals to measure surface
roughness at the nanoscale. AFM was performed with a Dimension Edge device from
Bruker (Billerica, MA, USA) for optical applications. The roughness evaluation was per-
formed with the following derived parameters: Ra = Roughness Average; Rsk = Skewness;
RMS = Root Mean Square Roughness; Rku = Kurtosis. Average roughness values are
given for four scanned areas on each sample type. The evaluation of the surface roughness
parameters was conducted in accordance with ISO 21920-2:2021 [45,50].

3. Results and Discussion

3.1. XPS and EDS Analysis

The novel XPS analysis of Y2O3–nanotube composites is presented in Figure 6,
and the rest of the XPS analyses for the other nanotube composites, are included as
Supplementary Materials Figures S1–S3 [46,47].

In all these figures that highlight the samples of ceramic nanotube-P3HT, the elements
recognized on the basis of the general spectrum include oxygen, carbon, sulfur, and silicon,
as well as the metal that produces the specific oxide of the corresponding nanotubes.
Regarding all figures that highlight the ceramic nanotube-PANI:EB, elements recognized on
the basis of the general spectrum include sodium, oxygen, nitrogen, carbon, and sulfur, as
well as the metal that produces the specific oxide of the corresponding nanotubes. In figures
that highlight the samples of ceramic nanotube-PEDOT:PSS, the elements recognized
on the general spectrum include sodium, oxygen, nitrogen, carbon, and sulfur, as well
as the metal responsible for the specific oxide of the corresponding nanotubes. X-ray
analysis with energy dispersion was performed to evaluate the amount of gold. Identifying
the differences between the intensities of the golden peaks in the images has proven
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to be quite difficult, because the amount of gold is very low compared to the ceramic
nanotube-conductive polymers, and there are few variations in the gold atomic percentage,
which makes the images inconclusive. On the other hand, due to the low EDS signal of
tiny nanoparticles, the time of detection for these particles has become longer, and other
elements, such as Cu, Fe, and Co (probably related to sample supports, etc.), appeared in
images, diminishing the quality of the golden peaks.

(a)

(b)

(c)

Figure 6. XPS analysis of Y2O3 nanotube composites with (a) PANI:EB, (b) PEDOT:PSS, and (c) P3HT.

However, the EDS analysis, being a semi-quantitative technique, has satisfactorily
validated the inclusion of gold nanoparticles in hybrid structures. Table 1 illustrates the
weight percentage of gold nanoparticles in hybrid samples, but the accuracy of these data
is limited under the previously mentioned experimental conditions. Because the metals
responsible for the specific oxides of the respective nanotubes have different atomic masses,
a direct comparison for all the hybrid structures collectively is not feasible. Conversely, a
clear comparison can be made for hybrid structures containing the same nanotube in terms
of polymer activity. A clearer understanding of the effect of Au nanoparticles upon hybrid
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structures can be related to SEM analysis. No special chemical interaction between ceramic
nanotubes and conductive polymers was observed, nor between gold nanoparticles and
polymers. The XPS/EDS analysis indicates that the attachment of the gold nanoparticles to
the ceramic nanotubes and conductive polymers is a primary physical interface interaction,
in accordance with the comparable results reported in [51,52].

Table 1. Weight percentages of gold nanoparticles in the hybrid structures.

Hybrid Structure Weight Percentage (%)

TiO2/PANI:EB+Au 1.66 ± 0.14

TiO2/PEDOT:PSS+Au 0.64 ± 0.11

TiO2/P3HT+Au 0.92 ± 0.08

Al2O3/PANI:EB+Au 0.22 ± 0.04

Al2O3/PEDOT:PSS+Au 1.78 ± 0.16

Al2O3/P3HT+Au 0.89 ± 0.12

Y2O3/PANI:EB+Au 0.37 ± 0.07

Y2O3/PEDOT:PSS+Au 0.54 ± 0.08

Y2O3/P3HT+Au 0.26 ± 0.03

ZnO/PANI:EB+Au 0.46 ± 0.09

ZnO/PEDOT:PSS+Au 1.85 ± 0.18

ZnO/P3HT+Au 1.66 ± 0.15

An analysis of the data in Table 1 must be made in relation with each ceramic nanotube
type, one the one hand, and related to the influence of the conducting polymer used, on the
other hand. The highest values of the weight percentage of gold nanoparticles in the hybrid
structures were found for ZnO/PEDOT:PSS+Au (1.85%), Al2O3/PEDOT:PSS+Au (1.78%),
and, respectively, TiO2/PANI:EB+Au and ZnO/P3HT+Au (both with 1.66%). Even if the
lowest values of weight percentage of gold nanoparticles were found for Y2O3 nanotubes in
all their configurations, we need to note that a direct comparison cannot be made because
the atomic mass of Y is much larger comparing to, e.g., Al, or Ti. For this reason, a more
reliable comparison might be made between, e.g., Zn and Y nanotubes with different
conducting polymers, due to closer atomic mass values. In this peculiar case, it is clear that
ZnO nanotubes may offer a better affinity compared to Y2O3 nanotubes. As regards the
influence of the conducting polymers, PEDOT:PSS and P3HT seem to positively influence
the gold affinity to the hybrid structures in most of the cases.

3.2. SEM Analysis

The SEM imagery in Figure 7 for TiO2/PANI:EB composites containing Au shows
that most gold nanoparticles adhere to the TiO2 nanotubes, while others occupy the spaces
between the ceramic nanotubes. Gold was frequently found in the form of individual
nanoparticles, but some agglomerations may be noted at µm size, up to 30 µm. The
distribution of gold nanoparticles is quite uniform, and the quantity is significant.

In the SEM imagery in Figure 8 of TiO2/PEDOT:PSS composites with Au, it can be
seen that gold was rarely found as nanoparticles, but more frequently in the form of clusters
with dimensions of tens of micrometers. It seems that the gold-occupied region is clearly
limited, and hence the gold particles to be adhered are few.
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Figure 7. SEM images of TiO2/PANI:EB composites with Au [46].

Figure 8. SEM images of TiO2/PEDOT:PSS composites with Au [46].

In the SEM imagery in Figure 9 of TiO2/P3HT composites with Au, it is clear that gold
appears mainly in the form of nanoparticles, although some groups are visible at µm size,
mainly up to 20 µm. The morphology resembles the composites of TiO2/PANI:EB with Au,
but the surface covered with gold seems to be somewhat smaller.

Figure 9. SEM images of TiO2/P3HT composites with Au.

The SEM imagery in Figure 10 for Al2O3/PANI:EB composites with gold shows
that very few gold nanoparticles adhere individually to nanotubes. The distribution
of gold nanoparticles is rare and the quantity is insignificant, with the adhesion effect
being minimal.
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Figure 10. SEM images of Al2O3/PANI:EB composites with Au.

From the SEM imagery in Figure 11 for Al2O3/PEDOT:PSS composites containing
Au, it is clear that the gold was mainly deposited in the form of small clusters of 10–30 µm
dimensions, presenting an almost uniform distribution of these clusters on the surface of
the composite. The morphology resembles the composites of TiO2/PANI:EB with Au, but,
here being predominantly clusters, the surface covered with gold seems larger, and the
amount of gold is clearly larger.

Figure 11. SEM images of Al2O3/PEDOT:PSS composites with Au.

From the SEM imagery in Figure 12 for Al2O3/P3HT composites with Au, it is clear
that gold has mainly been deposited in the form of separate nanoparticles, although a
few small groups can be observed at µm size, mainly up to 10 µm, presenting an almost
uniform distribution on the entire surface of the composite. The structure looks similar
to the TiO2/P3HT composite with Au, in terms of the region covered with gold and the
amount of gold deposited, which are comparable.

The SEM imagery in Figure 13 for Y2O3/PANI:EB composites containing Au shows
that gold is deposited mainly in the form of individual nanoparticles on nanotubes, while
other particles fall into the spaces between ceramic nanotubes.
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Figure 12. SEM images of Al2O3/P3HT composites with Au.

Figure 13. SEM images of Y2O3/PANI:EB composites with Au.

The distribution of gold nanoparticles is relatively uniform, even if some small groups
of nanoparticles up to 10 µm can be observed, but the quantity is significant.

From the SEM imagery in Figure 14 for Y2O3/PEDOT:PSS composites containing Au,
it can be seen that the morphology resembles the structure of the composites Y2O3/PANI-
EB with Au, presenting a significant number of dispersed nanoparticles and small clus-
ters on and among nanotubes. However, here, the gold region and the amount of gold
are larger.

Figure 14. SEM images of Y2O3/PEDOT:PSS composites with Au.
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From the SEM imagery in Figure 15 for Y2O3/P3HT composites containing Au,
it is observed that gold was mainly deposited in the form of nanoparticles and very
small clusters, ideally filling the spaces between nanotubes. The morphology shows a
very uniform distribution of nanoparticles. However, the amount of gold is quite min-
imal and the surface covered with gold seems significantly reduced comparing to the
precedent cases.

Figure 15. SEM images of Y2O3/P3HT composites with Au.

The SEM imagery in Figure 16 for ZnO/PANI:EB composites containing Au shows
that gold appeared primarily in the form of nanoparticles with deep penetration within the
structure. The distribution of gold nanoparticles is quite uniform, although in a few cases,
some larger groups of nanoparticles may be identified. The gold quantity is less significant,
suggesting a weak attraction of gold nanoparticles to this composite structure.

Figure 16. SEM images of ZnO/PANI:EB composites with Au.

The SEM imagery in Figure 17 for ZnO/PEDOT:PSS composites containing Au may
resemble Al2O3/PEDOT:PSS composites that include Au, presenting a substantial amount
of gold deposited in the form of individual nanoparticles and small clusters of 10–30 µm
dimensions, with a rather uniform distribution on the surface. The surface containing gold
and the amount of gold are significantly larger comparing to the ZnO/PANI:EB structure.
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Figure 17. SEM images of ZnO/PEDOT:PSS composites with Au.

From the SEM imagery in Figure 18 for ZnO/P3HT composites containing Au, it turns
out that gold was deposited in the form of nanoparticles and small clusters up to 10 µm
dimensions that crowd and even overlap. There is a larger region full of gold, but there are
also some sections with smaller gold deposition, which makes the general distribution to
be seen uneven, presenting a combination of two distinct areas. The amount of gold seems
to be considerable, comparable to ZnO/PEDOT:PSS composites.

  

Figure 18. SEM images of ZnO/P3HT composites with Au.

In general, it is believed that the deposition of gold nanoparticles on composite sites can
mainly be influenced by the type of polymer, as well as its deposition on ceramic nanotubes,
which was firstly observed when analyzing Figures 2–5. However, when evaluating the
integration of gold nanoparticles with polymers and ceramic nanotubes through EDS and
SEM, it becomes clear that the interaction between gold and polymer structures varies
significantly, contrary to expectations, and the gold nanotubes and architecture of the
surface are distinctly affected by the ceramic nanotubes.

An overview of the distribution of gold nanoparticles upon the surface of hybrid
composites of ceramic nanotubes and conducting polymers is briefly given in Table 2.
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Table 2. Type of distribution and area covered with gold nanoparticles in the hybrid structures.

Hybrid Structure Type of Distribution/Area Covered

TiO2/PANI:EB+Au uniform/large

TiO2/PEDOT:PSS+Au uniform/very reduced

TiO2/P3HT+Au uniform/reduced

Al2O3/PANI:EB+Au uneven/very reduced

Al2O3/PEDOT:PSS+Au uniform/very large

Al2O3/P3HT+Au uniform/large

Y2O3/PANI:EB+Au uniform/quite large

Y2O3/PEDOT:PSS+Au uniform/large

Y2O3/P3HT+Au uniform/very reduced

ZnO/PANI:EB+Au uniform/reduced

ZnO/PEDOT:PSS+Au uniform/very large

ZnO/P3HT+Au relatively uniform/very large

The analysis of the SEM images and the conclusions from Table 2 generally corre-
spond to the results presented in Table 1. Based on the interpretation of the SEM images,
the PANI:EB polymer has shown the most relevant physical connection with the gold
nanoparticles, mainly when the nanotubes of TiO2 and Y2O3 are present, while the bond is
weak with other nanotubes. The PEDOT:PSS polymer has demonstrated a more significant
deposition of gold nanoparticles only in connection with Al2O3, Y2O3, and ZnO. Finally,
regarding the P3HT polymer, the gold deposition is considerable only in relation to TiO2,
Al2O3, and ZnO, while in the case of Y2O3, the effect is minimal.

However, the optimal placement of gold nanoparticles on the surface of ceramic
nanotubes and their content are essential requirements for improving the sensitivity of the
material for sensory purposes, but this effect must be increased by the special structure
from the surface of the material, which will be evaluated below by the AFM analysis.

3.3. AFM Analysis

The AFM optical analysis shows the size of the grains, their distribution on the surface,
and the general roughness of the surface. The qualitative correlation between the shape and
density of the peaks and the values of the roughness parameters are described by Figure 19
and explained in [45]. Essentially, the ideal architecture for efficient sensors would be
the one with a higher value of the roughness of the peaks (RA), more sharpened peaks
(characterized by RSK), and a reasonably consistent distribution of peaks and valleys, with
a greater uniformity of their form and a lower asymmetry (characterized by RKU).

The optical analysis was performed up to 100 nm size, and the individual particles of
gold can be easily identified as dispersion and dimensions, in most cases confirming their
individual dimensions of 100 nm. It is clear that gold was deposited in both nanoparticles
and clusters, affected by the affinity of the polymer used as a deposition support and also
related to the spatial structure of a ceramic nanotube–conductor polymer before being
subjected to coverage with Au nanoparticles by the dip-coating method.

It should be noted that in the case of the optical analysis at 100× and 500×, specifi-
cally the images shown in Figures 20–31, these images completely validate the technical
discussion presented in the SEM images of homologous structures shown in Figures 7–18,
regarding the formation and distribution of nanoparticles on the surfaces of the composites.
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Figure 19. Roughness parameters values vs. peak shape and density [45].

(a) (b)

Figure 20. Optical analysis at (a) 100× and (b) 500× of TiO2/PANI:EB composites with Au.

(a) (b)

Figure 21. Optical analysis at (a) 100× and (b) 500× of TiO2/PEDOT:PSS composites with Au.
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(a) (b)

Figure 22. Optical analysis at (a) 100× and (b) 500× of TiO2/P3HT composites with Au.

(a) (b)

Figure 23. Optical analysis at (a) 100× and (b) 500× of Al2O3/PANI:EB composites with Au.

(a) (b)

Figure 24. Optical analysis at (a) 100× and (b) 500× of Al2O3/PEDOT:PSS composites with Au.



Coatings 2025, 15, 1211 16 of 29

(a) (b)

Figure 25. Optical analysis at (a) 100× and (b) 500× of Al2O3/P3HT composites with Au.

(a) (b)

Figure 26. Optical analysis at (a) 100× and (b) 500× of Y2O3/PANI:EB composites with Au.

(a) (b)

Figure 27. Optical analysis at (a) 100× and (b) 500× of Y2O3/PEDOT:PSS composites with Au.
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(a) (b)

Figure 28. Optical analysis at (a) 100× and (b) 500× of Y2O3/P3HT composites with Au.

(a) (b)

Figure 29. Optical analysis at (a) 100× and (b) 500× of ZnO/PANI-EB composites with Au.

(a) (b)

Figure 30. Optical analysis at (a) 100× and (b) 500× of ZnO/PEDOT:PSS composites with Au.
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(a) (b)

Figure 31. Optical analysis at (a) 100× and (b) 500× of ZnO/P3HT composites with Au.

As regards the profile lines of TiO2/PANI:EB composites with Au, shown in
Figure 32 [46], the formation of layers is predominantly characterized by peaks and not
by valleys, demonstrated also by the Rsk value; the Rku value is close to 3, indicating
an almost Gaussian distribution of the grains. The grain size is exceptionally large, at
about 3.7 µm.

Figure 32. AFM topographic 2D and 3D images and profile lines—TiO2/PANI:EB composites
with Au [46].

As regards the profile lines of TiO2/PEDOT:PSS composites with Au, shown in
Figure 33 [46], the formation of layers is predominantly characterized by large valleys
and fewer peaks. The Rsk value increases beyond 4, indicating a distinct asymmetry, and
indicating that the inclusion of gold nanoparticles in the clusters significantly changes the
initial structure. The size of the granules is very low, at about 0.6 µm, which raises doubts
about the effectiveness of such a structure for detection applications.

As regards the profile lines of TiO2/P3HT composites with Au, shown in Figure 34 [46],
the grains are generally arranged in smaller clusters, and the formation of layers is predom-
inantly characterized by peaks and not by valleys (Rsk = 0.42); the Rku values remained
near 3, indicating that the grain distribution is symmetrical.

In the case of Al2O3 PANI:EB composites with Au, shown in Figure 35, the structure
resembles that of TiO2/PANI:EB composites with Au, but the Rsk value is reduced, which
means a balance between peaks and valleys.
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Figure 33. AFM topographic 2D and 3D images and profile lines—TiO2/PEDOT:PSS composites
with Au [46].

Figure 34. AFM topographic 2D and 3D images and profile lines—TiO2/P3HT composites
with Au [46].

Figure 35. AFM topographic 2D and 3D images and profile lines—Al2O3/PANI-EB composites
with Au.

The Rku value is close to 3, indicating an almost Gaussian distribution of the grains.
The grain size is remarkably large, at about 4.1 µm.

In the case of Al2O3/PEDOT:PSS composites with Au, shown in Figure 36, the surface
architecture resembles that of TiO2/PEDOT:PSS composites with Au. The formation of
layers presents larger valleys and shorter peaks, of about 0.51 µm; the Rku value exceeds 3,
indicating a beginning of asymmetry.
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Figure 36. AFM topographic 2D and 3D images and profile lines—Al2O3/PEDOT:PSS composites
with Au.

As regards the architecture of Al2O3/P3HT composites with Au, shown in Figure 37,
small, but very crowded peaks are obtained, of about 0.62 µm. Their distribution has
highlighted a balance between peaks and valleys (RSK near zero), remaining uniform
despite the larger roughness (the RKU parameter is close to 3).

Figure 37. AFM topographic 2D and 3D images and profile lines—Al2O3/P3HT composites with Au.

The topography of Y2O3/PANI:EB composites with Au is presented in Figure 38. Both
Rku and Rsk are higher, indicating the formation of layers with larger valleys and irregular
peaks, with a clear asymmetry. Although the architecture seems chaotic, the size of the
granules, of about 2.1 µm, encourages us to consider this structure to still be suitable for
detection applications.

Figure 38. AFM topographic 2D and 3D images and profile lines—Y2O3/PANI:EB composites
with Au.
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As regards the architecture of Y2O3/PEDOT:PSS with Au, shown in Figure 39, we
observed the creation of layers that have chaotic dimensions and the spread of peaks and
valleys, a fact also demonstrated by the significantly increased values of RKU and RSK.
The unique presence of certain peaks with higher values, such as 1.9 µm, does not indicate
an advantage when taking into account increased asymmetry.

Figure 39. AFM topographic 2D and 3D images and profile lines—Y2O3/PEDOT:PSS composites
with Au.

As regards the architecture of Y2O3/P3HT composites with Au, shown in Figure 40,
it resembles that of Y2O3/PEDOT:PSS with Au. We observed the creation of layers that
have chaotic dimensions of narrower peaks and valleys, which was demonstrated by the
much higher values of RKU and RSK. In conclusion, the composites made up of Y2O3

nanotubes, regardless of the conductive polymer used, despite their exotic presence, do
not offer the essential properties for an efficient electrode, first of all because of their
accentuated asymmetry.

Figure 40. AFM topographic 2D and 3D images and profile lines—Y2O3/P3HT composites with Au.

As regards the topography of ZnO/PANI:EB composites with Au, shown in Figure 41
it resembles that of Y2O3/PANI:EB composites with Au. Both Rku and Rsk are higher,
indicating the formation of layers with irregular tips and valleys, with a clear asymmetry.
Although the architecture seems disorganized, the existence of a substantial number of
high peaks, with a notable size of the granules of about 5.1 µm, motivates us to consider
this framework to still be suitable for sensing applications.



Coatings 2025, 15, 1211 22 of 29

Figure 41. AFM topographic 2D and 3D images and profile lines—ZnO/PANI:EB composites
with Au.

As regards the architecture of ZnO/PEDOT:PSS composites with Au, shown in
Figure 42, it resembles that of Al2O3/P3HT composites with Au, presenting very crowded,
irregular peaks, separated by very narrow valleys. The RKU and RSK values are both
raised. There are still a few granules with a size of 1.7 µm, but not enough to justify the use
of this structure for detection purposes.

Figure 42. AFM topographic 2D and 3D images and profile lines—ZnO/PEDOT:PSS composites
with Au.

Finally, the architecture of ZnO/P3HT composites with Au is presented in Figure 43.
There are significant grains of larger size, of 4.5 µm. The Rku value is slightly negative,
confirming the presence of the balance between the narrow peaks and larger valleys. The
Rku value is close to 3, indicating an almost Gaussian distribution of the grains.

Figure 43. AFM Topographic 2D and 3D images and profile lines—ZnO/P3HT composites with Au.
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In summary, the composites created from ZnO nanotubes, irrespective of the conduct-
ing polymer used, could offer the necessary characteristics for a highly effective electrode,
mainly due to their reasonable symmetry and higher grain values, presenting an almost
Gaussian distribution.

Table 3 presents a comparison of the roughness parameters of the composites with
gold nanoparticles discussed above and those before incorporating gold nanoparticles by
the immersion coverage method, in accordance with the results presented in [46,47] for
different ceramic nanotubes while using the same polymers.

Table 3. Average roughness parameters determined by AFM lines—scanned area 40 × 40 µm.

Scanned Material Ra (nm) RMS (nm) RSk RKu

TiO2 nanotubes—PANI:EB 715 947 −0.18 4.04

TiO2 nanotubes—PANI:EB/Au 948 1197 0.28 2.97

TiO2 nanotubes—PEDOT:PSS 105 131 −0.15 3.04

TiO2 nanotubes—PEDOT:PSS/Au 79 107 0.16 4.42

TiO2 nanotubes—P3HT 298 362 0.17 2.53

TiO2 nanotubes—P3HT/Au 341 420 0.42 2.89

Al2O3 nanotubes—PANI:EB— 702 881 0.08 3.44

Al2O3 nanotubes—PANI:EB/Au 1053 1321 0.03 3.12

Al2O3 nanotubes—PEDOT:PSS 194 273 0.16 3.97

Al2O3 nanotubes—PEDOT:PSS/Au 115 146 0.22 3.35

Al2O3 nanotubes—P3HT 123 198 0.62 5.86

Al2O3 nanotubes—P3HT/Au 134 166 0.02 2.69

Y2O3 nanotubes—PANI:EB 362 464 0.31 3.16

Y2O3 nanotubes—PANI:EB/Au 368 465 0.50 3.84

Y2O3 nanotubes—PEDOT:PSS 218 289 0.34 5.44

Y2O3 nanotubes—PEDOT:PSS/Au 269 342 0.74 4.21

Y2O3 nanotubes—P3HT 132 166 0.46 5.86

Y2O3 nanotubes—P3HT/Au 172 257 0.52 7.11

ZnO nanotubes—PANI:EB 1086 1413 −0.21 2.89

ZnO nanotubes—PANI:EB/Au 1134 1418 −0.11 2.87

ZnO nanotubes—PEDOT:PSS 196 265 −0.13 4.23

ZnO nanotubes—PEDOT:PSS/Au 332 466 0.46 5.86

ZnO nanotubes—P3HT 956 1191 −0.15 2.88

ZnO nanotubes—P3HT/Au 1042 1327 −0.03 3.29

According to the explanations offered in [45], the ideal values in our scenario would
be, preferably, RA > 400 nm to ensure a better fixation of the target molecules, RSK > 0,
but not excessively high, ideally below 0.5 for a reasonable acuity of the peaks and valleys,
and RKU around 3, to provide a dense structure (almost Gaussian distribution). When
comparing the roughness parameters obtained from the AFM composite lines before and
after incorporating the gold nanoparticles, in Table 2, it was constantly observed that there
is a relatively uniform distribution of granules.

However, the addition of gold nanoparticles changes the structure of the surface and
forces the original granules to form spaces that allow the gold particles to penetrate deeper
and accumulate in small groups, which leads to a slight increase in the size of the granules
(higher Ra values) and to a local sharpening of the peaks (increased RSK values). In many
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cases, the shape of the peaks compared to that of the valleys is improved by narrowing the
RKU value to about 3, indicating a transition from a random distribution to an almost Gaus-
sian granule distribution, confirming that the presence of metal nanoparticles contributes
to the uniformity of structures.

In our scenario, the optimal structures regarding the ideal roughness param-
eters are TiO2 nanotubes—PANI:EB/Au; TiO2 nanotubes—P3HT/Au; Al2O3 nano-
tubes—PANI:EB/Au; Y2O3 nanotubes—PANI:EB/Au; ZnO nanotubes—PANI:EB/Au;
and ZnO nanotubes—P3HT/Au. The greatest Ra value was attained in order by
ZnO nanotubes—PANI:EB/Au; ZnO nanotubes—P3HT/Au; and finally, TiO2 nano-
tubes—PANI:EB/Au. It seems that the disposition of the nanotubes of ZnO within com-
posites results in the highest Ra values, followed by Al2O3 nanotubes. As for conductive
polymers’ contribution, PANI:EB showed the greatest significance for all composites, with
P3HT being relevant in some other instances. In the particular situation of the PANI:EB
polymer, although the incorporation of gold nanoparticles may not be particularly signif-
icant, such as in relation with Al2O3, Y2O3, and ZnO (according to SEM images and the
interpretation in Tables 1 and 2), their presence greatly improves the surface structure of
materials. Given the conditions regarding the surface architecture, the use of PEDOT:PSS
for detection electrodes is not recommended, even if, in some cases, the inclusion of gold
nanoparticles together with, for example, Al2O3 and ZnO could be relevant, but without
great improvement.

In applications that involve electrochemical reactions, the area responsible for transfer-
ring charge from species in solution is the crucial factor, and this is why AFM analysis may
be more relevant than EDS or SEM analysis. This is based on the efficiency with which
the electrolyte reaches the pores and is affected by the texture of the surface. The region
available for an electrochemical reaction, the EASA, frequently varies with the geometric
surface area, and the ratio between them is called “electrochemical roughness”. However,
comparing porous electrodes is not a simple task. In fact, from a practical perspective,
increasing the surface of the electrode to increase the current density is a typical method of
increasing the general density of the current or, in other words, the activity of the electrode.
Consequently, establishing the EASA or, more generally, connecting slightly quantifiable
parameters (such as peak shape, surface geometry) to the performance of the electrode
would allow the systematic design of surfaces with specific characteristics.

Regardless of the theoretical approach to calculate the EASA [44], the values given in
Table 1 for the roughness parameters determined by the AFM lines produce the optimal
surface under the experimental conditions described above and can be verified by any
calculation method.

It should be emphasized that the EASA can be evaluated qualitatively by taking
into account the roughness of the anterior presented electrodes. However, it can often
be identified by alternative methods, based, e.g., on roughness approaches [53]. An-
other related method is the capacity of the double layer, obtained from the slope of a
current graph according to the scan speed and then divided by the capacity per surface
unit [54,55]. However, this approach is recognized for the significant inaccuracies it causes.
An alternative approach is the spectroscopy of the electrochemical impedance, used to
measure the capacity on the surface unit and, subsequently, to evaluate the capacity of the
double layer [56,57]. It is essential to emphasize that each electrical component must have
a physical significance, and in reality, the behavior of the double layer is not perfect.

Conversely, the integration of redox peaks can also be used to evaluate the surface of
the electrode [50–60]. It is important to note that the ability obtained from galvanostatic
loading and cyclical voltammetry experiments is called whole capacity, while the capacity
obtained from impedance spectroscopy measurements is known as differential capacity.



Coatings 2025, 15, 1211 25 of 29

Specifically, the cathodic and anodic peaks correspond to the creation and reduction in the
different reactors, and the area below these peaks is associated with the load involved in the
transition. A possible source of error in this type of measurement comes from the inclusion
of possible non-pharadaic or parasitic currents, as well as from the potential development
of unwanted species.

In summary, the evaluation of the roughness of the electrode, as presented in this
work, is essential for determining its potential electrochemical activity and serves as a
reliable indicator for the EASA value. The determination of the EASA by the previously
mentioned methods remains approximate, partly due to the inaccuracy of these methods
and also due to the use of electrolytes that may not be relevant to the potential application
of such electrolytes in the practical use of certain electrochemical sensors.

From our point of view, evaluation of the EASA by the previously mentioned methods
is not relevant to sensor applications, although it could be applicable for corrosion, sources
of electrochemical energy, or electrochemical synthesis. In the case of sensors, the true
importance of the EASA depends on the actual use of the electrode, especially in terms
of its interaction with the molecules of interest, and not as a general measurement with a
regular reactive. Thus, after evaluating the architecture of the electrode surface and after
choosing the optimal electrodes based on this architecture during the initial phase, the
following real measurements in the cyclic voltammetry experiments can evaluate the true
EASA, as well as the real functionality of the respective electrode for measuring the chosen
molecules of interest.

Our research will continue in this direction, in particular by evaluating optimal
structures, such as ZnO nanotubes—PANI:EB/Au, ZnO nanotubes—P3HT/Au, or TiO2

nanotubes—PANI:EB/Au, by use of cyclic voltammetry experiments, as electrochemical
sensors with dedicated biomedical applications aimed at various chosen biomarkers.

This study could be relevant for the practical development of sensing areas, particu-
larly because there are limited investigations into electrochemical nanosensors that focus
on the roughness of their active surfaces, which is often treated only as a secondary analysis
linked to a specific technology applied, as described in [32–37,61–65], with no explicit
enhancement of surface roughness aimed at obtaining more sensitive measurements. Nev-
ertheless, research studies aligned more with our approach regarding roughness analysis
were linked more to the performance of optical sensors [27,29,66], where those characteris-
tics were considered more significant. However, in none of the aforementioned cases was a
detailed analysis of roughness parameters obtained through AFM lines conducted to link
the roughness characteristics with the sensing capabilities.

4. Conclusions

This research presents the surface analysis of hybrid nanostructures derived from four
types of ceramic nanotubes (ZnO, TiO2, Al2O3, and Y2O3) with three types of conducting
polymers: poly(3-hexylthiophene), polyani-line emeraldine-base (PANI:EB), and poly(3,
4-ethylenedioxythiophene)-polystyrene sulfonate, with embedded Au nanoparticles. The
method for manufacturing ceramic nanotubes followed three stages: manufacturing of
polymer fiber networks with poly(methyl methacrylate), applying ceramic coatings onto
the nanofiber networks via magnetron deposition, and heating the nanotubes to 600 ◦C
to eliminate the polymer support. Hybrid nanostructures from ceramic nanotubes and
conducting polymers were further obtained by drop-casting. Finally, the gold nanoparticles
were embedded within a ceramic nanotube–conductive polymer composite, utilizing a
dip-coating technique with a diluted HAuCl4/2-propanol solution (0.001 M) followed by
controlled heating, which represents a novelty in the domain of nanosensor development.
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It is usually believed that placing gold nanoparticles on composite locations can mainly
be affected by the type of polymer and its positioning on ceramic nanotubes. However,
when the incorporation of gold nanoparticles into conductive polymers with ceramic
nanotubes through EDS and SEM is evaluated, it is clear that the relationship between gold
and polymer structures differs greatly, contrary to assumptions, and the gold nanotubes
and the surface structure are significantly influenced by the ceramic nanotubes.

However, the ideal positioning of gold nanoparticles on the surfaces of ceramic nan-
otubes and their concentration are essential factors for increasing the sensitivity of the
material in order for it to be used in sensory applications. This effect must be amplified by
the specific structure of the surface of the material, evaluated by AFM analysis. The AFM
analysis highlighted the characteristics of the roughness of the surfaces of the different
structures, eventually determining which materials could be the most suitable options for
electrochemical electrodes due to their optimal surface structure. It has been shown that
the addition of gold nanoparticles changes the structure of the surface and forces the gran-
ulations inherent in the ceramic–polymer composites to form gaps that allow the particles
to advance deeper and to aggregate in small groups, leading to a slight increase in the gran-
ulation and to a localized intensification. The evaluation of roughness has mainly focused
on the higher peaks in relation to the valleys to recognize a Gaussian distribution. In our
case, the optimal structures have been designated, e.g., ZnO nanotubes—PANI:EB/Au,
ZnO nanotubes—P3HT/Au, or TiO2 nanotubes—PANI:EB/Au, which will be tested fur-
ther by use of cyclic voltammetry experiments, as electrochemical sensors with dedicated
biomedical applications for various chosen biomarkers.

The evaluation of electrode roughness, as presented in this work, is essential for
determining its potential electrochemical activity. We consider that the EASA evaluation
using the conventional methods described in the specialized literature is not applicable for
sensor design. Thus, an initial comprehensive evaluation of the electrode surface structure
is recommended, selecting the best electrodes based on this design, and further information
gathered from cyclic voltammetry will ultimately confirm the accurate EASA and the
genuine effectiveness of the respective electrode in detecting the target molecules.
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Abstract: This paper describes the process to obtain ceramic nanotubes from titanium dioxide, alu-
mina and yttrium oxide by a feasible, replicable and reliable technology, including three stages,
starting from an electrospinning process of poly(methyl methacrylate) solutions. A minimum di-
ameter of 0.3 µm was considered optimal for PMMA nanofibers in order to maintain the structural
stability of covered fibers, which, after ceramic film deposition, leads to a fiber diameter of 0.5–0.6 µm.
After a chemical and physical analysis of the stages of obtaining ceramic nanotubes, in all cases,
uniform deposition of a ceramic film on PMMA fibers and, finally, a uniform structure of ceramic
nanotubes were noted. The technological purpose was to use such nanotubes as ingredients in screen-
printing inks for electrochemical sensors, because no study directly targeted the subject of ceramic
nanotube applications for printed electronics to date. The printing technology was analyzed in terms
of the ink deposition process, printed electrode roughness vs. type of ceramic nanotubes, derived
inks, thermal curing of the electrodes and the conductivity of electrodes on different support (rigid
and flexible) at different curing temperatures. The experimental inks containing ceramic nanotubes
can be considered feasible for printed electronics, because they offer fast curing at low temperatures,
reasonable conductivity vs. electrode length, good printability on both ceramic or plastic (flexible)
supports and good adhesion to surface after curing.

Keywords: ceramic nanotubes; electrospinning; screen-printing inks; electrochemical sensors

1. Introduction

Metal oxides exhibit several key advantages for multiple applications, such as sen-
sors, solar cells, cathode material for batteries, and photocatalysis, which has encouraged
researchers’ efforts to improve their technology and architecture. But the considerable
difficulties encountered in obtaining ceramic thin films, respectively ceramic nanotubes,
prevented their large-scale manufacture.

Although there are some studies on ceramic nanotubes technology from the last
15 years, e.g., [1–11], no study directly targeted the subject of ceramic nanotube composites.
Some papers addressed, e.g., carbon–ceramic nanotube composites and ceramic nanoparti-
cles associated with carbon nanotubes, as in [12–19]. On the other hand, no study directly
targeted the subject of ceramic nanotube applications for printed electronics, e.g., printed
sensors based on specific inks including ceramic nanotubes, which is the subject of the
present paper. Nanotube-based devices change their conductivity due to surface adsorption
when exposed to chemical species [20,21]. The same adsorption on the surface may be
also present in the case of biomolecules such as amino acids and proteins, which means
that the nanotubes are also applicable for the detection of bio-agents [22,23]. The main
problem is that most of the authors addressed the surface properties of carbon nanotubes,
but none targeted the homologue properties of ceramic nanotubes. The surface architecture
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of ceramic nanotubes represents a critical element that may impact the future development
of sensor applications.

Electrospinning is a high-throughput, cost-effective, and versatile technology used for
the manufacturing of nanofiber nets of a large pellet of polymers by applying an electrostatic
force [24,25]. Systematic investigations on the effect of electrospinning parameters on fiber
diameter and morphology have been reported by several researchers [25–28]. The major
factors controlling the diameter of the fibers are: (1) the concentration of the polymer in the
solution, (2) the type of solvent used, (3) the conductivity of the solution, and (4) the solution
feed rate. Recently, it has been established that the nature of the collector significantly
influences the morphological and physical characteristics of spun fibers [29,30]. The density
of fibers per unit area on the collector and the arrangement of the fibers is affected by the
degree of charge dissipation upon fiber deposition. The most commonly used target is
the conductive metal plate, which results in the collection of randomly oriented fibers in a
nonwoven form. Electrospun polymer nanofibers can be further used in the manufacturing
process of hollow tubes, in particular ceramic nanotubes. The process implies coating
the polymer nanofiber nets with metallic oxides, followed by the removal of the fiber
core. Radiofrequency magnetron sputtering is a common deposition technique used to
obtain controlled thin films with high technological reproducibility, and can be successfully
used for coating polymer nanofiber nets with the metallic oxides [31–36]. There are some
ceramic nanotubes described in the literature, from simple ceramic nanotubes, such ZnO,
CuO, Co3O4, SnO2, MnO2 or TiO2 nanotubes, to more complex ceramic nanotubes, such
as Li3V2(PO4)3, Na0.7Fe0.77Mn0.3O2, LiMn2O4, LiCoO2, NiCo2O4 or LiV3O8, based on
fabrication processes of large spectrum, e.g., electrodeposition [37,38], hydrothermal [39,40],
precipitation [41,42], electrospinning combined with calcination [43,44], and atomic layer
deposition [45,46].

In our research titanium, aluminum and yttrium oxides were analyzed in order to
obtain uniform ceramic nanotubes by a feasible, replicable and reliable technology, in
order to use such nanotubes as ingredients in screen-printing inks dedicated to printed
electronics, with further target on innovative nano-sensor development.

2. Technology for Obtaining Ceramic Nanotube Nets

2.1. Technological Equipment

Neu-Pro-BM equipment (TongLiTech, Wuhan, China) was used for the electrospinning
process of poly(methyl methacrylate) nanofibers (PMMA nanofibers).

A Tectra Sputter Coater (Tectra GmbH Physikalische Instrumente, Frankfurt, Germany)
was the equipment used for radiofrequency (RF) magnetron sputtering.

A Forced convection chamber furnace up to 800 ◦C (Nabertherm GmbH, Lilienthal,
Germany) was used for the PMMA calcination process.

A Keko P200A (Keko Equipment, Žužemberk, Slovenia) screen-printer equipment for
printed electronics was used for nanostructured inks testing.

2.2. Materials and Preparation Method

All chemical constituents (ceramic powders and polymers) were procured from Merck
(Darmstadt, Germany), and Kurt J. Lesker Company Ltd. (Hastings, UK), and employed
without additional refinement. The nanostructured inks were purchased from NovaCentrix,
Austin, TX, USA.

The technology of manufacturing TiO2, Al2O3 and Y2O3 ceramic nanotubes was based
on three stages, according to the general description in [3,4], and included:

(i) Preliminary manufacturing of polymer fibers nets of poly(methyl methacrylate)
(PMMA), with a molecular weight (Mw) of 300,000, from a solution of 10 wt%, with
dimethylformamide (DMF) as solvent.

An experimental plan was conceived, as described in Table 1, with different technolog-
ical parameters: 5% and 10% concentration of PMMA solution; voltages of 12, 15 and 20 kV
were applied; the distance between the needle and the drum was set to 80 and 100 mm;
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the flow was of 1 mL/h (1 h total time of processing) and the rotation speed of the drum
varied between 0 and 5 rpm. The electrospun nanofibers are randomly deposited on a fixed
support in the form of a square Cu metal frame (20 × 20 cm2) attached to the collector.

Table 1. Experimental plan for electrospinning process.

Sample PMMA (%) U (kV) Distance (mm) Rotation Speed (rpm)

1 10 12 100 -

2 10 15 100 -

3 10 20 100 -

4 10 20 80 -

5 10 15 80 5

6 10 12 80 5

7 5 12 80 5

8 5 15 80 5

9 5 20 80 5

10 5 20 100 5

11 5 15 100 5

12 5 12 100 5

The samples were analyzed under the optical microscope where the dimensions of the
microstructure, material defects and cracks were studied.

Figure 1 shows the microscopic image of the nanofibers obtained by using the PMMA
solution of 10% and an applied voltage of 12 kV, the distance between the needle and the
drum being 100 mm. The average size of the obtained fiber was 0.262 µm.

ff

tt

 

Figure 1. PMMA nanofibers net deposited at 12 kV.

Figure 2 shows the microscopic image of the nanofibers obtained using the PMMA
solution of 10% and an applied voltage of 15 kV, the distance between the needle and the
drum being also 100 mm. The size of the fiber obtained was between 0.282 and 0.288 µm.

Figure 3 shows the image obtained under the microscope of the nanofibers obtained
by using the PMMA solution of 10% and an applied voltage of 20 kV, the distance between
the needle and the drum being also 100 mm. The average size of the obtained fibers was
0.327 µm.
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Figure 2. PMMA nanofibers net deposited at 15 kV.

 

tt

−

Figure 3. PMMA nanofibers net deposited at 20 kV.

In all, the best results were obtained using a 10% PMMA solution at voltages of 20 kV,
with a drum rotation speed of 5 rpm, because the fiber nets were more homogenous as
spatial deposition, and also more homogenous as diameter. On the other hand, due to the
characteristics of ceramic thin films to be deposited on PMMA nanofibers, a minimum
diameter of 0.3 µm was consider optimal for PMMA nanofibers in order to maintain the
structural stability of covered fibers from the mechanical point of view.

(ii) Magnetron deposition of ceramic films

The copper frames housing the PMMA nanofibers nets underwent dual-sided coating
with ceramic thin films via RF magnetron sputtering. During the deposition process,
ceramic targets with dimensions of 2 inches in diameter and 0.125 inches in thickness was
employed. For all involved oxides, the deposition duration for each side was 1 h, and
the RF power applied to the magnetron was 200 W. Within the deposition chamber, an
argon atmosphere with a purity of 99.99% as working gas, at a pressure of 5.4 × 10−3 mbar,
was assured.

In Figure 4, the evolution of the dimensions of nanofibers is presented, before and
after ceramic film deposition, indicating an increase from approximately 0.327 µm to
approximately 0.540 µm.
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Figure 4. Dimensions of nanofibers before (a) and after (b) ceramic film deposition.

(iii) Thermal treatment of nanotubes

Subsequent to this process, the PMMA nanofibers nets, coated on both sides with
ceramic films, were transferred onto a Si/SiO2 substrates (cleaned beforehand with acetone
and isopropyl alcohol and dry under an argon jet) and subjected to a calcination process
conducted at 600 ◦C for a duration of 12 h in ambient air at atmospheric pressure. Following
this procedure, three-dimensional web-like networks of TiO2, Al2O3 and Y2O3 nanotubes
were achieved, after the complete combustion of PMMA support.

2.3. Characterization Equipment

• Optical scanning microscopy SEM and energy-dispersive X-ray spectroscopy (EDX)
were performed with a field emission and focused ion beam scanning electron micro-
scope (SEM) model Tescan Lyra III XMU (Libušina tř. 21 623 00, Brno-Kohoutovice,
Czech Republic).

• Structural characterization was carried out by X-ray diffraction (XRD) using CuKα

radiation with Ni filter Bruker AXS D8 Advance (Bruker AXS, Billerica, MA, USA)
with CuKα radiation (λ = 0.154 nm). Diffraction patterns were recorded at room
temperature in Bragg-Brentano geometry at an angle 2θ from 20◦ to 65◦ at a rate of
0.6◦/min (2θ)/min.

2.4. Results and Discussion

The diffractograms obtained upon the analyzed samples of ceramic nanotubes, before
and after thermal exposure, are presented in Figure 5 for TiO2, Figure 6 for Al2O3 and
Figure 7 for Y2O3. It can be observed that after thermal treatment is used to remove the
organic material, the peaks in the diffractograms that appear before the heat treatment be-
come more intense compared to the peaks that appear after, explained by the crystallization
of the oxide materials during thermal exposure.

Thus, in Figure 5, the presence of a mixture of rutile and anatase phases specific to
titanium dioxide can be observed. It can be noticed, after the heat treatment, the appearance
of the characteristic maxima of the crystal planes (110) from 27◦ and (211) from 55◦, specific
to the rutile phase, as well as the crystal planes (101) from 25◦ and (200) from 48◦, specific
to the anatase phase of titanium dioxide.

In Figure 6, the existence of the amorphous phase before thermal treatment can be
noticed by the presence in the diffractogram of the accentuated rise of the background only
on the portion of 20–35◦ (not on the entire range of 2θ angles), a phenomenon that proves
the existence of only some crystalline immature seeds and not an amorphous alumina in
the true sense of the word.

In Figure 7, several diffraction maxima characteristic of yttrium oxide can be identified
in both diffractograms, before and after thermal treatment, with the maxima at 29◦, 34◦,
49◦ and 58◦.
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Figure 5. Diffractogram for TiO2 ceramic nanotubes.
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Figure 6. Diffractogram for Al2O3 ceramic nanotubes.

 

ffFigure 7. Diffractogram for Y2O3 ceramic nanotubes.
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The compositions of the samples before and after heat treatment were investigated
using a scanning electron microscope. Thus, the analysis of the dispersed X-ray energies
(EDX) of the samples of ceramic nanotubes are presented in Figures 8–10.ff

Figure 8. EDX results for TiO2 ceramic nanotubes.

Figure 9. EDX results for Al2O3 ceramic nanotubes.
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Figure 10. EDX results for Y2O3 ceramic nanotubes.

In the case of the ceramic nanotubes obtained after thermal treatment, EDX analysis
emphasized the presence of metallic elements such as Ti (18.53%), Al (13.03%) and Y (67.8%),
along with O and Si from the ceramic support on which the nanotubes were deposited.
On the other hand, some residual C (under 2%) can be noticed, maybe remnants from the
thermal process, captured and stabilized among the crystals of the nanotubes.

SEM Analysis

The morphological analysis of the PMMA polymer nanofibers covered with ceramic
materials and of the ceramic nanotubes, obtained after thermal treatment, was performed
using a high-resolution scanning electron microscope. The SEM images of the structures
are presented in Figure 11 for TiO2, Figure 12 for Al2O3, and Figure 13 for Y2O3.

In all cases, uniform dispersion of PMMA fibers within the deposited nets is noticed,
with a uniform deposition of ceramic film upon PMMA fibers, as shown in Figures 11a,
12a and 13a. The nets maintained their dispersed and stable architecture after ceramic
film deposition, due to the mechanical resistance assured by the optimal diameter of
PMMA fibers.

Regarding the relative diameter of PMMA fibers covered with ceramic films, it is once
again noticed that the dimensions are very close, between 0.5 and 0.6 µm, and the film
deposition is quasi-uniform along the polymer fibers, as shown in Figures 11b, 12b and 13b,
even if some vacancies can be noticed in the case of TiO2 and Y2O3, where the grains them-
selves have a more dispersed dimension at nano-scale. Finally, the images of ceramic nan-
otube before and after thermal process are relevant, as shown in Figures 11c, 12c and 13c,
reconfirming once again the uniformity of ceramic nanotube structures, which are really
empty inside.
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(a) 

  
(b) 

  
(c) 

Figure 11. SEM images for TiO2 ceramic nanotubes technology: (a) PMMA net with TiO2 ceramic
film (500 magnitude, selected area); (b) PMMA nanofiber with TiO2 ceramic cover; (c) TiO2 ceramic
nanotube before and after thermal process (100 k magnitude, with image processing).
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(a) 

  
(b) 

  
(c) 

Figure 12. SEM images for Al2O3 ceramic nanotubes technology: (a) PMMA net with Al2O3 ceramic
film (500 magnitude, selected area); (b) PMMA nanofiber with Al2O3 ceramic cover; (c) Al2O3 ceramic
nanotube before and after thermal process (100 k magnitude, with image processing).
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(a) 

  
(b) 

  
(c) 

Figure 13. SEM images for Y2O3 ceramic nanotubes technology: (a) PMMA net with Y2O3 ceramic
film (500 magnitude, selected area); (b) PMMA nanofiber with Y2O3 ceramic cover; (c) Y2O3 ceramic
nanotube before and after thermal process (100 k magnitude, with image processing).

3. Preparation of Specialized Inks for Screen-Printed Sensors

The research was conducted towards preparation of ceramic nanotubes containing
inks in order to deposit them in the form of screen-printed electrodes on both ceramic and
flexible supports. Due to the proven synergy between carbon nanotubes and ceramic nanos-
tructures described in the literature, although with other applications, e.g., in [47–50], the
developed screen-printing inks started from commercial inks containing carbon nanotubes,
already tested for printed electronics, to which a defined quantity of ceramic nanotubes was
added. A slight increase in ink viscosity has no relevance for the screen-printing process,
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because the commercial inks themselves present larger values of viscosity, even if they are
dedicated to printing on a wide range of materials in general [51].

3.1. Preparation of Carbon Nanotubes Containing Ink with Ceramic Nanotubes

The experimental ink was prepared by uniformly dispersing tailored quantities of
ceramic nanotubes in the commercial ink mass, under continuous stirring at approximately
100 rpm. The process and the ink image (after a classical dispersion using a small brush on
a SiO support) are presented in Figure 14, where the ceramic nanotubes can be identified.

−

−

 

Figure 14. Preparation of experimental ink and image of the ink deposition.

The preliminary ink properties are presented in Table 2.

Table 2. Experimental ink features.

Characteristic Value [+/− 5%]

Solids content [wt. %] 48

Density [g/mL] 2

Viscosity at 10 s−1 6500

pH 6

An informal EDX microscopy analysis of ink after including the ceramic nanotubes
(here TiO2 nanotubes) is presented in Figure 15, emphasizing the active nanotube content.

 

 

Element Wt% At% 

CK 57.04 72.08 

OK 13.96 13.24 

MgK 02.41 01.50 

AlK 04.22 02.37 

SiK 15.61 08.44 

CaK 03.53 01.34 

TiK 03.25 01.03 

Matrix Correction ZAF 

Figure 15. EDX analysis of the experimental ink.
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3.2. Experimental Printing and Testing Electrodes for a Classical Electrochemical Sensor

The conductive inks based on carbon and ceramic nanotubes were used for deposit-
ing the working electrode and the counter electrode of a classical electrochemical sensor
(the connections are made with commercial silver-based inks).

The images of the experimental electrodes printed on the ceramic and polyethylene
terephthalate (PET) supports are presented in Figure 16. The uniformity of the printing
process can be noticed.

   
(a) (b) (c) 

Figure 16. Experimental electrodes printed on (a) ceramic and (b) PET supports; (c) resistance
measurements.

3.3. Results and Discussion

The SEM microscopy analysis of inks printed as experimental electrodes on PET are
presented in Figures 17–19.

It can be noticed that electrodes printed with inks containing TiO2 and Al2O3 nan-
otubes are more uniform, with lower roughness. The direction of screening can be also
observed. As regards the electrodes printed with Y2O3 nanotubes, a higher roughness and
some nonuniformity can be noticed, denoting the fact that these nanotubes are not mixing
well with the carbon nanotubes within the experimental ink, and a specific additive should
be tested in the future to increase the homogeneity of the ink.

 

Figure 17. SEM images for the printed electrode with ink containing TiO2 nanotubes.
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Figure 18. SEM images for the printed electrode with ink containing Al2O3 nanotubes.

 

Figure 19. SEM images for the printed electrode with ink containing Y2O3 nanotubes.

The next step in printing technology with this experimental ink is related to the thermal
maturation of printed electrodes. The commercial ink producer recommends for the ink
with carbon nanotubes a maturation of up to 140 ◦C for maximum 10 min. We performed
selective maturations from 50 ◦C to 120 ◦C (as seen in Figure 16a), but the comparative
discussion was made for an exposure of 45 min at 75 ◦C, and of 15 min at 120 ◦C. In order
to assess the curing of the experimental electrodes, both temperatures were taken into
account, but the maturation process was assessed by the electrodes functionality, i.e., by
testing their electrical resistance, measured with a precision ohmmeter, as in Figure 16.
Informal images of the electrodes, after maturation at 75 ◦C and 120 ◦C, are presented in
Figure 20 (here for the ink containing TiO2 nanotubes, ceramic support).
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(a) (b) 

Figure 20. Images of the printed electrodes containing TiO2 nanotubes, after maturation at (a) 75 ◦C,
and (b) 120 ◦C.

The darker color of the electrode maturated at 120 ◦C. The white dots are related to
ceramic nanotube exposure.

A comparative analysis of the way the inks containing TiO2, Al2O3, and Y2O3, dried
on the PET support after maturation at 120 ◦C is presented in Figure 21. The most uniform
printed electrode route was achieved for the ink with Al2O3; in the rest, some minimal ink
splashes can be observed. Printing on PET is more difficult compared to on the ceramic
support, due to the tendency of the ink to spread due to the different surface tension. On
the other hand, the plastic support suffers a visible thermal deformation at 120 ◦C. That
is why it is recommended that the thermal process of curing should be longer—at lower
temperatures for the plastic support, i.e., at 75 ◦C, even if the temperature can be kept at
120 ◦C for the ceramic support.

The final evaluation is related to electric resistance assessment at 1 cm length for each
ink containing TiO2, Al2O3, and Y2O3, regardless of the support on which the electrode
is placed. The experimental results are presented in Table 3, for electrode maturation at
75 ◦C and 120 ◦C. For comparison, the homologue resistance of the commercial carbon
ink, used as a dispersion medium, was 3 Ω, in line with the values presented in Table 3,
as explained by the low content of ceramic nanotubes. This is a very relevant aspect of
printed electrodes, which benefit from the features of ceramic nanotubes without being
detrimentally affected as regards their electrical parameters measured in direct current.

Table 3. Electric resistance of electrodes at 1 cm length.

Resistance [Ω] Ink Containing TiO2 Ink Containing Al2O3 Ink Containing Y2O3

75 ◦C 5.4 7.2 6.8

120 ◦C 3.2 3.4 3.6

An increase in the conductivity of electrodes can be observed in the case of printed
structures thermally treated at 120 ◦C, compared to 75 ◦C. This can be explained by the
stronger connections of carbon nanotubes with ceramic nanotubes, with some modifications
at contact surfaces, due to some specific reactions, which are now under a separate analysis.
As regards their semiconducting properties and possible relation when interfering with
carbon nanotubes, we can estimate that: TiO2 is a n-type semiconductor with a band gap
of 3.2 eV, Al2O3 presents more insulating features, and Y2O3 may be assimilated with a
semiconductor with a larger band gap of 5.5 eV, so the results of resistance are in line with
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the semiconducting features of each ceramic nanotube, i.e., the ink containing TiO2 leads
to the lowest values of resistance. Even so, for practical application for printed sensors
on flexible substrate, the difference is not so significant from an electronic point of view,
so caution related to imposing a lower curing temperature for inks printed on the plastic
support can be maintained.

ffi
ff

ff

  
(a) (b) 

 
(c) 

Figure 21. Images of the printed electrodes of containing (a) TiO2, (b) Al2O3, and (c) Y2O3 nanotubes,
all after maturation at 120 ◦C.

In all, the experimental inks containing ceramic nanotubes can be considered feasible
for printed electronics, because they offer fast curing at low temperatures, reasonable
conductivity vs. electrode length, good printability on both ceramic or plastic (flexible)
supports, good adhesion to surface after maturation (crosshatch adhesion of min. 4B) and
minimal VOC exposure in electronic technology.

Further research will be dedicated to assessing the sensibility of such printed sensors
in different chemical media and testing their features by using a potentiostat.
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4. Conclusions

This paper describes the process to obtain ceramic nanotubes from titanium, aluminum
and yttrium oxides by a feasible, replicable and reliable technology, including three stages:
preliminary manufacture of polymer fibers nets of poly(methyl methacrylate) from a
solution of 10 wt%, with dimethylformamide (DMF) as solvent; magnetron deposition of
ceramic films upon PMMA nanofibers nets; thermal treatment of nanotubes at 600 ◦C for a
complete combustion of PMMA support.

The best results for PMMA nanofibers nets were obtained by using a 10% PMMA
solution at voltages of 20 kV, with a drum rotation speed of 5 rpm, because the fiber nets
were more homogenous in spatial deposition, and also more homogenous in diameter.
A minimum diameter of 0.3 µm was consider optimal for PMMA nanofibers in order to
maintain the structural stability of covered fibers, from a mechanical point of view. After
ceramic film deposition, the PMMA net structure leads to a fiber diameter of 0.5–0.6 µm.

After chemical–physical analyses of stages towards obtaining ceramic nanotubes,
uniform dispersion of PMMA fibers within the deposited nets, with uniform deposition of
ceramic film upon PMMA fibers, was noticed. Finally, images of ceramic nanotubes before
and after thermal process were presented, reconfirming the uniformity of the ceramic
nanotube structures, which are empty inside.

The technological purpose was to use such nanotubes as ingredients in screen-printing
inks dedicated to printed electronics, with further target on innovative nano-sensor devel-
opment, because no study directly targeted the subject of ceramic nanotube applications
for printed electronics to date. Due to the proven synergy between carbon nanotubes and
ceramic nanostructures, the developed screen-printing inks started from commercial inks
containing carbon nanotubes, already tested for printed electronics, to which a defined
quantity of ceramic nanotubes was added. The physical parameters of the new inks were
as follows: solids content 48%; density 2 g/mL; viscosity at 10 s−1 6500; pH 6. Uniform
dispersion of ceramic nanotubes within the inks was demonstrated. The conductive inks
based on carbon and ceramic nanotubes were used for depositing the working electrode
and the counter electrode of a classical electrochemical sensor (the connections are made
with commercial silver-based inks).

Electrodes printed with inks containing TiO2 and Al2O3 nanotubes were more uniform,
with lower roughness. After thermal curing of the electrodes, it was noticed that the most
uniform printed electrodes were achieved for the ink with Al2O3; in the rest, some minimal
ink splashes can be observed. Printing on PET is more difficult compared to on the ceramic
support, due to the tendency of the ink to spread due to the different surface tension. On
the other hand, the thermal process should be longer—at lower temperatures for the plastic
support, because it may suffer thermal deformations.

A significant increase in the conductivity of electrodes can be observed in the case
of electrodes thermally treated at 120 ◦C, compared to 75 ◦C, with at least 40%. This
can be explained by the stronger connections of carbon nanotubes with ceramic nan-
otubes, with some modifications at contact surfaces, due to some specific reactions, to be
further investigated.

The experimental inks containing ceramic nanotubes can be considered feasible for
printed electronics, because they offer fast curing at low temperatures, reasonable conduc-
tivity vs. electrode length, good printability on both ceramic or plastic (flexible) supports
and good adhesion to surface after maturation.
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Abstract: This paper describes the process of producing chemiresistors based on hybrid nanostruc-

tures obtained from graphene and conducting polymers. The technology of graphene presumed

the following: dispersion and support stabilization based on the chemical vapor deposition tech-

nique; transfer of the graphene to the substrate by spin-coating of polymethyl methacrylate; and

thermal treatment and electrochemical delamination. For the process at T = 950 ◦C, a better set-

tlement of the grains was noticed, with the formation of layers predominantly characterized by

peaks and not by depressions. The technology for obtaining hybrid nanostructures from graphene

and conducting polymers was drop-casting, with solutions of Poly(3-hexylthiophene (P3HT) and

Poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-bithiophene] (F8T2). In the case of F8T2, compared to P3HT, a

10 times larger dimension of grain size and about 7 times larger distances between the peak clusters

were noticed. To generate chemiresistors from graphene–polymer structures, an ink-jet printer was

used, and the metallization was made with commercial copper ink for printed electronics, leading to

a structure of a resistor with an active surface of about 1 cm2. Experimental calibration curves were

plotted for both sensing structures, for a domain of CH4 of up to 1000 ppm concentration in air. A

linearity of the curve for the low concentration of CH4 was noticed for the graphene structure with

F8T2, presenting a sensitivity of about 6 times higher compared with the graphene structure with

P3HT, which makes the sensing structure of graphene with F8T2 more feasible and reliable for the

medical application of irritable bowel syndrome evaluation.

Keywords: graphene; conducting polymers; chemiresistor; breath methane detection; irritable

bowel syndrome

1. Introduction

Graphene, the thinnest and most resistant material, has extraordinary thermal conduc-
tivity and electronic mobility and has been the center of attention in recent years worldwide
due to its exceptional characteristics with applicability in many fields. Graphene has been
studied since the 1960s as monolayer graphite-on-metal substrates and even earlier as
individual layers in graphite intercalation compounds. The first electrical measurements
on monolayer graphene were published in 2004 [1], sparking interest in the fabrication of
isolated samples by mechanical exfoliation of graphite. In order to make large volumes
of devices, it is necessary to obtain graphene on large surfaces that are easy to handle
and with as few defects as possible; an essential condition for the performance of the
devices. There are different techniques for producing monolayer graphene but the most
popular method at the moment is the so-called chemical vapor deposition (CVD) [2] on a
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Ni or Cu film as a catalyst [3–8]. Using this method, large graphene surfaces—mono-bi- or
multi-layered—of relatively high quality can be produced. The benefits of using CVD for
the deposition of materials on the substrate include the very good quality of the resulting
material, represented by impermeability, high purity, fine grain, and increased hardness
compared to other coating methods. A major problem that the scientific world is still trying
to solve is that although it is possible to obtain high-quality graphene on a substrate using
CVD, successfully separating or exfoliating the graphene from the substrate proves to be
more complicated because the bond between the graphene and the substrate is not yet
fully understood. It is not easy to achieve the separation without damaging the graphene
structure or the properties of the material. Separation techniques differ depending on
the type of substrate used. Traditional delamination methods for graphene transfer use
corrosive substances to remove the substrate which, in addition to high costs, produces
polluting residues for the environment and dissolution of the substrate. Such techniques
limit applicability at the industrial level. A feasible method is to obtain graphene by
CVD on a Cu substrate. During the reaction that takes place between the Cu substrate
and graphene, a high hydrostatic compression is created, coupling the graphene to the
substrate [9]. It has been found possible, however, to intercalate a layer of copper oxide
(which is mechanically and chemically weak) between the graphene and the substrate to
reduce this pressure and allow the graphene to be removed relatively easily at low cost
and without harmful chemicals, and the substrate can be even reused [10]. Electrochemical
delamination can also use a non-polluting electrolyte resulting in the separation of, e.g.,
polymethyl methacrylate (PMMA)/graphene film from the substrate, which can be reused
to obtain graphene. In this way, a non-destructive transfer of graphene from the metal
substrate can be achieved [11,12]. In [13], a “bubble-free” transfer method was developed
to avoid mechanical damage, i.e., the removal of the oxide layer formed by the infiltrated
air at the graphene/Cu interface, resulting in a lower percentage of defects.

By its specific properties, graphene is targeting the global challenges in transparent
electrodes, field-effect transistors, flexible touch screens, sensors for single-molecule gas
detection, superconductivity, DNA sequencing, etc., as described in [14–16] for exam-
ple. In the last few years, hybrid structures made by graphene with different polymers
have largely been studied. In [17], a technology for obtaining graphene/polyaniline,
graphene/poly(3,4 ethyldioxythiophene), and graphene/polypyrrole(PPy) nanocompos-
ites is emphasized. In [18], a vast description of different hybrid structures including
metallic oxides, graphene, and conducting polymers such as polyindole, polypyrrole, and
polyaniline, is presented. In [19], an introduction to similar structures of graphene ox-
ide/conducting polymer composites, this time as hydrogels, is offered. Other descriptions
of similar technologies may be found in [20–25]. The development of such hybrid nanos-
tructures is related to their special semiconducting features, exploitable for micro-electronic
and/or electrochemical applications.

The first main application of the hybrid structures obtained from graphene and con-
ducting polymers is related to sensors. In the last 15 years, various types of sensors
have been developed, starting from the simplest ones, e.g., for humidity [26,27], temper-
ature [28], gas detection [29–33], including waste gas evaluation [34] or other types of
chemical sensors [35,36]; continuing with biosensors with different applications for the
detection of dopamine, serotonin, cholesterol, bilirubin, uric acid, etc. [37–42]; dedicated
sensors for environmental monitoring by the detection of pollutants in water, including
heavy ions [43,44]; finalizing with food and drug analyses [45,46]. The second main applica-
tion of the hybrid structures obtained from graphene and conducting polymers, occurring
mainly in the last 10 years, is related to photovoltaic energy generation and energy storage
applications/supercapacitors [47–49] as well as other photocatalytic applications [50].

In line with the above-described applications of bio-sensors, our paper intends to
investigate the base of a new type of chemiresistors, with potential use in breath methane de-
tection associated with irritable bowel syndrome. Hydrogen/Methane breath testing [51,52]
is a widely used diagnostic tool based on the concept that some specific gases represent
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by-products of faulty fermentation, beyond the ones assured by gut microorganisms. On
the other hand, the prevalence of irritable bowel syndrome, characterized by inflammation
of the gastrointestinal tract—which has become a common disorder nowadays due to
exposure to pollutants, food additives, and stress—represents a day-by-day preoccupation
of many subjects, affecting their quality of life. Glucose, lactose, and fructose are normally
absorbed mainly in the small intestine, and further in the colon; increased gas production
following their ingestion is associated with malabsorption or premature fermentation due
to excessive bacteria activity, micro-gas formation, and chemical attack at the level of intesti-
nal cells. Consequently, methane gas is absorbed from the gastrointestinal tract, exhaled via
the lungs, and is potentially measurable in breath. Increased gas production may predict
small intestinal bacterial overgrowth, a precursor to irritable bowel syndrome. Secondly,
such a phenomenon may be also related to intolerances to some food or food allergies,
aspects which largely extend the importance of the use of such sensors. Unfortunately,
detection of methane in the breath is challenging due to relatively small concentrations
and inherent interferents, which is why only a few studies have been conducted in this
direction but no commercial sensor has been developed to date.

Resistive gas sensors are versatile and cost-effective solutions for detecting a wide
range of gases in diverse applications. Such sensors have a much simpler design, which
allows for mass production and facile integration within signal processing systems. Using
an adequate choice of sensing material, resistive gas sensors can be tailored to detect a
specifically targeted gas, in our case methane [53–55]. On the other hand, they have reduced
selectivity and longer response and recovery times [55–57]. Factors such as temperature
and humidity may impact the performance of resistive gas sensors [58].

The importance of this research consists in the development of a simple and feasible
concept of a resistive gas sensor based on graphene—conducting polymer assemblies,
for the detection and evaluation of methane in breath—which can be related to the real
occurrence and severity of irritable bowel syndrome. The sensor principle presented in the
paper is much simpler, cost-effective, and more efficient compared to the homolog methods
used nowadays [59]. It is considered that for the purpose of preliminary investigations
related to irritable bowel syndrome, or for periodic checks at home, under room tempera-
ture conditions, the proposed chemiresistor can respond in a feasible way as long as the
measurements are not taken in quick succession, and the syndrome detection is based on
exceeding a pre-defined threshold value and not requiring a very exact assessment of the
exhaled gas concentration.

2. Technology for Obtaining Graphene on Copper Substrate

2.1. Materials and Preparation Methods

The technology of graphene dispersion and support stabilization on chemical vapor
deposition (CVD) equipment was based on the use of the AS-One 100 HT Rapid Thermal
Processor installation (ANNEALSYS, Montpellier, France) placed in a clean room laboratory
ISO 7 [60]. To obtain graphene, Cu foils (purity 99.9%) with dimensions of 2 × 2 cm and
a thickness of 25 µm were used as substrates. Initially, the Cu foils were subjected to
successive steps of ultrasonic cleaning in acetone and isopropyl alcohol (immersion time
in each solvent being 10 min). The ultrasound was performed in an Elmasonic S 10 H
ultrasound bath. After the cleaning step, the Cu foils were introduced into the CVD
installation in order to deposit the graphene layers. The use of graphite as a susceptor
has several advantages including good mechanical properties, thermal conductivity at
high temperatures, and a low level of metal impurities. To further increase the purity, the
susceptor was coated with a layer of silicon carbide (SiC) through a CVD process. The
maximum temperature at which the SiC-coated graphite susceptor can be used is up to
1250 ◦C. Because SiC-coated graphite susceptors are sensitive to temperature gradients, low
heating rates were used, especially for temperatures lower than 700 ◦C. After the cleaning
process, the Cu foils were introduced into the working area of the CVD installation on the
surface of the SiC-coated graphite susceptor. The process started with successive steps
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for cleaning the work area (pumping and purging) using Argon. Next, the preliminary
pump was started up to 10 mBar in an atmosphere of Hydrogen. The process temperatures
were 900 ◦C and 950 ◦C, respectively. To reach these temperatures, several heating and
stabilization steps were used (250, 300, 500, and finally 900 ◦C) at a heating rate of 5 ◦C/s
to extend the life of the susceptor. Finally, to reach the temperature of 900 ◦C, for good
stabilization of the process, a 900 s duration was needed. Next, after the temperature was
stabilized at 900 ◦C, the Cu substrate underwent treatment for 1800 s in an atmosphere of
hydrogen during which the graphene layers formed on the crystallites of the Cu. After
the process was finished, a 10-min pause was included before opening the work area for
the susceptor to cool down. After cooling, the sample of Cu substrate covered with a
graphene layer was taken with the help of tweezers, positioned on a special support in the
clean room in the chemical niche, and submitted to a cleaning process with acetone and
isopropyl alcohol.

To transfer the graphene to the substrate of interest, the following steps were carried
out: First, a PMMA layer of approximately 600 nm was deposited by spin-coating at a speed
of 3000 rpm for 60 s; second, a thermal treatment of the PMMA/graphene/Cu assembly at
100 ◦C for 20 min was applied, on a hot plate, resulting in the strengthening of the PMMA.

The next technological step was represented by the electrochemical delamination by
use of a PARSTAT 4000 potentiostat (AMETEK Scientific Instruments Inc., Oak Ridge, TN,
USA) with the related software. A cell with three electrodes and 0.5 M NaCl solution was
used, i.e., a working electrode—the PMMA/graphene/Cu assembly—a calomel reference
electrode (SCE), and a counter electrode—a Pt plate. A potential of −l.4 V was applied
at the SCE, and after about 5 min, the detachment of graphene from the edges of the Cu
substrate was observed. After about 7 min, the graphene was completely detached and the
PMMA/graphene assembly floated. The assembly was further extracted by immersing it in
a solution at 45 ◦C and transporting it in a vessel with demineralized water. After collecting
the assembly, and drying (with a very weak nitrogen jet and then in dry air), acetone was
used to dissolve the PMMA layer—a process that normally takes about 1 h—and finally,
it was immersed in isopropyl alcohol to clean the sample of any debris and dried with a
nitrogen jet. The samples were finally transferred onto a SiO2/Si substrate.

2.2. Characterization Equipment

Scanning electron microscopy (SEM) was performed with Lyra III XMU equipment
(TESCAN GROUP a.s., Brno-Kohoutovice, Czech Republic). A progressive morphological
analysis was performed to evaluate the obtained graphene layer.

Atomic force microscopy (AFM) optical analysis was performed with a Dimension
Edge unit (Bruker, Billerica, MA, USA). The roughness evaluation was conducted with the
following derived parameters: Ra = Roughness Average; RSk = Skewness; RMS = Root
Mean Square Roughness; RKu = Kurtosis. The results for the roughness parameters are
presented as average for 4 scanned zones on each sample type.

2.3. Results and Discussion

2.3.1. SEM Analysis

Figures 1 and 2 show samples of graphene on Cu foil obtained by CVD at two temper-
atures, 900 ◦C and 950 ◦C, respectively. The difference in contrast is due to the number of
monolayers in the obtained material.

In general, for both cases, the same morphology of grains—even when of different
sizes—is present, with uniform distribution over the surface.
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Figure 1. SEM images at 500× and 1000× magnification process at T = 900 ◦C.
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Figure 2. SEM images 500× and 1000× magnification process at T = 950 ◦C.

2.3.2. AFM Analysis

The AFM optical analysis shows the grain dimension, their distribution vs. surface,
and the general roughness of the surfaces. The comparative optical analysis is presented in
Figure 3.

  

ff

Figure 3. Optical analysis at 100× magnification process at T = 900 ◦C and T = 950 ◦C, respectively.
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For the process at T = 900 ◦C, the grain size exceeds 2 µm, as seen in Figure 4. The
grains are generally arranged either in smaller clusters or in slightly larger clusters, leading
to the formation of zones characterized by slightly different Rku or Rsk parameters but
the coherence of statistical parameters led to the conclusion of a symmetric distribution
of grains.

 

 

ff

Figure 4. AFM Topographic 2D and 3D images and profile lines—process at T = 900 ◦C.

The Rku value is above three, which means that the grains are placed such that they do
not form depressions between them, and the Rsk value is also relatively high, which also
suggests that no large depressions are formed, and hence more dense peaks are occurring,
Table 1.

Table 1. Average roughness parameters determined by AFM lines—process at T = 900 ◦C.

Scanned Area RMS (nm) Ra (nm) RSk RKu

40 × 40 µm 489 376 0.447 3.63

For the process at T = 950 ◦C, the grain size is lower even if they exceed 1.5 µm, as
seen in Figure 5. The grains are generally arranged mainly in larger clusters, leading to
the formation of zones characterized by slightly different Rku or Rsk parameters. Also,
in this case, the coherence of statistical parameters led to the conclusion of a symmetric
distribution of grains.

The Rku value is above three, which means that the grains are placed such that they
do not form large depressions between them, Table 2. The Rsk value is lower compared
to the process at T = 900 ◦C, which suggests that more depressions are formed but they
are not so deep. The density of peaks is lower, leading to a better balance between peaks
and depressions.
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Figure 5. AFM Topographic 2D and 3D images and profile lines—process at T = 950 ◦C.

Table 2. Average roughness parameters determined by AFM lines—process at T = 950 ◦C.

Scanned Area RMS (nm) Ra (nm) RSk RKu

40 × 40 µm 339 243 0.261 4.26

In all, the process at T = 950 ◦C led to graphene structures characterized by RMS and
Ra roughness parameters with lower values compared to the graphene structures obtained
at T = 900 ◦C. This decrease may be due to a better settlement of the grains. Beyond this,
the values of the parameters Rku and Rsk indicate, in both cases, the formation of layers
predominantly characterized by peaks and not by depressions, which means that the grains
settle in such a way that they do not form holes between them. Accordingly, the graphene
structures are uniform and without structural defects.

3. Technology for Obtaining Hybrid Nanostructures from Graphene and
Conducting Polymers

3.1. Materials and Preparation Methods

Graphene structures obtained at T = 950 ◦C were chosen due to their lower values of
roughness and better settlement of the grains compared to the graphene structures obtained
at T = 900 ◦C. The technology for obtaining hybrid nanostructures from graphene and
conducting polymers was drop-casting, and five samples of each type were manufactured
for comparison of technological feasibility.

In the case of Poly 3-hexylthiophene (P3HT), 15 mg/mL of polymer was dissolved in
CHCl3 at room temperature in an ultrasonic bath and kept for 30 min for uniform dispersion.

In the case of Poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-bithiophene] (F8T2), 20 mg/mL
of polymer was dissolved in toluene at 60 ◦C in an ultrasonic bath, and kept for 30 min for
uniform dispersion.

In both cases, 120 µL of each polymer solution was deposited on graphene (SiO2/Si
substrate) by the drop-casting method using Pasteur pipettes. The evaporation of each
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solvent took place for 30 min in vacuum, using a Pfeiffer vacuum pump connected to
a desiccator.

3.2. Results and Discussion

3.2.1. Hybrid Nanostructures from Graphene and P3HT

For graphene covered with P3HT, a different topography is observed by AFM analysis
compared to the graphene structures. Although, at first glance, at 100× it seems to have a
fairly uniform grain distribution, at 500× it can be noticed that the roughness is quite high
and the grains are arranged in different modes, Figure 6. Grains of different sizes but also
smoother stretches can be observed.

tt
ff

ff

ff ff

  

Figure 6. Optical analysis of graphene–P3HT at 100× and 500×.

The grain size is low, generally under 0.3 µm, as seen in Figure 7. The grains are
generally arranged in larger clusters. The Rku values are not very high, still around three,
which means that the grain distribution is quite symmetrical. The Rsk values are low, even
lower compared to graphene, indicating that more depressions are formed by polymer
deposition, even if not so deep (no pits have been formed). In this case, we can estimate an
about equal percent of peaks and depressions spread upon the surface, Table 3.

Table 3. Average roughness parameters determined by AFM lines—graphene, P3HT.

Scanned Area RMS (nm) Ra (nm) RSk RKu

40 × 40 µm 64 53 0.143 3.31

 

ff

ff

tt

Figure 7. Cont.



Int. J. Mol. Sci. 2024, 25, 5552 9 of 18

 

ff

ff

tt

Figure 7. AFM Topographic 2D and 3D images and profile lines for graphene–P3HT.

3.2.2. Hybrid Nanostructures from Graphene and F8T2

For graphene covered with F8T2, a different topography is observed compared to
graphene structures too. Analyzing Figure 8, at 500×, it seems to have a fairly uniform grain
distribution but the roughness is high, much higher compared to the graphene deposited
with P3HT. The grains are arranged less uniformly, and there are grains of different sizes
separated by smoother stretches.

ff

ff

  

tt

Figure 8. Optical analysis of graphene–F8T2 at 100× and 500×.

The grain size is generally 3 µm, about 10 times larger compared to the graphene
deposited with P3HT, as seen in Figure 9. The grains are generally arranged in smaller
clusters. The RSk values are low, indicating that some depressions are formed by polymer
deposition but the depressions architecture is dispersed, and in general the grains settle
without leaving too much free space between them. The Rku values are not very high, still
around three, which means that the grain distribution is quite symmetrical, Table 4.

Table 4. Average roughness parameters determined by AFM lines—graphene–F8T2.

Scanned Area RMS (nm) Ra (nm) RSk RKu

40 × 40 µm 705 546 0.191 3.36

In all, AFM emphasized a higher roughness in the case of F8T2 compared to P3HT
and a much larger dimension of grain size. In both cases, a quite symmetrical distribu-
tion of grains was noticed, with reduced free space between them. Such structures with
symmetrical distribution and roughness dimension at a micrometer-scale are considered
optimal for the application as gas sensors.
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Figure 9. AFM Topographic 2D and 3D images and profile lines for graphene–F8T2.

4. Analysis of Functionality as Gas Sensors for Methane

In the literature, different processes of metallization of graphene-supported composite
materials are described, e.g., in [61], most of them are inadequate for simple sensor purposes.
In our case, an ink-jet printer was used, and the metallization was made with commercial
copper ink for printed electronics. A structure of a resistor was generated, with an active
surface of about 1 cm2, limited by two metalized areas forming the conductive connections.
Its functionality as a gas sensor was tested using an experimental system, similar to the one
described in [62]. The sensor was introduced in a closed enclosure, which only allowed the
exchange of gases by two valves and access to the electrical connections. The resistance of
the sensor was measured externally, by a precision ohmmeter. Variable mixtures of CH4

in synthetic air (80% nitrogen and 20% oxygen) were passed through the closed enclosure
through one of the valves and let free on the other, to maintain a pressure of 1 atm. The
exact content of CH4 in synthetic air was separately analyzed, sample by sample, by use
of a 7890 portable combustible gas detector (Seitron SpA, Mussolente, Italy) in order to
correlate the resistance and CH4 concentrations on the calibration curves.

Due to the large difference in roughness (grain size), the behavior of both graphene
structures with F8T2 and with P3HT deposition were comparatively analyzed for their
potential features on methane detection. As observed in Figures 10 and 11, the distribution
of the cavities between peaks is different but still uniformly dispersed. In these figures,
some distances between the peak clusters are marked with yellow arrows. In the case of
the graphene–F8T2 structure, the distances between the peak clusters are about 7 times
larger compared to the graphene–P3HT structure (e.g., about 20 µm compared to about
3 µm), under the circumstances that also the peaks were found about 10 times higher
(Figures 7 and 9). Consequently, any potential difference in sensitivity of the developed
sensing structures can be explained further by this spatial architecture.
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Figure 10. SEM image for graphene–P3HT structure.
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Figure 11. SEM image for graphene–F8T2 structure.

Experimental calibration curves were plotted for both sensing structures (Graphene-
P3HT/G-P3HT and Graphene-F8T2/G-F8T2) for a larger domain of CH4, concentration
in air, of up to 1000 ppm CH4. The limit of detection (LoD) was found as 50 ppm, a very
reasonable value for many potential applications, as presented in Figure 12.
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Figure 12. Limit of detection for sensing CH4.

Under this value of CH4 concentration in air, the resistance of both sensors presents
extremely high values, with low credibility to be put in correlation with lower values of
gas concentration.
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A preliminary experimental calibration curve for sensing CH4 for general use is
presented in Figure 13. A high degree of correlation can be noticed in both cases. The
curve for the graphene structure with P3HT presents a high linearity and lower values of
resistance, which makes it useful for large-scale determination of CH4 concentrations in air
when using a simple signal processing system. By comparison, the curve for the graphene
structure with F8T2 may be approximated with a polynomial curve of at least second
degree, which makes the signal processing approach more difficult, and, consequently, may
increase the sensor cost. On the other hand, the slope of the characteristic for the graphene
structure with P3HT is low, an aspect that indicates a lower sensitivity of the sensor. The
sensor sensitivity can be clearly put in relation to the active surface of the sensor exposed
to the targeted gas, and in our case, the surface architecture of the graphene structure with
F8T2 presents a larger active surface due mainly to higher and more dense peaks, as noticed
in Figures 9 and 11.

ffi

1

4

7

10

13

16

0 20 40 60 80 100
CH4 [ppm]

G-P3HT

G-F8T2

R² = 0.9907

R² = 0.989

1.6

1.7

1.8

1.9

2

2.1

2.2

0 100 200 300 400 500 600 700 800 900 1000

Resistance [kΩ]

G-P3HT

G-F8T2

Linear (G-P3HT)

Poly. (G-F8T2)

Figure 13. Experimental calibration curve for sensing CH4 for general use.

But, if the application for testing the breath methane detection associated with irritable
bowel syndrome is targeted, lower CH4 concentrations in air must be detected, with a
threshold value of, e.g., 100 ppm, which may indicate the syndrome occurrence [62,63].
In this case, a new experimental calibration curve was analyzed, Figure 14. Here, one
can notice that both curves have a high degree of linearity for this CH4 concentration
domain but the slope for graphene structure with F8T2 is 6 times higher compared with
the graphene structure with P3HT, which makes this structure more sensitive, feasible,
and reliable for medical application. The inferior limit of CH4 concentration detection,
here 50 ppm, is considered enough when taking into account the correlation of CH4

production with the severity of irritable bowel syndrome because lower concentrations do
not particularly indicate a real occurrence of irritable bowel syndrome, [62,63]. In some
studies, e.g., as described in [64,65], lower concentrations of CH4 (20–40 ppm) were also
analyzed but only for the purpose of detecting specific intestinal bacterial overgrowth,
which may eventually influence the occurrence of irritable bowel syndrome; however, this
approach was not the purpose of this paper as it targets the already established irritable
bowel syndrome.



Int. J. Mol. Sci. 2024, 25, 5552 13 of 18

ff

ff

R² = 0.8954

R² = 0.9646

1.8

1.9

2

2.1

2.2

0 50 100 150 200 250 300 350 400 450 500

Resistance [kΩ]

G-P3HT

G-F8T2

Linear
(G-P3HT)
Linear
(G-F8T2)

Figure 14. Experimental calibration curve for sensing CH4 for medical use.

A final comparative analysis of the sensing structures of graphene with P3HT, and,
respectively, with F8T2, is presented in Figure 15, indicating the resistance–time evolution
when measuring four different concentrations of CH4 (50, 100, 200, and 300 ppm). “On”
marks the moment when starting the measurements with CH4 and synthetic air-tailored
mixtures, till the stationary value of resistance is obtained, as indicated in Figure 14.
“Off” indicates the moment when only synthetic air is sent to the sensor, till it reaches
the initial value of resistance in air. Both resistance decrease and restoration display a
quasi-exponential characteristic. At first view, the increased sensitivity of the structure of
graphene with F8T2 is noticed, leading to a quicker response.
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Figure 15. Experimental resistance–time curves for the sensing structures.

The evaluation of the experimental response (on) and recovery time (off) for the sens-
ing structures is presented in Figure 16. It was noticed that, in general, both response and
recovery time values are lower for the structure of graphene with F8T2. The difference
is even much higher at lower concentrations of CH4 (50, 100 ppm). An interesting phe-
nomenon occurs at higher concentrations of CH4 (200, 300 ppm) regarding the recovery
time when both structures seem to reach the same values, exceeding 12 s.
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Figure 16. Experimental response (on) and recovery time (off) for the sensing structures.

The obtained values of response time of about 4 s for the structure of graphene with
F8T2, at a concentration of CH4 of 50 ppm, is very reliable in the quick detection of irritable
bowel syndrome, being associated with a relatively quick exhalation of air through the
mouth. Once the syndrome is detected, its severity can be further reevaluated by a slow
exhalation of air, of about 9 s, which is reasonable as a procedure. As regards the recovery
time value, it is considered also feasible because even at a higher concentration of CH4 of,
e.g., 300 ppm, it takes only about 14 s for the sensor to recover its initial resistance, and, for
medical use, to wait about 1 min between two measurements is quite reasonable, even if
needing to use the same device to evaluate more patients.

The response and recovery time values for the developed sensing structures are
in line with other homolog gas sensors, e.g., based on semiconductive assemblies, as
in [32,34,66,67] but in our case, the response time values are lower due to the direct use and
higher conductivity of graphene-conducting polymers assemblies. The sensor characteristic
is superior to, e.g., [54], regarding the minimum detection limit, and can be tailored
for different threshold values of CH4 concentrations in air, depending on the type of
investigation and syndrome extent. In all, the use of a simple, low-value, and robust device
for individual use is beneficial at the patient level because the syndrome evolution or
treatment efficiency can be more effectively surveyed. Due to these successful results, even
if preliminary, the sensor features will be further analyzed in the presence of perturbing
factors, determined also by the breathing process, i.e., the potential influences of exhaled
CO2 and exhaled humidity.

5. Conclusions

This paper describes the process of producing chemiresistors based on hybrid nanos-
tructures obtained from graphene and conducting polymers.

The technology of graphene dispersion and support stabilization was based on the
chemical vapor deposition technique. The transfer of the graphene to the substrate
of interest was made by spin-coating of PMMA and further thermal treatment of the
PMMA/graphene/Cu, followed by an electrochemical delamination. The samples were
finally transferred onto a SiO2/Si substrate for microscopy analysis. The process at
T = 950 ◦C led to graphene structures characterized by RMS and Ra roughness param-
eters with lower values compared to the graphene structures obtained at T = 900 ◦C. A
better settlement of the grains was noticed, with the formation of layers predominantly
characterized by peaks and not by depressions.

The technology for obtaining hybrid nanostructures from graphene and conducting
polymers was drop-casting, with solutions of P3HT and F8T2. AFM analysis emphasized
a higher roughness in the case of F8T2 compared to P3HT, with about a 10 times larger
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dimension of grain size. In both cases, a quite symmetrical distribution of grains was
noticed, with reduced free space between them. SEM analysis emphasized that the distri-
bution of the cavities between peaks are different but still uniformly dispersed for both
polymers; however, in the case of the graphene–F8T2 structure the distances between the
peaks clusters are about 7 times larger compared to graphene—P3HT structure.

To generate chemiresistors from graphene–polymer structures, an ink-jet printer was
used, and the metallization was made with commercial copper ink for printed electronics.
A structure of a resistor was generated, with an active surface of about 1 cm2. Experimental
calibration curves were plotted for both sensing structures, for a larger domain of CH4

concentration in air, of up to 1000 ppm CH4. The limit of detection was found to be 50 ppm.
The curve for the graphene structure with P3HT presents a high linearity and lower values
of resistance, which makes it useful for large-scale determination of CH4 concentrations in
air, by use of a simple signal processing system.

For testing the breath methane associated with irritable bowel syndrome, only lower
CH4 concentrations in air must be detected, with a threshold value of, e.g., 100 ppm,
which may indicate the syndrome occurrence. The linearity for this CH4 low concentration
domain was noticed also for the graphene structure with F8T2, and, more than this, the
respective slope was found to be 6 times higher compared with graphene structure with
P3HT, which makes the sensing structure of graphene with F8T2 more feasible and reliable
for the medical application for irritable bowel syndrome assessment.
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Abstract— The use of electrochemical sensors proved to be 

efficient in terms of accuracy and capability to measure the analyte 
concentration even in the field in a short time. Thus, in this paper, 
we propose a mobile system, including hardware and software, to 
facilitate the use of a potentiostat commonly used with an 
electrochemical sensor. The software expressed by a mobile 
application allows the control of the developed wireless 
potentiostat. It assures the remote selection of specific parameters 
associated with implemented voltammetry methods. The APP 
enables the control of multiple potentiostats simultaneously that 
materialize the electrochemical sensor network. The developed 
software can also store the electrochemical data on the cloud. The 
implemented mobile system allows to perform real-time 
measurements for different applications, including healthcare, 
agriculture, or water quality. 

Keywords— electrochemical sensors, mobile potentiostat, 
WSN, potentiostat, cross-platform APP 

I. INTRODUCTION 
Early diagnosis in medicine can be vital in saving a patient 

life. The latest advances in technology have been proved 
essential in this field, and the scientific community has 
developed increasingly sophisticated solutions that enable 
accurate and early diagnosis. Electrochemistry proves to be very 
useful in quantifying the concentration of analyte solutions in a 
matter of seconds [1] [2] that reduces the time required for 
diagnosis. This paper introduces a system characterized by 
hardware and software components, specific data storage being 
associated with cloud storage services. This mobile system is 
controlled through developed APPs that works on major mobile 
devices and laptops. The cloud data storage made this data 
available for advanced analysis anywhere in the world where 
Internet access is provided. The electrochemical measurements 
are carried out using a miniaturized potentiostat. This hardware 
offers quick response for a substance under analysis. Sodium 
and lactate present in sweat can be used as physiological 

indicators of intensive physical activity [3]. The potentiostat 
miniaturization provides the ability to be part of wearable real-
time analytes’ monitors. Important component of the mobile 
monitor is the Analog Front End (AFE) that is characterized by 
the latest CMOS circuits’ advances. 

The AFE is part of mobile systems that can perform 
amperometry sensing of glucose, lactate, and sodium into sweat-
analyzing wearable devices [4]. Despite being extremely 
versatile devices, potentiostats require additional embedded 
computational platforms and appropriate firmware associated 
with control and measured data analysis. The development of 
software solutions characterized by higher usability illustrated 
by friendly user interface designs for low-level trained users is 
also considered in this work. It is proposed a set of mobile 
Android, iOS, and web app IoT compatible that include easy to 
use User Interface (UI) and cloud data storage capabilities. 
Mobile health (mHealth) is the term to define mobile 
applications use to monitor the health condition; for example, 
smartwatches are often equipped with a heart rate sensor 
allowing constant monitoring of heart rate. 

Another example is presented in [6], a glucose monitoring 
system using a smartphone application Bluetooth paired with an 
electrochemical device. The latest design provides 
miniaturization, portability, and easy to use interfaces. 
Therefore, the presented potentiostat embedded system offers 
wireless connectivity, cloud data, configuration storage, and 
concentration measurement for some substances. The 
implemented system combines a cloud-hosted server and a 
complete set of tools to be used for electrochemical tests in the 
field taking into account the mobility and robustness 
characteristics of the system. 

II. SYSTEM DESCRIPTION 
The system was designed to perform different 

electrochemical techniques such as cyclic voltammetry (CV) 
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and Chronoamperometry. The system is characterized by high 
efficiency and scalability and allows easy configuration of 
various electrochemical techniques and intuitive user interface 
for common users without extended training in electrochemistry. 
The developed hardware includes an embedded computation 
platform characterized by easy firmware updates. The system is 
characterized by wireless communication capabilities that assure 
data exchange with common mobile devices as smart phone or 
tablets. The system includes a battery charger circuit and a small 
lithium battery assuring higher autonomy of mobile 
electrochemical measurement unit. A Mobile APP was 
developed for control, processing and visualization of the 
characteristics of the measured analyte. 

A. System Hardware  
This system was designed to be wearable, taking into 

account the necessity to provide on-line monitoring of the health 
status in real-time. Different Integrated Circuits (ICs) 
potentiostats that provide the miniaturization required for this 
system [7] – [10] were analyzed. The selected IC for the 
wearable potentiostat was the LMP91000 from Texas 
Instruments since it provides a controlled potential selection at 
14 levels of the voltage reference. It also has Ohmic drop 
compensation and a trans-impedance amplifier to convert the 
current to a readable voltage value by Analog-to-Digital 
Converter (ADC) in a small package, 4mmx4mm [9]. 

The LMP91000 potentiostat is controlled via I2C protocol 
by almost any microcontroller or microcomputer available. It 
can perform several electrochemical techniques with proper 
software development. It includes cyclic voltammetry (CV) and 
Chronoamperometry (CA), for which we present in the results 
section of this paper. According to designs reported in it, this IC 
also performs other electrochemical techniques to perform 
Square Wave Voltammetry (SWV) and Normal Pulse 
Voltammetry (NPV). 

A microcontroller with an embedded Bluetooth Low Energy 
(BLE) designated RFDuino was considered to improve those 
designs and maintain the required hardware miniaturization. The 
RFDuino provides the data processing and communication 
capabilities and full control of the LMP91000 to applying 
different electrochemical techniques. It was also included a 
precision 3.3V voltage reference IC to improve the sampling 
quality and provide a more comprehensive voltage range.  

Figure 1 describes the schematic of the LMP91000. As shown 
in Figure 1, it is possible to connect a capacitor to act as a filter 
between C1 and C2 pins. It has a built-in temperature sensor that 
can be alternated if the user desires. It is configurable through 
I2C, and the pin MENB enables and disables the IC to reduce 
power usage. When connecting several capacitors in an array, it 
does not provide a way to change the I2C address. The internal 
variable bias allows for alternating the applied potential between 
the working and counter electrode. The RFDuino 
microcontroller includes wireless capabilities in a fingerprint 
sized package. The Cortex-M0 is a processing unit with an 
ArmV6-M architecture. Other features of the RFDuino are 
Analog-to-Digital Converter (ADC) that allows our system to 
read the voltage from the trans-impedance amplifier of the 
LMP91000 and convert it back to current by applying the correct 

equation. SPI and I2C are also present in this microcontroller, 
making it versatile to work with different sensors. 

 
Figure 1:  LMP91000 Schematic 

The LMP91000 is controlled via I2C with the parameters 
coming from the mobile or web applications Bluetooth packets. 
The RFDuino firmware was developed so that it can handle 
different electrochemical techniques and configurable 
wirelessly. Thus, it does not require any cable, just a small 
battery to make it work, becoming very easy to wear due to its 
small size. The RFduino was programmed using the Arduino 
Development Environment, and an FTDI programmer included 
in the design of our printed circuit board (PCB) to make it easier 
to program. 

B. Mobile and web application 
 The software was developed with compatibility in mind. The 
application works with powerful smartphones, tablets, and 
laptops. The mobile apps were developed using React Native to 
produce multiplatform native apps for IOS and Android 
operative systems using JavaScript as the programming 
language. Furthermore, the Web Application was made with 
HTLM5, CSS, and JQuery and relied on Chrome Web Bluetooth 
for connectivity with our potentiostat Bluetooth boards. Figure 
2 presents the flowchart associated with the developed 
application. 

 
Figure 2: Cross-platform application flowchart 

The start button represents the initialized application. When this 
app opens, the login menu is displayed. If the user has not 
registered yet, he can load the register menu to create an account. 
After such, the login menu will be displayed so that the user can 
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login. As soon as the login is done, the menu is opened. This 
menu displays three different buttons, the "Measurement" 
button, the "Concentration" button, and the "Data" button. If 
none of these buttons are tapped, then by default, the user goes 
to the Settings menu. This Settings menu allows the user to 
connect with a device if none is associated. After the user is 
connected, the main menu reappears. If the user presses the 
"Measurement" button, then the reading begins, and there is a 
displayed real-time chart. Suppose the "Concentration" button is 
pressed. In that case, there is a representation of the substances 
concentration automatically. The user has to put the substance 
and the type of sensor, and the system will return the 
concentration value. If the "Data" button is tapped, the user is 
asked to select a date. If the date has no data, then an alert is 
showed to the user. If the date has information, then this 
information is displayed for the user. A configuration menu 
screen was included to interact with the hardware. It is possible 
to configure up to seven potentiostats that we developed and 
perform different electrochemical techniques individually. For 
example, this system can act as a universal glucose meter since 
it is compatible with several test strips available on the market. 
This requires that we insert the configuration for each sensor in 
our database. This system will select the proper configuration 
and calibration equation from the database and measure the 
concentration. 

 

Figure 3: a) Login page for the cross-platform application b) Register page for 
the cross-platform application 

In Figure 3 a) is presented the detailed login page, including 
username and password fields. Figure 3 b) illustrates the 
register page, which allows the user to create and submit new 
account information. The register page has four input text fields 
that are necessary to register a user in our database. Users 
cannot have the same username or email. 

Figure 4 a) presents the most complex part of the mobile 
application, having the most input fields, both text and numeric. 
To facilitate user interaction, we added the possibility to save 

and load configuration and included both personal and general 
configuration for all users using this system 

 

Figure 4: a) Hardware connection and configuration page b) Real-time data 
visualization page 

. Figure 4 b) presents the user real-time graphical characteristic 
of the current measurement, and it is also possible to visualize 
multiple hardware instances. 

 

Figure 5: a) Login page for the cross-platform application b) Register page for 
the cross-platform application 

One of the main features that differentiate this application from 
others in the market is revealing specific analytes concentration. 
This is possible by having a preloaded equation and using our 
hardware with a compatible electrochemical sensor. This is 
described in Figure 5 a). 

a)        b)                        

a)     b)                    
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Another feature of this system is storing the measurements in 
the cloud. Figure 5 b) enables the selection of a date to observe 
the measurements done by this user. Storing electrochemical 
data in the cloud is also an innovative feature not seen in the 
commercial potentiostats. 

III. EXPERIMENTAL RESULTS AND DISCUSSION 
We made tests to obtain the concentration and compare the 

response with a commercial potentiostat Dropsens μStat 8000. 
A solution of TBABF4 (tetrabutylammonium 
tetrafluoroborate) was prepared in acetonitrile. The acetonitrile 
contains 0.05 mM Ferrocene, and a CV was used to observe the 
oxidation-redox process. After, this solution was applied to a 
Dropsens SPE DRP110 and performed cyclic voltammetry 
using our system and the Dropsens μStat 8000 potentiostat for 
result comparison. The results of this experiment are presented 
in the results section. One of these systems main features is the 
measurement of concentration by just connecting and dropping 
the solution. The application will tell the user the concentration 
using stored configuration and embedded algorithms.  

To validate the developed hardware and the implemented 
APP, a solution of TBABF4 (tetrabutylammonium 
tetrafluoroborate) in acetonitrile containing 0.05 mM Ferrocene 
was considered. The CV method was applied. The system 
response is then compared with the response obtained from a 
reference potentiostat that is commercially available (Dropsens 
μStat 8000). The imposed CV test parameters were the same for 
both systems. We had a potential range from [-0.6V, +0.6V], and 
we performed the test starting from 0V to 0.6V and then back to 
0V, completing a cycle. Both devices had small differences in 
configuration.  The electrodes used were Dropsens DRP-110 
with a WE of carbon, a CE of Carbon, and the RE silver. 

The potential was applied in several steps until it reaches the 
maximum possible without using an external reference with the 
LMP91000. Despite being equipped with a 3.3V reference 
voltage that allows a range from [-08, 0.8]V, a range of 0.6V 
was enough for this solution. 

 

Figure 6: Cyclic voltammetry comparison between LMP91000 and μStat 8000 

The graphical characteristics are presented in Figure 6. The 
obtained results were similar comparing our device with the 

commercial one. Some variations are due to the circuit 
differences of both potentiostats. The current evolution graphs 
are very similar. 

The presented system demonstrated to perform 
electrochemistry techniques efficiently, and it is easy to 
configure using the developed app and has the advantages of 
data visualization and recording. 

IV. CONCLUSION 
The implemented mobile potentiostat allows operation in the 
field. It is characterized by high accuracy and mobility and 
brings new possibilities in terms of real-time analyte analysis. 
The mobile APP can be installed in any smart device running 
Android OS or iOS assuring the control of multiple 
electrochemical measurement units. Future work will focus on 
the complex solutions analysis embedding machine learning 
capabilities on the system level.  
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Abstract

Purpose

Our aim was to develop a new experimental model for in vivo hyperthermia using non-direc-

tional microwaves, applicable to small experimental animals. We present an affordable

approach for targeted microwave heat delivery to an isolated liver lobe in rat, which allows

rapid, precise and stable tissue temperature control.

Materials and methods

A new experimental model is proposed. We used a commercial available magnetron gener-

ating 2450 MHz, with 4.4V and 14A in the filament and 4500V anodic voltage. Modifications

were required in order to adjust tissue heating such as to prevent overheating and to allow

for fine adjustments according to real-time target temperature. The heating is controlled

using a virtual instrument application implemented in LabView® and responds to 0.1˚ C vari-

ations in the target. Ten healthy adult male Wistar rats, weighing 250–270 g were used in

this study. The middle liver lobe was the target for controlled heating, while the rest of the liv-

ing animal was protected.

Results

In vivo microwave delivery using our experimental setting is safe for the animals. Target tis-

sue temperature rises from 30˚C to 40˚C with 3.375˚C / second (R2 = 0.9551), while the

increment is lower it the next two intervals (40–42˚C and 42–44˚C) with 0.291˚C/ s (R2 =

0.9337) and 0.136˚C/ s (R2 = 0.7894) respectively, when testing in sequences. After reach-

ing the desired temperature, controlled microwave delivery insures a very stable tempera-

ture during the experiments.
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Conclusions

We have developed an inexpensive and easy to manufacture system for targeted hyperther-

mia using non-directional microwave radiation. This system allows for fine and stable tem-

perature adjustments within the target tissue and is ideal for experimental models testing

below or above threshold hyperthermia

Introduction

Numerous experiments have been undertaken using heat in cancer therapies, with a wide

range of delivery methods, generating a local, regional or whole-body hyperthermia [1–10]. As

compared with normal tissues, cancer bearing tissues have been shown to be more susceptible

to death in hyperthermia [11,12] and experimental treatment strategies have used thermal

manipulation of tumors either by nonspecific tissue disruption, or as an adjuvant to chemo-

therapy in local or systemic delivery [11,13–17]. Heat induced alterations in target tissue

depend on the temperature achieved and the duration of the exposure. Applying heat over

45˚C quickly induces necrosis, due to protein coagulation [18–20]. However, tissue exposed to

temperatures below 43–45˚C displays minimal and even reversible changes, usually without

structural alterations visible in light microscopy, but the threshold for subliminal changes is

variable and depends on the model used and the tissue exposed to hyperthermia [20–25].

Nevertheless, the failure of the early approaches using direct heat-induced cell killing has

prompted interest in the biological effects of mild hyperthermia (39–42˚C), especially in con-

junction with other cancer therapies. Indeed, mild hyperthermia improves tumor oxygenation,

inhibits damage repair while also potentially improving nanotechnology-based targeted deliv-

ery [26].

Exposure of three-dimensional tissue volumes to temperatures within the narrow interval

of 42–45˚C may induce variable effects, ranging from minimal functional alterations to necro-

sis, due to non-uniform spatial distribution of the temperature load, which is highly dependent

on the modalities used for heat delivery [27–29]. All current methods for thermal manipula-

tion fall short of the goal of achieving a uniform temperature load within target tissues volume.

Consequently, a range of thermal responses will be generated within the tissue and tempera-

ture-specific effects will be difficult to discern. Therefore, in order to study the selective effect

of hyperthermia, especially in subliminal conditions (42–45˚C), tissue temperatures must be

precisely controlled and tissue volume heating achieved in a uniform manner.

Our aim was to develop a new experimental model for in vivo mild hyperthermia using

non-directional microwaves, applicable to small live animals. We present an affordable

approach for targeted microwave heat delivery to an isolated liver lobe in rat, which allows

rapid, precise and stable tissue temperature control, while completely avoiding extraneous

heating of non-targeted tissues. This experimental model may be useful for the study of tem-

perature–specific alterations in tissues exposed to a uniform temperature load, with potential

applications in therapeutic strategies involving hyperthermia.

Material and methods

Microwave heating model

A modified commercial microwave oven was used in order to deliver non-directional micro-

waves to live tissue, which in our experiments was the middle liver lobe of the experimental
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animal. We used a commercial available 2M214-LG1 (LG, Seoul, South Korea) magnetron

generating 2450 MHz, with 4.4V and 14A in the filament and 4500V anodic voltage. Modifica-

tions were required in order to adjust tissue heating such as to prevent overheating and to

allow for fine adjustments according to real-time target temperature.

Electrical circuits were removed from the original microwave, leaving only the magnetron

power supply, magnetron cooling system, chamber light circuit and safety circuits that protects

against the accidental door opening. A new electronic controller was designed for the magne-

tron, designed to operate on a feed-back loop, connected to temperature sensors in target tis-

sue (Fig 1).

A1 connector is used for power supply (230V/10A), while A2 connector is used for tempera-

ture-dependent control. The original configuration of the microwave oven magnetron generates

excessive energy in form of microwaves (1000 W), unsuitable for fine thermal manipulation in

small tissue volumes. Selective targeting of the middle lobe of the rat liver creates the problem of

a relatively small absorptive volume (less than a cubic centimeter), thus we introduced an addi-

tional target in the form of a 100-ml water-filled microwave resistant plastic container. This

additional target, much larger than the targeted tissue volume, will absorb (using proportional

distribution) most of the energy generated by the magnetron and prevent uncontrolled, rapid

heating of the rat liver lobe [30]. Experiments run without the additional microwave energy

trap (water target) resulted in excessive, uncontrolled heating of the target organ. A small plastic

tube was used to evacuate water vapors outside the microwave oven chamber. The desired tem-

perature inside the tissue target was achieved using a feedback-controlled, rapid pulse technol-

ogy to power the magnetron, thus allowing for fine adjustments of the total energy transferred

to tissue. Computer controlled adjustment of the ratio between the on and off intervals, based

on tissue temperature measurements, led to the adequate decrease of the time-integrated power

output and maintain tissue temperature with high accuracy.

The sequence of magnetron activation is correlated with temperature readings in an experi-

ment in order to increase the tissue temperature to 42˚ C (Fig 2).

When tissue temperature is below the established limit, the magnetron is powered continu-

ously thus achieving a progressive, linear increase in target temperature. After reaching the set

Fig 1. Wiring diagram of the magnetron. U1, U2 –dor close switch; A1, A2 –connectors; I1 –main breaker; Ls1, Ls2 –signaling lamps; Tr–transformer; S1,

S2 –fuses; BSM–manual command button; A–ampermeter; F1 –power filter; C–capacitor; D1 –diode HVR-U62; D2 –diode HVR; VM–magnetron chiller; M–

magnetron.

https://doi.org/10.1371/journal.pone.0184810.g001
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limit (42˚ C) the controller maintains the temperature using a rapid on-off switching, for a

resulting magnetron duty cycle of 20.5% of time-period spent at the desired temperature.

Combining the additional water target and rapid pulsed activation of the magnetron we

were achieved fine tuning of the amount of microwave energy delivered to target tissue,

without the need of complex engineering required to change the power of the magnetron.

Fig 2. Magnetron duty cycle. Magnetron duty cycle in an experiment aiming to liver heating at 42˚C (graph in the upper panel); On-off cycle during the

first 2 seconds after reaching set temperature (graph in lower panel).

https://doi.org/10.1371/journal.pone.0184810.g002
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The revolving table was removed to allow for direct observation of live experimental ani-

mals, as well as for accurate positioning of the thermocouples. While we cannot exclude the

possibility that the absence of a stirrer or rotating table generates a microwave pattern of inter-

ference inside the cavity, the presence of the energy absorbing water container and the reflect-

ing surfaces in the random arrangement of the aluminum foil used to cover the body of the

animal, minimized the likelihood of a hot spot affecting the small tissue sample exposed.

Simulation of the thermal effect were performed using CST Studio Suite1 (CST Darm-

stadt, Germany) using a predefined microwave chamber and source with parameters similar

with those in the prototype. Thermal effect was simulated in a rectangular (2x2x0.5cm) tissue

sample centrally placed in the oven using available parameters for relaxation and thermal char-

acteristics of tissue samples (Foundation for Research on Information Technologies in Society,

Zurich, Switzerland, http://www.itis.ethz.ch/itis-for-health/tissue-properties/downloads/;

Institute for Applied Physics, Florence, Italy, http://niremf.ifac.cnr.it/, accessed on April 2016).

Simulation performed with FDTD electromagnetic simulator at 2.45 GHz, central tissue tem-

perature maintained at 40˚C, wall temperature kept constant at 20˚C and CST option "Bio-

heat"—not active. Computer simulation of the thermal effect predicts a homogenous heat

distribution within the simulated tissue (Fig 3).

Temperature probes are placed centrally in the experimental middle liver lobe, approxi-

mately 1.5–2.0 mm from either border. Control temperature probes are placed in lateral liver

Fig 3. Electromagnetic/Thermal co-simulation. Electromagnetic/Thermal co-simulation using CST Studio Suit;

vertical plane—upper panel; horizontal plane -lower panel.

https://doi.org/10.1371/journal.pone.0184810.g003
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lobes and peritoneal cavity. All metallic components were grounded, thus preventing micro-

wave-induced electrical discharges in the capacitive field of the oven. Although we did not

interfere with the oven’s operator safety structures, we evaluated microwave radiation, 5 cm in

front of the oven door and around the oven body. Measured microwave energy was inferior to

1mW/cm, similar to a commercial microwave oven working in standard operation mode. As

the heat dissipated from the water container was the only source of heating inside the cavity, a

slight decrease in central body temperature of the experimental animal was observed (2–3

degrees).

Tissue temperature was monitored using highly sensitive J thermocouples, designed and

produced especially for this experiment from 23G syringe needles. The sensitive junction was

introduced into the hypodermic needle that acts as a shield. Signal wires were protected using a

twisted shield cable [31]. The sensors shields (needle and shield cable) were connected to the

system ground in order to avoid discharges in microwave field, as previously described [32–34].

Temperature data acquired from target tissue was used in order to maintain target tempera-

ture constant during the time-frame of the experiments. Thermal probes feed information into

a virtual instrument (VI) application implemented in LabView1 (National Instruments Cor-

poration, Texas, USA). The temperature readings from the target tissue are analyzed in real

time and the system responds to variations of 0.1˚ C, controlling the power of the magnetron

by switching it automatically on/ off. For this purpose, we developed a virtual instrument (VI)

that allows us to control the temperature in the liver lobe (S1 Fig).

The VI software component aims to keep the target temperature within a set narrow interval

for a given period of time. The VI contains two parts: the user interface and the programming

module. The user interface (S2 Fig) is used during the experiment and allows the user to adjust

main parameters: upper temperature limit, lower temperature limit, length of time, and filter

accuracy. Heating time starts once the desired temperature is reached in T1 or T2 sensors. Once

the instrument is running, the user can start the test by pressing the recording button, with real

time temperature readings displayed in analogical and graphic modes. The programming mod-

ule is the program behind the VI and the block diagram is presented in Fig 4.

The implemented algorithm is a controller that keeps at least one parameter value between

set limits in imposed conditions (time). For that reason, we acquire analogical signals from J

type thermocouples, through a data acquisition board. Data are compared with preset limits,

and the relay controls the magnetron by switching it on or off, in order to maintain the desired

temperature in target tissue.

The Virtual Instrument hierarchy highlights the dependency between program sub-VI, the

dataflow between program sub-VI and one of its main advantages: modularity. Due to this

modular implementation of the algorithm, the researchers can easy modify the functions or

can add supplementary functions to main VI core. Therefore, the microwave heating virtual

instrument is one versatile tool that can be easily adapted in order to conduct experiments

with different test procedure requests.

Due to the high sensibility of the thermocouples (0.01˚C), high amplification factor on

DAQ settings, and high sampling rate (10 kHz), any discharge or any voltage artifact can

induce false peaks on reading values. Therefore, we introduced in the main program a data

filtering routine. The original temperature values sampled at 100 kHz are smoothed by a mov-

ing average window of 10 samples, and compared with set limits. The relay is switched on/off

through a 5V DAQ digital port if measured average is outside or inside preset limitations. The

system will activate the magnetron using a classical feed-back algorithm. Using a common

grounding for magnetron, oven protective cage and all shields (animal shield and thermocou-

ples shielding components) we manage to eliminate all spikes in our experiments, but we con-

tinue to use the filtering routine as an additional safety measure (S3 Fig).
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Animals

Ten healthy adult male Wistar rats, weighing 250–270 g were used in this study. The experi-

mental animals were maintained in individually ventilated polyethylene cages with food and

water ad libitum, under controlled ambient temperature (21 ± 0.5˚C) and a 12h/12h light–

dark cycle. All procedures were approved by the Ethical Committee of the Grigore T. Popa

University of Medicine and Pharmacy, Iasi. Animals were clinically monitored daily through-

out the study to ensure well-being and normal behavior.

Surgery

Each rat was anaesthetized with a mixture of Ketamine (65 mg/kg) and Xylazine (15 mg/kg)

administrated intraperitoneally. Before starting experiments, deep anesthesia was verified by

pinching the hind paw or gently swabbing the cornea of the rat. Lack of any response was con-

sidered the confirmation of deep anesthesia. None of the animals required supplementation of

Fig 4. Virtual instrument programming module. Block diagram.

https://doi.org/10.1371/journal.pone.0184810.g004
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anaesthesia during the experiment, and recovered within 60 minutes. During anesthesia and

surgical procedure rats were placed on a heating surface in order to maintain the central tem-

perature of the body around 37˚C, as monitored by a rectal temperature probe.

Liver exposure was made after incision of the anterior wall on the linea alba, starting from

the xiphoid process and extended 3 cm to the pubis. An optimal exposure of the middle liver

lobe is necessary, and that is possible due to particular anatomy of rat liver. In this species, the

middle liver lobe is rather isolated and mobile, especially after cutting the falciform ligament.

We used in all experiments the middle lobe of the liver as a target tissue for microwave deliv-

ery, while the lateral lobes served as control.

The anaesthetized rat was protected from microwaves using aluminum foil that allows for a

rapid and versatile wrapping (Fig 5). The whole body and non-target liver tissue were pro-

tected by this Faraday-type cage that was electrically connected to the oven protective cage and

magnetron grounding electrode.

The efficiency of the protecting foil was assessed by two isolated temperature microprobes,

one inserted into the abdominal cavity and the other one in the lateral liver lobe. A thermal

image obtained immediately after targeted heating demonstrates that aluminum wrapping

remains cold, while the liver lobe and water container are heated to a significantly higher tem-

perature than the surrounding structures (Fig 6).

After the procedure (total time in microwave oven<3 minutes), the foil was removed, the

micro sensors were detached and the abdomen was closed using non-absorbable suture silk. All

animals survived the experimental procedure and were monitored during recovery and were

brought back in special cages for postoperative follow-up. Meloxicam 1mg/kg was administered

subcutaneously in the first 2 postoperative days, in order to ensure analgesia. No animals died

or became ill before the experimental endpoint. Normal feeding was restored within 24 hours

and animals were sacrificed by Xilazine/ Ketamine overdose followed by decapitation, 7 days

after the procedure, for tissue evaluation in different experimental settings. For temperatures

below 42˚C there were no structural changes in light microscopy and no signs of burns associ-

ated with abnormal hot spots inside the experimental lobe.

Fig 5. Aluminum foil wrapping. Mobilized middle liver lobe remains uncovered for microwave exposure.

https://doi.org/10.1371/journal.pone.0184810.g005
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Results

Experimental data clearly demonstrates that the exposed middle lobe is being heated, while

the rest of the animal is protected by the aluminum foil. After euthanasia, we harvested liver

(heated and aluminum protected lobes), spleen, kidney and lungs. There were no changes

associated with heat exposure that could be identified in light microscopy, as compared to nor-

mal rat histology. Just before heating, the temperature in exposed liver is somewhat lower than

normal (Fig 7).

The 4˚C difference at the beginning of the experiment is determined by the exposure to

room temperature during surgical dissection and wrapping. The temperature in the experi-

mental microwave chamber is also at room temperature before magnetron activation. Heat

generated in the microwave chamber will not raise the central temperature of the rat as the alu-

minum protection acts as a very efficient screen. Two microprobes measured temperatures in

the target tissue (T1) while two microprobes are positioned in the lateral liver lobe and the

peritoneal cavity (T2). While desired temperature was maintained in the experimental lobe at

set levels the rest of the body appears not to be affected, with very small variations around

Fig 6. Thermal imaging after microwave exposure. Demonstration of the lack of hot spots outside experimental tissue. Infrared image obtained seconds

after microwave heating—thermal gradient on the surface of the liver are inherent to rapid cooling in the periphery of the experimental lobe.

https://doi.org/10.1371/journal.pone.0184810.g006
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baseline. Fig 7 represents the plot for 10 experiments conducted in a similar manner, with tar-

get tissue heating set to 40˚C, 42˚C and 44˚C in successive testing, with data presented as

mean (black line) and standard deviation of the mean (dotted lines). We assume that succes-

sive increments in target temperature may be slightly biased due to tissue drying, but we mini-

mized the effect by a rapid succession of intervals. All animals recovered after the experiment

without any side effects, demonstrating the efficacy of the aluminum foil cage to protect the

whole animal from the harmful effect of microwaves. In addition to the requirement for anes-

thesia, heating- induced dehydration of the target tissue limits the duration of the hyperther-

mic exposure in this experimental setup.

Increasing the target temperature from baseline to the desired level depends apparently on

the temperature interval, which in turn is dependent on the feed-back algorithm. Larger ther-

mal intervals imply a coarser microwave delivery, without frequent on-off switches that are

needed to prevent overshooting. Temperature rises from 30˚C to 40˚C with 3.375˚C / second

(R2 = 0.9551), while the increment is lower it the next two intervals (40–42˚C and 42–44˚C)

with 0.291˚C/ s (R2 = 0.9337) and 0.136˚C/ s (R2 = 0.7894) respectively, with very accurate lin-

ear regressions (Fig 8).

The differences in the slopes are generated by the temperature gradient required to achieve

the set limit. A large temperature interval will allow for continuous activation of the magnetron

Fig 7. Continuous recording of tissue temperature. Temperature recorded for three successive targets (40, 42 and 44˚C) (n = 10). T1—average of

the temperatures values acquired from heated liver lobe. T2—average of the temperatures values acquired from control liver lobe. Dotted lines

represent standard deviation.

https://doi.org/10.1371/journal.pone.0184810.g007
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and a steep slope, while a 2˚C increment will generate short lived point temperatures within the

set margins, as such turning the magnetron off and prolonging the time required to achieve a

steady temperature. That is, in our view, an advantage of the system, that will prevent the rapid

increase of temperature around the set limit and more precise heating of tissue volume.

Discussions

Microwave induced heating has first been proposed for the treatment of recurrent breast can-

cer, and that opened the door to a wide series of applications using a range of thermal effects

[35]. Microwaves generate heat at a rate which is proportional to the square of the applied elec-

tric field magnitude and the effective conductivity, a measurement of microwave absorption

[36]. The precise mechanisms of interaction with tissue are very complex and difficult to pre-

dict, as energy delivery varies with radiating power, specific absorption rate, permittivity,

depth of penetration and tissue conductivity.

Animal tissues contain ~ 70% water and thus will easily absorb microwave energy, produc-

ing a direct heating [37]. Widespread use of microwave energy for hyperthermic cancer ther-

apy is limited due to rapid absorption in any water containing structures, unpredictable and

rapid thermal changes, and deleterious effects to normal tissues. Targeted microwaves expo-

sure would provide a conceptual advantage, although physical methods to focus microwave

radiation are rather impractical in clinical or experimental settings. However, collimated

microwave radiation would induce a significant thermal gradient within the targeted tissue

along the direction of propagation, as effective microwave energy would decrease exponen-

tially with the distance from the source. In contrast, a uniform distribution of the microwave

Fig 8. Linear regression indicating the rate of temperature increase in the heated lobe (n = 10). Thick dotted line: 30˚C to 40˚C at 3.375˚C /

second (R2 = 0.9551; p<0.0001); Thick black line: 40 to 42˚C at 0.291˚C/ second (R2 = 0.9337; p<0.0001); Thick gray line: 42 to 44˚C at 0.136˚C/ s

(R2 = 0.7894; p<0.0001). Thin solid and dotted lines are average and respectively, standard deviation of recorded temperatures.

https://doi.org/10.1371/journal.pone.0184810.g008
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radiation across the entire surface of the tissue, will allow a certain temperature to be achieved

in the center, while the temperature gradient will be blunted as compared to that generated by

directional microwaves.

We developed an experimental model for tissue hyperthermia designed to generate accu-

rate mild heating of target tissue in vivo. Pathophysiological alterations in subthreshold

conditions, although not lethal, may induce temporary abnormalities that may be used for

targeted therapy as certain antigens or specific proteins may be over-expressed or become

more available to portal or systemic drug delivery [38–39]. We aimed to develop an afford-

able and simple model that allows a versatile setting for experimentation with the live ani-

mal while controlling accurately the temperature and timing according to principles of

thermal dosimetry [40]. Our experimental heating device offers the possibility of early in

vivo modeling of therapeutic approaches combining hyperthermia with pharmacological

approaches, thus it is not designed to immediately translate as such in clinical usage. How-

ever, we intend to offer this platform as a screening tool, with the possibility to select effi-

cient therapies for translational research in clinical trials.

Delivering microwaves in selected tissue for subthreshold heating in small mammals,

comes with problems related to miniaturization and animal protection. Miniaturized antennas

using a self-resonant cavity can deliver microwaves with precise frequency [40]. However, a

significant local thermal gradient due to unidirectional delivery and possible side irradiation

of lateral liver lobes (which we used as controls in normal and metastatic liver), together with

the high cost and technical challenges may limit their wide-spread usage. Choosing a micro-

wave oven may appear counterintuitive when aiming to heat a small tissue sample (middle

liver lobe) and this approach is generally considered suitable for whole body hyperthermia.

While alternative strategies for targeted microwave treatment have been put forth [41], we

have shown that efficient screening of the living animal can be achieved and microwave treat-

ment can be restricted to a selected organ without effects on the experimental animal and with-

out safety concerns for the personnel. The effects of thermal gradients within the volume of

tissue, such as those generated by the use of antennas [42–44], may be unimportant when ther-

mal destruction is desired, but even small thermal gradients in the range between 40–42˚C

generated during subthreshold tissue manipulation may alter the outcome of the therapy [26].

Our aim for thermal manipulation is in the same range with HIPEC conditions, in which situ-

ation differences in temperature between specific points in the peritoneal cavity can differ by

2˚ C [45]. For thermal pretreatment, we assume that such a gradient may produce uneven

effects that can alter drug delivery if dependent on antigenic or protein expression. In our

experiment, we aim to create an overheating of the target tissue of 5˚C (above the normal core

temperature) and monitoring the temperature in the central part of the experimental lobe

ensures a minimal temperature gradient between the core and the surface of the heated liver

lobe. Thermal camera readings have major procedure related limitations and were used only

to show that the liver surface is adequately heated and no off-target hotspots are created. Accu-

rate 3D temperature dosimetry [46] for such an experimental model is technically difficult,

and use of multiple implanted thermocouples is bound to create tissue injury. However, we

used electromagnetic/thermal co-simulation that shows a uniform thermal distribution

throughout a small target volume (�2.0cm3) as long as the core temperature is maintained at a

constant temperature (as recorded by implanted thermocouple). Furthermore, using pulse

activation of the magnetron during steady temperature function allows heat to dissipate across

the volume producing a more homogenous effect.

Our work is a proof of concept study demonstrating the feasibility of an experimental set-

up system for in vivo hyperthermia using non-directional microwaves. Targeted heat delivery

to specific parts of an organ or specific tissues can be done with our model with the added
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advantage of very easy adjustment of experimental setup, without additional costs. While not

an ideal model for clinical usage for microwave delivery, the proposed system is well adapted

for experimental thermal manipulation of living organs in the context of targeted delivery of

drugs in heat modified structures. Microwave radiation-induced hyperthermia is emerging as

new tool in cancer treatment in adjuvant setting, but is especially susceptible to extraneous

energy delivery, affecting off-target tissues [47]. To overcome this limitation, we have used a

novel conceptual approach of insulating the entire living organism, with the exception of the

targeted tissue. This approach is easy to implement, as the Faraday-type insulator can be con-

veniently manufactured out of aluminum foil and using a common grounding with the mag-

netron prevents extraneous electrical discharges and associated hotspots. Furthermore, this

insulation technique could be used to target other organs or tissues such as kidneys, intestines,

urinary bladder, spleen, and testis.

One desirable feature of our system is the achievement of a rapid increment of tissue tem-

perature with minimal lag between the start of the magnetron and achievement of the desired

temperature in the target tissue. In all experiments, the desired temperature was achieved

within 7.5 seconds, with minimal variations reflected in the standard deviations of individual

measured points. Almost similar intervals are required for each 1˚C thermal increment with

more variation in individual readings, probably associated with changes in the specific absorp-

tion rate, when dielectric tissue properties are changed due to water evaporation. The steep

curve suggests that in experimental settings when exposure is in the range of minutes, this acti-

vation part can be ignored as far as exposure to a certain temperature needs to be quantified.

Another feature of the system presented here is the stability of the temperature inside target

tissue, with minimal variations during the plateau. Setting a desired temperature in the feed-

back loop is versatile and does not need a set procedure, the system being permanently adapted

to local temperature and thus being able to accurately maintain it during the experiment. Tak-

ing into account that the system was set to respond to variations of 0.1˚C, we consider that the

temperatures achieved inside target tissue are very well controlled and the system is functional.

In conclusion, we have developed an inexpensive and easy to manufacture system for tar-

geted hyperthermia using non-directional microwave radiation. This system allows for fine

and stable temperature adjustments within the target tissue for various time intervals. Further-

more, the use of non-directional microwave energy is likely to minimize the generation of

thermal gradients within the targeted tissue, thus allowing uniform temperature loads.

Perspectives

Liver tumors may be addressed by heating them at different temperature, but most therapeutic

approaches consist in complete destruction using radio, cryo or microwave ablation. Confined

tumoral growth can be often destroyed with physical agents, with very good short-term results.

This approach is increasingly used, especially in combination with surgery and/ or radio/

chemotherapy.

Modern oncology showed that for some non-resectable primary or metastatic tumors, long

term management as a chronic disease may produce better results, with better control in its

place of occurrence. According to this concept, using bellow-threshold energy delivered in

liver tissue, we wish to produce structural changes that will allow further therapeutic manipu-

lations. Using our system, we are capable to induce different degrees of alterations in liver tis-

sue, opening the door for future oncologic therapeutic approaches.
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Supporting information

S1 Fig. Virtual instrument hardware setup. J thermocouples (1 and 2) send electric signals

that are acquired through analogical ports from NI USB DAQ 6211 acquisition board (6), con-

nected to a computer that runs the software developed under LabView1. The magnetron (4)

is automatically controlled through the digital port of the DAQ board (6) that commands the

relay (5) to open or close. The microwave trap (3) was installed between the magnetron wave-

guide (4) and the target in order to provide an additional target.

(TIF)

S2 Fig. The virtual instrument (VI) front panel. 1-start button; 2-time interval and tempera-

ture limit adjustment; 3-filter accuracy button; 4-recording button; 5-time stamp tag; 6,7-real

time temperature readings in analogical and graphic display.

(TIF)

S3 Fig. The Filter sub-routine and algorithm. The Filter sub-routine: left side and feed-back

algorithm: right side.

(TIF)
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    Abstract— We investigate what information can be obtained 
on daily changes in microcirculation using wearable 
technologies in out-of hospital or laboratory setting. The 
pulse wave, electrocardiogram, body temperature and 
blood pressure data obtained from seven days with normal 
physical activity was compared with data from seven days 
with 50% increase in physical activity. The number of steps 
and heart rate during daily activities were acquired using an 
electronic wrist watch. Radial artery and big toe digital artery 
pulse wave signals, wrist and big toe skin temperature, 
heart rate variability, were analyzed. The sympathetic 
nervous system influence on microcirculation was 
evaluated using frequency domain analysis of heart rate 
variability. The plantar signal was more influenced by 
movements artifact than pulse wave signal from radial artery. 
Low frequency component and ratio of low and high frequency 
component of heart rate variability, associated with 
sympathetic branch of autonomic nervous system was higher at 
night than in the morning and after positional changes. LF/HF 
ratio decreased in the week with more physical activity. 
Relevant information on determinants of microcirculation 
changes can be obtained using multimodal sensing supported 
by small devices that measure individual and environmental 
parameters.  

Keywords—microvascular reactivity, heart rate variability, 
wearable 

I.  INTRODUCTION 

There is a large spectrum of microvascular dysfunction: i) 
peripheral arterial disease (e.g., intermittent claudication); ii) 
venous insufficiency (e.g., varicose veins or deep vein 
thrombosis); iii) lymphedema affecting lymphatic vessels; iv) 
vasculitis produced by inflammation of the wall of a blood 
vessel of any size; v) ischemic disease (e.g., microvascular 
ischemic disease that affect blood vessels in the brain). In 
different pathological conditions, organ dysfunction and 
mortality were correlated with microvascular dysfunction [1-
5]. Several determinants of microvascular changes were 
identified - physical inactivity [6], food that induced 
hypertension [7-8], psychological stress [9], environmental 
stressor [10-11], immunity [12-14], genetics, low birth weight, 
obesity, aging [15]. Different technologies are currently used 
for microcirculation assessment. However, these technologies 

present different disadvantages and limitation [16] and many 
required complex procedure for calibration and measurements, 
which limits their use in clinical practice. Many of these 
technologies are mainly used in laboratory research. 
Unobtrusive, non-invasive technologies that would collect 
data on microcirculation from individuals in their natural 
environments, are required.  

The goal of the present study was the investigation of 
putative information that can be obtained on microcirculation 
using a monitoring procedure based on wearable devices. Also 
was investigated the procedure acceptability and demand for 
the monitored subject. 

II. TECHNIQUES FOR MICROCIRCULATION ASSESSMENT

In addition to anamnesis and pulse palpation, different 
non-invasive techniques are currently used to assess the 
location and hemodynamic changes in microvasculature (i.e., 
arterioles, metarterioles, capillaries, and venules), to diagnose 
microcirculatory diseases and to document the disorder 
concerning microcirculation disease severity. Assessment of 
microcirculation is a difficult task, due to small dimension of 
vessels (i.e. the microvasculature can be anatomically defined 
as blood vessels with a diameter <200–150 μm [15]) as well 
as because of complexity of the involved structures and 
relationships between structures in different physiological and 
physiopathological processes.  

In Table I different techniques used for microvasculature 
assessment are presented. The currently used non-invasive 
techniques for the assessment of microcirculation give 
information on vessels anatomy (e.g., imaging techniques), 
tissue perfusion (e.g., Laser Doppler Flowmetry), different 
hemodynamic parameters (e.g., vascular pressure). 

 The data obtained using different techniques could have 
diagnostic value and can be used for planning detailed 
intervention if is needed, or for diseases preventive measures 
implementation. However, many of these techniques are used 
mainly for scientific research and less in clinical diagnosis and 
treatment planning. The time constraints, issues related with 
financial reimbursement of using different technologies for 
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microcirculation assessments, and lack of equipment [17] were 
reported as main barriers for using different technologies for 
non-invasive assessment of microcirculation. Moreover, the 
high price and complexity of the procedures of different used 
technologies contribute also for higher reliance of health 
professionals on more subjective testing methods for 
microcirculation assessment. 

Methods that facilitate objective assessment of timely 
progressive changes in microcirculation, preferable those at 
lower costs and that consider the daily living might give 
important support for understanding of microvascular ageing 
mechanisms or microvascular dysfunction, and for clarifying 
what changes in microvasculature precede or are secondary to 
different body function impairments. Several studies have 
reported that microvascular variables might help for better 
estimation and prediction of organ or system dysfunction and 
even mortality [1-2].  

TABLE I. TECHNIQUES FOR MICROCIRCULATION ASSESSMENT 

Imaging Techniques Other Techniques 
1.Using Light Emiting

Source 
9. Doppler Ultrasonography

1.1. Laser Doppler 
Imaging 

10. Continuous-Wave Doppler
Ultrasound 

1.2. Diffuse Reflectance 
Spectroscopy 

11. Ankle-Brachial Index

1.3. Laser Speckle 
Contrast Imaging 

12. Toe-Brachial Index

1.4. Polarized Light 13. Segmental Limb Pressure
1.5. Orthogonal 

Polarization Spectral 
Imaging 

14. Plethysmography

1.6. Sidestream Dark 
Field 

15. Photoplethysmography

1.7. Incident Dark Field 16. Transcutaneous Oxygen 
Pressure 

1.8. NADH fluorescence 17. Laser Dopple Flowmetry 
2. Duplex Ultrasound 18. Hyperspectral Tissue

Oxygenation 
3. Computed

Tomography
Angiography

19. Temperature

4. Magnetic Resonance
Angiography

20. Near Infrared Spectroscopy

5. Positron Emission
Tomography

21. Vascular Reactivity to
Occlusion 

6. Radioisotopic
Imaging Technique

22. Vascular Reactivity to
Temperature Change 

7. Digital Substraction
Angiography

23. Vascular Reactivity to Posture
Change 

8. Infrared
Termography

24. Haemodynamic Induced
Changes by Exercises 

Technologic advances particularly those related to small, 
mobile devices, have now made possible non-invasive, low-
cost assessment and monitoring of microvasculature functions. 
Recent study from Stanford University [18] has shown that 
using wearable technologies that records data on weight, heart 
rate, oxygen in the blood, skin temperature, activities (i.e., 
including steps, acceleration, walking, biking and running, 

calories expended, sleeps and even exposure to gamma rays 
and X ray) a baseline range of values for each person can be 
obtained with higher precision, and that allow to identify 
health problem by monitoring deviations from normal and 
associating those deviations with environmental conditions. 
Taking into account the data presented in this study from one 
participant, 58 years old, male, that was routinely monitored 
using different wearable devices over a period of 24 months, 
the data from the study collected over a period of 11 months 
from 43 participants, ages 35 to 70 years old, monitored using 
Basis Peak (Intel, U.S.A.),  health tracker for fitness, sleep and 
stress, as well as other data from recent literature on 
microcirculation assessment our hypothesis was that 
multimodal sensing based on small, low-cost devices might be 
used for estimation of microcirculation changes in out-of 
hospital or laboratory setting.  

III. METHODS

Photoplethysmography (PPG) using green light was 
obtained using Shimmer GSR (Shimmer Sensing, Ireland) 
module and PPG sensors. The PPG sensors were positioned at 
wrist over radial artery and at level of plantar proximal 
phalanx of big toe. Shimmer ECG (Shimmer Sensing, Ireland) 
module was used to acquire electrocardiogram with a 
sampling frequency of 512 Hz. Skin temperature was 
measured at wrist and big toe level using a thermometer 
(Oregon Scientific, U.S.A.). Number of steps and heart rate 
were acquired using Forerunner 235 (Garmin, U.S.A.). Room 
and outside temperature, and humidity were acquired using 
meteorological station OH!Haus&Co 1000HomePro. The 
amplitude of PPG signals, heart rate, heart rate variability and 
body temperature were analyzed. The frequency domain 
analysis of heart rate variability (i.e., power spectral density 
and wavelet transform decomposition of the R-R signals) was 
carried out. Discrete Wavelet Transform (DWT) and 
Continuous Wavelet Transform (CWT) was applied using 
Daubechies4 mother wavelets. The data of low frequency (LF) 
and high frequency (HF) components of heart rate variability 
(HRV) was considered according the established standard 
[19]. Considering the controversies regarding interpretation of 
HRV as reflecting sympathetic activity (i.e., the putative 
influence of respiration and parasympathetic branch of 
autonomic nervous system on low frequency components of 
heart rate variability), the sympathetic outflow was estimated 
by analysis of three parameters – the frequency energy in the 
bandwidth 0.04-0.15 Hz; the normalized LF expressed as 
percentage of LF in LF and HF bandwidth (0.04-0.4 Hz); and 
as the ratio of low frequency and high frequency (LF/HF).The 
values were extracted after fast Fourier transform (FFT) and 
Wavelet Transform (WT) were applied for segments of 5 
minutes of R-R signals, which were obtained from acquired 
ECG during 15 minutes in the morning and at night. The 
lower value of R-R signals recorded during the first seconds of 
position changes were not considered in the analysis as these 
values might interfere with FFT algorithm and highly increase 
the low frequency component in the spectral analysis. 
Therefore, spectral analysis was carried out in 84 R-R signals. 

A healthy human subject, age 51 years, body max index – 
28, no smoker, no coffee, no alcohol or other stimulatory 
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beverages consumer was monitored for 14 days. The subject 
received a half of hour training on the devices use and 
protocol for recording data. The study was realized following 
World Medical Association (WMA) Declaration of Helsinki. 
The data from seven days with normal physical activity was 
compared with data from seven days with 50% increase in 
physical activity. The electrocardiogram and pulse wave were 
recorded in the morning after the person got out of bed and at 
night before going to sleep. Data was obtained for 10 minutes 
sitting on chair and 5 minutes standing.  

IV. RESULTS AND DISCUSSIONS

During standing, the averaged amplitude of pulse waves at 
plantar level was decreased. Positional change produces a 
small increase in the amplitude of pulse wave that was 
recorded at radial artery (Fig. 1). Both PPG signals were 
highly influenced even by small movements. The plantar 
signal was more influenced by movements artifact than pulse 
wave signal from radial artery. In 42% of cases the 
photopletismography signals during standing were lost, 
possibly by inadequate positioning of the PPG sensor. More 
variation on skin temperature was recorded at level of big toe, 
and in the week with more physical activities. Skin 
temperature at level of big toe was at night 35.03°C (32.90-
36.10) in the week with more physical activities, lower than at 
night skin temperature in the first week, which was 36.00°C 
(35.60–36.10). In the first 7 days the average and range of 
normalized low frequency component of HRV during 10 
minutes of sitting was 63.20% (43.45-80.20) in the morning 
and increased during standing - 71.66% (58.56-86.39). 
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Fig. 1. Photopletismography signals obtained at level of radial artery (a) and 
big toe (b), the R-R signal (c) and continuous wavelet decomposition of R-R 
signal (d) obtained from 10 minutes sitting and 5 minutes standing. A position 

change produces a decreased in amplitude of PPG from big toe, a slightly 
increased in radial artery PPG, a decreased in R-R intervals and increased in 
sympathetic outflow (scale 32-64 in CWT decomposition of cardiac signal). 

Increase in normalized LF was registered at night with 
changing posture - 83.41% (78.86-88.91) during standing in 
comparison with 74.31% (58.78-87.97). LF/HF ratio also 
increased during standing. The values of normalized LF and 
LF/HF ratio were lower in the morning than at night. 
Increased physical exercises have produced a reduction in 
resting sympathetic outflow estimated by normalized LF and 
LF/HF ratio both in sitting and standing, in the morning and at 
night. Average normalized low frequency component of heart 
rate variability increased less during standing both in the 
morning 68.36 % (60.05-84.47) versus 65.95 % (55.77-82.87) 
and at night 73.76 % (62.11-90.19) versus 73.81 % (54.93-
85.25) (Fig. 2). The lower increased in sympathetic outflow 
during standing in the week with more physical activity was 
reflected also in LF/HF ratio and in smaller changes in average 
HRV (Fig. 3). No relevant variations were observed on 
averaged daily heart rate and resting heart rate recorded with 
Garmin wrist watch, although an increase in maximal value of 
heart rate was recorded in the week with increased physical 
activity. Average and range of resting heart rate in the first 
week obtained from Garmin wrist watch was 59.29 bpm (53-
67) and 57.86 bpm (46-70) in the second week. Maximal heart
rate in the first 7 days was 127.14 bpm (113-145), and higher 
in the week with more physical exercises – 143.57 bpm (130-
163). In the first week the average and range step/day were 
10113.56 (8108-14397) and in the second week 14673.71 
(9538-20159). Average and range room temperature was 
24.23°C (21-25). Room humidity in the morning was 55.3 
(51-63) and at night 61.8 (53-74), being the values of room 
humidity highly correlated with outside humidity. The subject 
reported no difficulty on using the technology. Although the 
monitored subject has more knowledge on the wearable 
technology than general population, the study reveals the need 
of introducing in the procedure of technique for sensors 
position and person movements monitoring, during acquisition 
of the PPG and ECG, in order to improve the analysis of data 
and information processing. Different artifacts in the 
registered signals might be related to different person 
movements or position of the PPG. 

V. DISCUSSIONS AND CONCLUSSIONS 

In the paper is described a method in which wearable 
technologies were used for monitoring cardiorespiratory 
influence on microcirculation. The feasibility of using small 
devices to document the determinants (mainly those related to 
neurogenic influence) of microvascular dysfunction in out-of 
hospital, clinics or laboratory setting was tested. The study has 
shown that relevant information can be obtained using 
multimodal sensing based on wearable technologies that can 
be used for better understanding of microcirculation 
mechanisms in a more realistic, natural environment. The 
results suggest that techniques for usability testing and for 
accurate detection of influence of body movements on signal 
acquisition should be included to improve the procedure of 
microcirculatory investigation in out of laboratory setting. 
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From the eight general areas (identified in the study of 
Bowen et al, [20], which the studies on feasibility should 
focus, we evaluated the acceptability (reaction to 
intervention), the implementation setting, and practicality of 
the proposed method for microcirculation investigation. 

Fig. 2. Changes in average LF/HF ratio (top graph), LFn and average HRV 
(bottom graph) of cardiac signals: data collected in the first week during 
interval of 10 minutes sitting and 5 minutes standing in the morning and at 
night. 

Recent advances in mobile technologies open possibilities 
for different diagnosis and treatments approaches. In many 
healthcare areas, have already shown higher cost-effectiveness 
of for health assessment and therapies than traditional methods 
[21-22].Our results are according to the findings from recent 
study of team from Stanford University [18] that shown that 
data collected with wearable technologies in out of hospital 
condition give relevant information on deviations from normal 
and their relationship with environmental conditions. 

In the present study, technologies used to monitor physical 
activity are applied in microcirculatory research with special 
focus in the autonomic nervous system activity. An 
increase sympathetic outflow was documented in standing 
and with increase psychological stressor.  

Fig. 3. Changes in average LF/HF ratio (top graph), LFn and average HRV 
(bottom graph) of cardiac signals: data collected in the second week during 
interval of 10 minutes sitting and 5 minutes standing in the morning and at 
night. 

    The diminished averaged values of microvasculature pulse 
wave correlated with data from previous study [23] in which 
decreased perfusion in plantar region was observed by 
changing position from supine to sitting. More physical 
exercises possibly increased the velocity of blood flow control 
mechanism, as the ratio between sympathetic and 
parasympathetic outflow measured by using 5 minutes cardiac 
signal was less affected during position change than in the 
week with lower physical activity. Research on the relation 
between the modality, duration and intensity of movements is 
important as several studies have 
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shown that the sedentarism [24] is associated with 
microvascular dysfunction and that aerobic physical exercises 
can be used in treatment of various microvascular diseases 
[25-26]. More research on movements induced changes on 
microcirculation may contribute to find optimal setting for 
more effective prevention and treatment of microvascular 
dysfunctions. 

For better analysis and information processing, the method 
based on self-monitoring of parameters related with 
microcirculation should include usability of the wearable 
devices. 
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