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Abstract

Precise control over the release of drugs from wearable bioelectronic devices on
wound sites, such as quantity and timing, is highly desirable in order to optimize wound
treatment. The aim of this study is to obtain and characterize an electro-responsive
ferrocene-chitosan/alginate polyelectrolyte complex (PEC) hydrogel that can be used as a
smart wound dressing. First, chitosan/alginate PEC hydrogel was obtained as a control and
characterized in terms of chemical properties and drug release kinetics. Natural chitosan
(CHI) was chemically conjugated with ferrocene (Fc) moieties to create Fc-CHI. The Fc-
CHI was interacted with alginate (ALG) to form Fc-CHI/ALG PEC through electrostatic
interaction. The turbidity test was performed to find the optimum ratio between the Fc-CHI
and ALG, thus the stoichiometric PEC hydrogel. The PEC hydrogel was characterized by
Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR),
Scanning Electron Microscopy (SEM), Energy Dispersive X-ray Spectrometer (EDS), in
addition to the swelling behavior and gel content tests. Comparative analysis of the ATR-
FTIR spectra of CHI, Fc-CHI, ALG, and their mixtures indicated the formation of a
polyelectrolyte complex. The SEM images showed the porosity of the PEC. The EDS
analysis proved the incorporation of the Fc into the CHI by the appearance of the Fc peaks
in the analysis. The PEC hydrogel showed a comparative swelling percentage to be 4400%
and also showed excellent stability, proved by almost 100% gel content after incubation in
phosphate buffer saline (PBS) solution. To demonstrate the drug delivery potential of the
developed PEC-based wound dressing, fluorescence (FITC) and FITC-Dextran were used
as model drugs. First, the drug loading and release kinetics of the PEC were studied in
solution. In three days, about 83% and 61% were released of the FITC, and FITC-Dextran,
respectively in PBS solution. Secondly, the drug release properties on the phantom skin
surface (agarose gel) were investigated using a custom-made electrical stimulus setup
incorporated with fluorescence microscopy. The release of the model drugs on the surface
was tested in passive (no electrical stimulus) and active (with electrical stimulus) manners.
The PEC hydrogels showed an electro-responsivity represented by increasing the intensity
of the model drugs that diffused through the agarose gel under the electric stimulus. The

diffusion coefficients for different drug models were estimated by analyzing images
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obtained after a time series of acquisition. Based on the results, the developed Fc-CHI/ALG
PEC hydrogel is prone to be an enhanced drug release upon the electrical stimulus,
compared to the CHI/ALG PEC hydrogel. This indicates the presence of Fc may be able
to increase the electro-osmosis and develop the enhanced stress gradient in the PEC
hydrogel followed by the spontaneous drug release. The developed PEC hydrogel may be

integrated with bioelectronic devices such as the smart bandage.
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1. Introduction
1.1. Background

Chronic wounds treatment has been a challenge worldwide. Chronic wounds
affect millions of people each year and have a huge financial burden on the government
of every nation. In the US, the treatment of chronic wounds costs the health care system
$20-25 billion/year [1]. Wound dressings have been used to clean, cover, and protect the
wound sites from the external environment, and facilitate the wound healing process.
Conventional wound dressings, such as hydrogel dressings, have been fabricated to
maintain a moist wound healing environment and conceal the wound [2, 3]. Some of
these dressings generally provide a passive release of a drug to facilitate the healing
process, which would be inadequate to complete the healing process [4, 5]. Whereas
smart wound dressings monitor and react to the wound condition by having built-in smart
materials, such as stimuli-responsive materials, that can provide the therapeutic drug on-
demand. These smart wound dressings have been created to effectively facilitate the
wound healing process [6]. Many applications on smart wound dressings have used
hydrogels as drug carriers [7-10] due to their unique properties, such as high water
content, biocompatibility, and biodegradability [11]. According to Bahram et al., “A
hydrogel is a three-dimensional (3D) network of hydrophilic polymers that can swell in
water and hold a large amount of water while maintaining the structure due to chemical
or physical cross-linking of individual polymer chains” [12]. Through the chemical
crosslinking, hydrogel polymeric chains are inter-connected by a covalent bond. In the
physical crosslinking, hydrogel polymeric chains interact with each other physically
through secondary interactions such as ionic bonds [13]. Polyelectrolyte complex (PEC)
hydrogels are classified as physically crosslinked hydrogels. They are formed by the
electrostatic interactions between oppositely charged polymer chains [14]. In general,
PEC hydrogels can be considered as smart materials; they can be responsive to various
external stimuli, such as electric field [15], temperature [16], light [17], and pH [18]. By
applying a stimulus, PEC hydrogels may offer excellent properties such as on-demand

drug release, which make them attractive materials for drug delivery systems. Electro-



responsive PEC hydrogels were successfully formed and stimulated and showed worthy
properties in controlled drug release [19].

Chitosan (CHI) is a linear, cationic (positively charged) polysaccharide
composed of N-acetylglucosamine (2-acetamido-2-deoxy-p-D-glucopyranose) and
glucosamine (2-amino-2-deoxy-B-glucopyranose) units, and can be extracted from the
outer skeleton of shellfish, including crab, lobster, and shrimp (see Figure 1.1 (A)) [20],
and it has been widely used in biomedical applications [21]. Alginate (ALG) is a linear,
anionic (negatively charged) polysaccharide that can be found within the cell walls of
brown algae, and consists of B-D-mannuronic acid (M) and a-L-guluronic acid (G)
residues. It also has a carboxylate functional group so it can be used to form PEC
hydrogel(see Figure 1.1 (B)) [22]. ALG has been used in numerous applications such as
wound healing, drug delivery, and tissue engineering due to its biodegradability and

biocompatibility properties [23].

(A)
o
HO o
chitosan
( ooc OH
HO O..
o —~ "
“00C Hoo
coo-
M
alg,ma,te

Figure 1.1. Chemical structures of (A) chitosan and (B) alginate: f-D-mannuronic acid
(M), a-L-guluronic acid (G) residues [24].



In order to form a natural electro-responsive PEC hydrogel that combines the
biocompatible properties of CHI and ALG, high electron transfer efficiency is required.
However, the electron transfer efficiency of CHI and ALG is relatively low. This
limitation can be overcome by bonding the redox mediators with the polyelectrolytes
covalently through a chemical reaction [25]. Ferrocene (Fc) is a well-known redox
mediator that has the property of rapid response to an electric field [26]. In this study, I
hypothesize that if the ferrocene conjugated chitosan/alginate polyelectrolyte complex
(Fc-CHIVALG PEC) hydrogel is electrically responsive because of the redox probe
(ferrocene), then the drug release can be controlled more efficiently under an electric

field.



1.2. Objectives

The main objective of this thesis is to prepare and characterize novel electro-
responsive PEC hydrogel that has proper structural strength, mechanical stability, and
chemical functionality. This PEC hydrogel is controlled using an electrical field and is
able to release the encapsulated model therapeutics such as FITC and FITC-D in a
controlled manner, so it may provide more efficient therapy by reducing side effects and
enhancing patient compliance as a smart wound dressing. The following objectives are
accomplished:

e Synthesis of ferrocene conjugated CHI (Fc-CHI).

e Obtaining the charge-to-charge balanced (stoichiometric) CHI/ALG and Fc-
CHI/ALG PEC hydrogels as a reference and target conditions.

e Characterizations of Fc-CHI and Fc-CHI/ALG PEC hydrogel.

e Performing drug release kinetics in passive and active (under electrical stimulus) on

the surface of the phantom skin (agarose gel).

1.3. Organization

This thesis is presented in the following order:
1. A brief introduction in Chapter 1 includes the background, purpose, and benefit of
the present work.
2. A literature review containing research related to the topics discussed in this thesis
can be found in Chapter 2.
3. The materials and the experimental methods are provided in Chapter 3.
4. The results and discussion are presented in Chapter 4.

5. The conclusions and recommendations are presented in Chapter 5.

1.4. Scope of Work

The scope of this work is to obtain balanced CHI/ALG PEC hydrogel as a
reference and starting point, and then electro-responsive Fc-CHI/ALG PEC hydrogel.

Different amounts of ferrocene were conjugated in the chitosan and tested to find the

4



most efficient condition regarding electrochemical functionality and mechanical
stability. In order to characterize the PEC hydrogels, turbidity measurements, Attenuated
Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR), Scanning
Electron Microscopy (SEM) with energy dispersive X-ray spectrometer (EDS) analysis,
a swelling behavior test, and a gel content test were performed. Two model drugs were
used in order to characterize the release behavior in solution, and on the surface of the
phantom skin (agarose gel) in two conditions: passive (sustained) release and active

(electrical stimulus).



2. Literature Review
2.1. Wound dressings

For a wound to heal, the major protocol is to have successful wound management.
Wound management is a challenge worldwide. An important part of wound management
is knowing the potential dangers of wound infection such as extreme fever [27].
However, wound dressings can facilitate and promote the wound healing process; also,
they help to maintain appropriate conditions around the wound, therefore reducing the

chance of wound infection. The different types of wound dressings will be reviewed here.

2.1.1. Conventional wound dressings

A proper wound dressing can provide protection and decontamination in addition
to maintaining the moisture of the wound area and preventing infection [28]. Traditional
wound dressings such as bandages and cotton can be generally used to cover the wound
and absorb the exudates, which may be inefficient in dealing with large, wet, and deep
wounds because they lack the property of maintaining moisture. Conventional wound
dressings have been developed to manage the wound conditions and promote the wound
healing process. Hydrogel, foam, and hydrocolloid dressings are types of conventional
dressings [29]. This section will focus on hydrogel wound dressings.

Various hydrogel wound dressings have been fabricated and showed a significant
improvement in the wound healing process [30]. These dressings can be formed as a film
[31] or formed in situ [32]. The ability of hydrogels to swell is an important factor in
terms of increasing the ability to absorb wound exudates as well as maintaining a
moisturized environment around the wound site. It was reported that a natural, nontoxic
film hydrogel dressing, composed of methoxyl pectin, gelatin, and carboxymethyl
cellulose, was fabricated and incubated in phosphate buffer saline (pH 7.4) in order to
test the water uptake ability [33]. The weight of the swollen hydrogel was found to be
1.9-fold the initial weight, which exhibits relatively low swelling behavior, compared to
another study that presented the hydrogel dressing composed of chitosan/y-poly
(glutamic acid). The results showed that the hydrogel dressing reached 10-fold the initial

weight after incubation in water [31]. Another study reported a sacran hydrogel as a
6



wound dressing with a swelling percentage of 1900% which is equivalent to 19-fold the
initial weight after it was incubated in water [30]. In order to show the performance of
this dressing in promoting the wound healing process, in vivo studies were conducted by
creating wounds on mice that were divided into two groups: non-treated (as control) and
sacran hydrogel treated. The wounds were monitored for 12 days (see Figure 2.1). On
the sixth day, the wound closure percentage for the control was 40%, while it was 80%
for the treated wounds. By day 12, the wound closure percentage was 88% and 95% for
control and treated wounds, respectively. These results demonstrated that the sacran

hydrogel dressing may accelerate the wound healing process.

0 day 6 days 9 days 12 days

Control

Sacran
hydrogel film

Figure 2.1. In vivo wound healing study of sacran hydrogel compared to non-treated
wound.

To have a comfortable and smooth dressing covering the wound area, hydrogel
wound dressings could also be formed irn situ. A study presented biodegradable and
nontoxic in situ forming hydrogel wound dressing, based on oxidized alginate and gelatin
[32]. The oxidized alginate was easily cross-linked with gelatin using borax to present
‘in situ forming hydrogel.” The fluid uptake of the hydrogel was found to be 90% of its
weight, which is comparative to the previous work showing a similar uptake ability [30].

Furthermore, in terms of proper wound dressing to provide medications that
accelerate the healing process, some of the hydrogels were loaded with drugs (e.g.,
antibiotics) and vitamins. For example, a research work reported ALG hydrogel dressing

that was loaded with vitamin D3 [34]. Vitamin D3 was selected in the study, due to its



role in enhancing the proliferation of both fibroblasts and keratinocytes, which are two
primary cell types involved in skin wound healing. To demonstrate the capability of the
loaded-ALG dressing to promote the wound healing process, an in vivo study was
conducted (on a rat) as shown in Figure 2.2 (A) and (B). The wound closure for the
wounds that were treated with the loaded-ALG dressing had a higher percentage
compared to the gauze treated wounds, as follows: The average wound closure for the
loaded dressing was 71.42% and 92% on days 7 and 14 post wounding, respectively
while the average wound closure for the control on the 7 and 14" days was 42% and
64.8%, respectively (see Figure 2.2 (C)). A similar study presented a wound dressing
based on ALG hydrogel that was incorporated with naringenin, a flavonoid in the
flavanones subclass that can display strong anti-inflammatory and antioxidant
activities[35]. The in vitro study that was conducted on a rat showed that the wound
closure was 68% and 95% of hydrogel-treated wounds on day 7 and day 14 respectively.
Conversely, the wound closure was 43%, and 48% of gauze-treated wounds on day 7 and
day 14 respectively. According to the results from the presented studies, the loaded
hydrogel dressings accelerated the wound healing process by providing therapeutics on
top of the hydrogel-moistened environment.

In terms of the release rate of the therapeutics drugs from the dressings, some of
the dressings were able to provide the drug over a long period, while some of them were
releasing the drug within hours. In a study, Polyvinyl alcohol/polyethylene glycol
hydrogel that is elastic and swellable was fabricated as a wound dressing. It was loaded
with Asiaticoside, which is rich in Centella Asiatica [36]. The study showed that more
than 90% of the drug was released within 12 hours. By comparison, another study showed
the release of simvastatin (a cholesterol-lowering antihyperlipidemic, that showed
potential in healing diabetic wounds) from alginate-pectin hydrogel dressing was
sustained and slow over more than three days [37]. This dressing allowed the release of
the drug on the wound site for a longer time compared to the Polyvinyl
alcohol/polyethylene glycol hydrogel dressing [36]. exposing the wound sites to a small
amount of the therapeutic drug for a longer time prevented infections and more

effectively promoted the healing process.
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Figure 2.2. (A) Microscopic image of the wound model created on the dorsum of the
rat. (B) Image of the wound dressing. (C) Images of the healing process for the control
and the vitamin D3 loaded dressing at different times [34].

2.1.2. Smart wound dressings

Dressings that can sense and react to the wound conditions are called smart
wound dressings. These dressings have structural materials such as hydrogels that also
can be responsive to wound conditions[38]. Any elevation of the physicochemical and
physiological parameters of the wound sites, including pH, temperature, and moisture,
will stimulate the dressing to provide the therapeutic drugs and therefore more effectively
promote wound healing. It was reported that a smart wound dressing provided an
aminoglycoside antibiotic based on the temperature of the wound site [39]. The structure
of the wound dressing was as follows: It has a double-layer structure. The top layer is
composed of polydimethylsiloxane-encapsulated flexible electronics integrated with a
temperature sensor and ultraviolet (UV) light-emitting diodes. The lower layer is a UV-
responsive hydrogel which is composed of poly-ethylene glycol, shown in Figure 2.3
(A). The wound temperature was monitored by a sensor and transmitted to portable

equipment (e.g., smartphone) via Bluetooth. When the temperature exceeded 38°C



(which is a sign of pathogenic infection), the UV light was turned on to stimulate the

hydrogel to release the antibiotic in situ, as shown in Figure 2.3 (B).

The back side of 3
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v Antibiotic (Gentamicin)

Figure 2.3. (A) The structure of the smart wound dressing. (B) Conceptual view of the
system, the infection monitoring and the on-demand treatment [39].

Another work presented a flexible dermal patch with heating elements for on-
demand drug delivery[7]. The patch was composed of micropatterned gold heating
elements and a calcium-alginate sheet, which can be loaded with thermo-responsive drug
microcarriers. N-Isopropylacrylamide (NIPAM) has been used to fabricate the thermo-
responsive particles because it has responsivity to temperature changes. At a temperature
below 32° C, it becomes hydrophilic, and above its critical point (= 32 °C), it becomes
hydrophobic. The heating element was connected to a microcontroller to have the patch
temperature controlled. From this structure, an electrical current can be applied to the
flexible heater that controls the patch temperature and releases the drug on demand. In
the previous work [39], the temperature was monitored through a sensor connected to
portable equipment and provided a specific reading about the wound temperature

condition, which proved to have a more advanced structure.
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The healthy skin is acidic, in the range of pH between 4 and 6. Depending on the
infection types the pH elevates from the normal range and becomes alkaline [40]. Some
smart wound dressings have monitored the pH environment of the skin to provide the
drugs on-demand. A low-cost and flexible dermal patch was fabricated that released
tobramycin antibiotic depending on the pH value [1]. The patch structure can be seen in
Figure 2.4 (A). A drug reservoir was located on the top. A thin membrane separated the
drug reservoir from the pH-responsive hydrogel and the two pumps on the sides. The
aqueous drug remained in the reservoir because the pumps and output channels were
made of polydimethylsiloxane (PDMS, a hydrophobic polymer). The last layer was a
porous membrane that allowed the drug to pass into the skin. The pH-responsive hydrogel
that was used in this wound dressing was composed of poly (methacrylic acid-co-
acrylamide)—When the hydrogel was exposed to high pH (as a result of an infected
wound), the carboxyl group of the hydrogel was ionized to -COO", thus the electrostatic
repulsion was increased in the chains of the hydrogel. The deprotonated carboxyl groups
led to swelling of the hydrogel against the deflectable membrane, allowing the antibiotic
to be pumped out. Conversely, when the pH was decreased, the -COO™ was combined
with H" and formed -COOH; therefore, the electrostatic repulsion decreased, and the

hydrogel shrunk to prevent the antibiotic from being released. (Figure 2.4 (B) and (C))
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Figure 2.4. (A) The structure of the smart wound dressing. (B) No drug release at the
non-infected area (pH is low). (C) In an infected area (pH is high), the pH- responsive
hydrogel swells against the deflectable membrane, allowing the drug to be pumped out

[1].

The in vitro experiment was performed using P. aeruginosa. The pump was
releasing the tobramycin antibiotic for a full 24 hours. The results were compared to a
control sample that had the same number of bacteria but without the pump releasing the
antibiotic. The images in Figure 2.5. (A) and (B) show the reduction of the bacteria after
the pump-assisted antibiotic treatment. The starting concentration for the bacteria
culturing was 4.5 x 107 CFU/ml. After 24 hours of incubation, the concentration
increased to 47 x 107 CFU/ml for the bacteria that were not exposed to the antibiotic, but
it was decreased to 0.8 x 107 CFU/ml for the antibiotic-treated bacteria, as shown in
Figure 2.5 (C). Therefore, a 58 times reduction in the bacteria was found, which is
evidence of this dressing’s ability to facilitate the healing process and treat chronic

infections.
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Figure 2.5. (A) The bacteria culture before exposure to antibiotic is released from the
pump. (B) The bacteria after exposure to the antibiotic is released from the pump. (C)
The concentration of the bacteria initially, without antibiotic exposure and with
exposure to antibiotics.[1]

In another study, Methacrylic acid hydrogel was used as a pH-responsive wound dressing
[38]. Silver nanoparticles (AgNPs) were encapsulated inside the hydrogel because of
their antibacterial properties. The drug delivery system was able to sense the pH and
release the AgNPs when the wound environment changed from acidic to alkaline. The
results showed that the hydrogel was releasing AgNPs under alkaline conditions (pH=
7.5-10) and restricting the release under acidic conditions (pH= 4). (See Figure 2.6)
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Figure 2.6. The drawing shows the methacrylic acid hydrogel synthesis and the active
release of the drug [38].
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2.2, Hydrogels

Hydrogels are polymeric networks that are produced by a reaction of one
monomer or more. These hydrogels have a high ability to swell and retain a large amount
of water within pores [41-43] and have a soft consistency similar to natural tissues [44].
Along with these properties, they are biocompatible and biodegradable [45, 46]. For
these reasons, hydrogels have been used in medical applications, including tissue
engineering [47] and bioprinting [48]. Moreover, they are widely used for different kinds
of wound dressings [49] and drug delivery systems [38]. A variety of natural, synthetic,
and semi-synthetic polymers are used to form hydrogels. Through physical or chemical
crosslinking (see Figure 2.7) [50], these hydrogels have different properties in terms of
swelling behavior, pore size, and mechanical strength [35, 51-53]. PEC hydrogels are
classified as physically crosslinked hydrogels and can be natural, synthetic, or semi-

synthetic. This is specified in the following section.

— Natural

— Source Synthetic

— Semi-syntheti
Hydrogels — emi-synthetic

Physical

— Cross-linking

Chemical

Figure 2.7. Classification of hydrogels.
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2.3. Polyelectrolyte complex hydrogels
2.3.1. Basics of PECs

Polyelectrolytes are macromolecules with several repeating chain units that have
a large number of functional groups. These groups are charged or can be charged under
specific conditions (e.g., pH) [54]. PEC hydrogels are formed by mixing oppositely
charged polyelectrolytes (polyanion with polycation) in an aqueous solution (as
described in Figure 2.8). The strong electrostatic interaction between two electrolyte
chains is the main driving force to form the PEC hydrogels [55]. Both PEC hydrogels
and polyelectrolyte multilayers have similar physical and chemical properties in terms of
their internal and physical structures [56]. These PEC hydrogels are biocompatible and

can be responsive to changes in surrounding conditions [57].

Polycation

Complex aggregates

Polyelectrolyte Complex (PEC)
Polyanion

Figure 2.8. PEC hydrogels formation.

When it comes to stability and formation of the PEC, there are several important
factors such as molecular weight [58], concentration [59], mixing ratio of the polyanion

and polycation molecular [60], mixing order [61], and duration of mixing [62]. Moreover,
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the pH and temperature of the polyelectrolytes solutions are the most important factors
because changes in pH and temperature may result in protonation or deprotonation of the
functional groups of the polyelectrolytes, which affects the PEC formation [55, 63]. The
effect of mixing different ratios of the polyelectrolytes on the formed PEC was studied
in a research work [64]. CHI/ALG PEC hydrogels were prepared in different ratios of
CHI and ALG as presented in Table 2.1.

Table 2.1. Water uptake ability of different ratios of CHI/ALG PEC hydrogels [64].

Sponge type Mixing ratios Water uptake
ALG CHI ability (%)
CHI3/ALG1 1 3 4290
CHI2/ALG2 2 2 3806
CHI1/ALG3 3 1 1218

From the results, the water uptake ability for the CHI3/ALG1, CHI2/ALG2, and
CHI1/ALG3 was 4290%, 3806%, and 1218%, respectively. It showed how the mixing
ratio affected the interaction between the CHI and ALG. The fibrous networks contained
in each PEC hydrogel were different and therefore affected the ability of each hydrogel
to retain water within pores [64].

Another work presented a study on the characteristics of CHI/ALG PECs
composed of different polymer ratios. Nine different ratios were prepared by changing
the percentage of ALG in the samples, starting with 20% ALG and ending with 50%
ALG [60]. The FT-IR analysis showed that the degree of the electrostatic interaction
between the polymers was affected by changing the ratio of CHI and ALG. The FT-IR
spectra of the CHI, ALG, and the CHI/ALG complex are shown in Figure 2.9. A strong
peak was seen for CHI at 1569 cm™ combined between amide I and amide II groups. The
absorption bands of ALG were seen at 1605 and 1410 cm™ and represented asymmetric
and symmetric stretching vibrations of carboxylate groups, respectively. The
disappearance of these peaks or the appearance of new peaks were observed in the

polyelectrolyte’s blends spectra, indicating the ionic bond was created between ALG and
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CHI. New peaks were observed at 1580 cm™ and 1730 cm™ in all the prepared PEC ratios.
The peak at 1730 cm™! represented the asymmetric stretching of carboxylate groups,
which demonstrated PEC formation. When the percentage of ALG was > 38 in the
sample, the peak intensity at 1398 cm’! was observed, demonstrating that stronger
electrostatic interaction occurred in the samples that have a ratio closer to 1 (50% ALG,
50% CHI). The FT-IR analysis demonstrated that the mixing ratio affects the PEC
formation as well as the strength of the electrostatic interaction between the

polyelectrolytes.
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Figure 2.9. The FT-IR spectrum of CHI, ALG, and different ratios of CHI/ALG PEC
hydrogels. [60]
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In a study on the effect of the polyelectrolyte concentrations on the PEC
formation [59], CHI/ALG hydrogel was prepared using a range of concentrations (0.5-2
wt. % for CHI and 0.5-2.5 wt. % for ALG). After mixing, a gel-like opaque figuration
appeared (Table 2.2). The interaction between the CHI and ALG was changing as the
concentration was adjusted. The PEC which composed of 2 wt. % CHI and 2.5 wt %
ALG were used for the characterization due to the higher turbidity of the PEC solution.
This indicated that the interaction between the polyelectrolytes was charge-charge

balanced [59].

Table 2.2. Images of CHI/ALG PEC were prepared with different concentrations of the
CHI and ALG in an aqueous solution [59].

Alginate

0.5 wt% 1wt 1.5 wit% 2wt 2.5 wt

Chitosal

Also, research was conducted to study the effect of the molecular weight of the
polymers on the properties of the PEC. The obtained PEC samples were composed of
polyvinylamine (PVAm) and carboxymethyl cellulose (CMC). The molecular weight
(Mw) of PVAm was 150 kDa and three different Mw of CMC with differing degrees of
carboxymethylation (DS) were used (Mw/DS, 90 kDa/0.7, 250 kDa/0.7, and 250
kDa/1.2). The samples were prepared by changing the ratio between CMC and PVAm.
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According to the tensile strength and modulus tests (as shown in Figure 2.10), the
mechanical strength of the PEC hydrogels was increased with decreasing the molecular
weight of CMC. Due to the stiffness of the cellulosic chains, shorter ones tend to

maximize the intermolecular interactions during PEC formation [58].
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Figure 2.10. The effect of CMC Mw on the mechanical properties of PEC hydrogels
[S8].

The mixing ratio between positively and negatively charged polyelectrolytes
resulted in either a stoichiometric PEC (that has a net charge equal to zero and is
insoluble) or a nonstoichiometric PEC (that has an excess of one charge, positively or
negatively, and is subsequently more hydrophilic and soluble PEC) [65]. Several
characterization methods are used to determine the optimal ratio between the charge-to-
charge balanced polyelectrolytes, such as the turbidity test [66], and potentiometric and
conductometric titrations [67]. The optimal ratio between two polyelectrolytes can be
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found when the PEC is more turbid and has a viscosity close to the viscosities of the
polyelectrolyte’s solutions. The turbidity test was performed on the PEC hydrogels
composed of anionic tragacanth gum (TG) and cationic CHI with or without the addition
of anionic xanthan gum (XG) as shown in Figure 2.11. The different ratios of CHI, TG,
and XG were tested; the stoichiometric PEC was found with the highest turbidity with a
value of 119 NTU for TG/CHI PEC and 129 NTU for TG/XG/CHI [68].

Stoichiometric PEC
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Figure 2.11. The turbidity curves for TG/CHI and TC/XG/CHI PEC hydrogels [68].

2.3.2. Types of PEC

PEC hydrogels can be natural, synthetic, or semi-synthetic. Natural PEC
hydrogels are composed of polymers derived from natural sources, such as chitosan,
sodium alginate, gelatin, collagen, carrageenan, pectin, xanthan gum, and hyaluronic acid
[69]. Because natural PEC hydrogels are biocompatible, they are attractive materials for
biomedical applications, drug delivery systems, and tissue engineering [70-72]. It was
reported that the natural CHI/gum-arabic PEC hydrogel has been fabricated as a drug
delivery system for oropharyngeal candidiasis treatment. The PEC was loaded with

nystatin which is an antibiotic (obtained from Streptomyces noursei) that could be used
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for the treatment of oropharyngeal candidiasis. The drug release behavior of the PEC was
investigated; a burst effect followed by a moderate release profile was found (55% of the
drug was released by the second hour and 84% was released within 24 hours). Also, the
loaded PEC showed antimicrobial activity against Candida albicans and Pichia
kudriavzevii. According to the in vitro studies, these results qualified the PEC to be used
in drug delivery systems [73]. Another natural PEC hydrogel composed of CHI and
hyaluronic acid was obtained as a drug carrier for the delivery of doxorubicin (DOX),
which is a drug that can slow or stop the growth of cancer cells [74]. When the release
behavior of the PEC was tested, there was evidence that DOX was released slowly over
4 days and no burst release occurred in comparison with the previous example [73]. This
indicates a benefit to providing the drug for a longer time, therefore enhancing the
treatment condition for which the PEC is used. However, even with all of the beneficial
properties of natural PEC hydrogels as drug carriers, they are nonetheless limited because
of their poor mechanical properties [75].

Synthetic PEC hydrogels are formed when two synthetic polymers interact with
each other through the ionic bond. There are various synthetic polymers, such as poly
(vinyl alcohol), polyacrylic acid, poly (tetrafluoroethylene), poly (vinyl chloride), and
poly (ethylene oxide) [76]. The PEC formation between polyacrylic acid and poly (diallyl
dimethylammonium chloride) has been reported [77], also a complexation between the
oppositely charged PNIPAM-b-poly (acrylic acid)-b-PNIPAM and poly (2-
(dimethylamino) ethyl methacrylate) has been obtained and resulted in a form of PEC
that is responsive to the temperature change due to sensitivity of PNIPAM to the
temperature. The main advantage of synthetic PEC hydrogels is that they have excellent
mechanical strength and tunable stiffness [75]. However, synthetic hydrogels may need
to enhance their biocompatibility. The lack of biocompatibility is a primary disadvantage
of synthetic PEC hydrogels compared to their natural forms [78].

The complexation between oppositely charged natural and synthetic polymers
results in semi-synthetic PEC hydrogels. These hydrogels have overcome the limitations
between the low mechanical strength in the natural PEC hydrogels and the low
biocompatibility in the synthetic ones. Therefore, they have been widely used in the
biomedical field for drug delivery systems [79-81]. It was reported that
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CHI/tripolyphosphate PEC hydrogel was formed in a novel method, with mechanical
strength that increased 10 times compared to the conventional method. The novel method
included increasing the crosslinking time between the CHI and tripolyphosphate, which
resulted in the formation of a homogeneous PEC with high mechanical strength [79].
When this PEC hydrogel was tested as a drug carrier using FITC-Dextran as a model
drug, the results indicated that the FITC-Dextran was released from the PEC in a
sustained manner for 24 hours. This release behavior is comparative to the release

behavior of natural PEC hydrogels [73].

2.3.3. Types of release

The encapsulated drugs in PEC hydrogels can be released in a sustained manner
(no stimulus) over a period of time. However, some of the PEC hydrogels can be
responsive to different types of stimuli, such as pH environment, temperature, light, and
electric field, allowing the release of the drugs at a controlled rate or specific time (on-
demand). The forms of the responses can be shown as swelling, shrinking, or eroding of

the PEC network. The types of release are reviewed in this section.

2.3.3.1 Passive release

Because PEC hydrogels have relevant properties, such as biocompatibility and
the ability to maintain water within pores as required for drug delivery systems, a variety
of PEC hydrogels have been developed with loaded therapeutics to provide the drugs in
situ for wound dressing applications and treatment of different diseases (e.g., cancer).
The sustained release allows delivery of the drug over a period of time without providing
any stimulus. Research work presented a study on the sustained release of Rabeprazole
Sodium (as a model drug) from O-carboxymethyl chitosan/carbopol PEC hydrogel [82].
O-carboxymethyl chitosan/carbopol PEC hydrogel was crosslinked with calcium to show
the effect of the concentration of the crosslinker, the composition of the PEC, and the
crosslinking time on the sustained release behavior of the PEC hydrogel. The results
indicated that the increase in the concentration of the crosslinking agent, from 1% (w/v)
to 8% (w/v), led to reduced drug release (Figure 2.12 (A)).
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The release rate of Rabeprazole Sodium increased with the increase in O-
carboxymethyl chitosan concentration. The PEC hydrogels that have low concentrations
of O-carboxymethyl chitosan tend to be fragile, so the rapid release of the encapsulated
drug was observed in the first 4 to 5 hours (Figure 2.12 (B)). Figure 2.12 (C) shows the
effect of the crosslinking time on the drug release. The samples showed faster release
when the PEC hydrogels were allowed to crosslink the calcium chloride for 15 minutes,
and slower release for the samples that crosslinked for 30 and 45 minutes. The short time
release was due to the insufficient interaction between the calcium chloride and PEC
hydrogels. Therefore, a weaker PEC matrix was formed, and the release of the drug was
faster. Overall, in this study, the sustained release of Rabeprazole Sodium in all the
conditions was over a period of 10 hours. While in another study that investigated the
sustained release of immobilized bone morphogenetic protein-2 (BMP-2) from chitosan—
hyaluronic acid PEC scaffolds, the BMP-2 was released in a sustained manner for more
than four weeks. The longer release time was attributed to the high loading efficiency of
the BMP-2, which was immobilized in the PEC hydrogels by electrostatic interaction
[83].
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Figure 2.12. (A) the effect of the crosslinker concentration on the release profile of the

drug. (B) the effect of O-carboxymethyl chitosan: Carbopol composition on the release

profile of the drug. (C) the effect of the crosslinking time on the release profile of drug
from the PECs (Batch (1) 15 min; Batch (2) 30 min; Batch (3) 45 min) [82].

The sustained release of CHI/ALG PEC hydrogels using different ratios of the
polyelectrolytes was also studied [64]. The ratios were prepared as follows: (1:1), (3:1),
and (1:3) of (CHI: ALG). Curcumin was used as a model drug due to its pharmacological

properties such as anti-inflammatory, antimicrobial, antiviral, anticancer, and
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antioxidant. The curcumin-loaded PEC hydrogel (Figure 2.13 (A)) was prepared by
mixing the CHI solution containing curcumin with the ALG solution. The loaded PEC
hydrogels were used to test the sustained drug release. The sustained release of curcumin
was tested for a period of 20 days. Figure 2.13 (B) shows the drug release behavior of
the 3 different ratios of the PEC hydrogels: 50% and 70% were respectively released
from (1:1) and (3:1) ratios. From the (1:3) ratio, 80% of the curcumin was released in 3
days. The ratio (1:1) offered preferable sustained release because this sample released
lower amounts of curcumin compared to the other ratios. Therefore, it can provide the

drug for a longer time.
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Figure 2.13. (A) Photograph of the CHI/ALG PEC hydrogel. (Left, pure PEC hydrogel
/right, PEC hydrogel loaded with curcumin). (B) The drug release behaviors of
different ratios of CHI/ALG PEC hydrogels [64].

2.3.3.2 Active release: pH

The condition of the functional groups of the polyelectrolytes plays a major role
in the responsivity of PEC hydrogels. Protonation or deprotonation of the functional
groups at different pH values leads to distribution in the electrostatic interactions between
the cationic and anionic polyelectrolytes. Therefore, a change in the swelling behavior of
the PEC occurs. For example, a novel dual pH-responsive PEC hydrogel was formed by
mixing the polyelectrolytes: poly (2-(dimthylamino) ethyl methacrylate) (PDMAEMA)
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and poly (acrylic acid) (PAAc). The hydrogel was dually pH-responsive; it was stable in

a neutral pH environment and can be swollen in either acidic or alkaline pH

environments. The swelling ratio curve versus the pH had a U shape as can be seen in

figure 2.14 [84].
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Figure 2.14. The swelling behavior of DMAEMA/ PAAc PEC in buffer solution with

different pH values at room temperature [84].

The mechanism of the dual pH- responsivity was that a portion of PAAc at lower pH was

deprotonated while the PDMAEMA remained in a charged form as shown in Figure 2.15.

The charged PDMAEMA chains expanded and swelled due to the partly decomposed

PEC hydrogel. As the pH decreased, the portion of the neutral PAAc and charged

PDMAEMA increased thus causing the higher swelling ratio of the PEC hydrogel.
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Figure 2.15. The mechanism of the responsivity of the PEC hydrogel to strong acid
and strong base [84].

In another study, CHI and Xanthan were used to prepare a pH-responsive PEC
hydrogel. The swelling behavior was tested in NaOH or HCI solution. In NaOH solution
(pH 10-12), the PEC hydrogel swelled. The Xanthan has carboxyl groups, and the CHI
has amino groups. When the PEC hydrogel was incubated in NaOH solution, the amine
group on the CHI chain was deionized and the carboxyl group maintained the negative
charge. Therefore, the bond between the electrolytes broke and allowed the hydrogel to
be swollen [18]. Another study with the crosslinked CHI/ALG PEC showed a similar
trend [24]. The PEC hydrogel was noted to have a higher swelling ratio at pH 3.5, and a
lower swelling ratio at pH 9. This behavior can be explained by the protonation and

deprotonation of amino groups in CHI and carboxylate groups in ALG.

2.3.3.3 Active release: Electro

Electro-responsive PEC hydrogels offer unique advantages for controlled drug
release; they can provide the drug on demand when exposed to an electric field. The drug
release from the electro-responsive PEC hydrogels resulted from the electro-induced
changes in the hydrogels [15]. An electro-responsive hydrogel was prepared with
hyaluronic acid (HA) and poly(vinyl alcohol) (PVA) [19]. The different weight
compositions of HA and PVA were tested. In order to show the electro-responsivity, the
hydrogels were exposed to an electric field of 5V. The effect of on-off switching of the
input voltage on the hydrogels is shown in Figure 2.16. When the electric field was
applied, the hydrogels exhibited shrinking; when the electric field was switched off, the
hydrogels expanded. This behavior was due to the migration of the positively charged
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counter-ion in the hydrogel toward the cathode. This led to partial shielding of the
carboxylate groups in HA, therefore reducing the extent of hydration of the hydrogel.
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Figure 2.16. The Electro-responsiveness of HA/PV A hydrogels due to on—off
switching of electric field (5 V) [19].

The response of the PEC hydrogels to an electric field can take a shape of eroding
the polymeric network. It was reported that the insoluble PEC hydrogel (poly(allylamine)
and heparin), became soluble by applying an electric field [15]. The PEC was attached
to a platinum cathode in a continuously stirred buffer solution (pH 7.4), and an electric
current of 10, 15, or 20 mA was applied in an on-off switching manner. Once the electric
current was applied, a disintegration of the PEC matrix occurred due to the disruption in
the ionic bond between heparin and poly(allylamine). This disruption resulted from the
change in the pH around the cathode and the anode that led to deprotonation of the amine
groups in poly(allylamine) and neutralization of acidic groups in heparin. The
disintegration in the PEC network allowed the heparin to be released. As the electric

current increased, the release of the heparin increased as shown in Figure 2.17.
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Figure 2.17. The release of heparin from poly(allylamine) /heparin PEC in PBS with
the application of different electric currents [15].

Another PEC hydrogel, one that was composed of silk fibroin and hyaluronic
acid, was studied [85]. Passive release and active release under a current density of 0.5
mA/cm? were performed using timolol maleate salt (TM) as a model drug because it is
trans-dermally well tolerated in humans. The results indicated that the drug permeation
through PEC hydrogel was enhanced under an electric field. In contrast, the loaded
membranes did not respond to the electric field due to the strong interactions between

the drug and the PEC matrix (Figure 2.18).
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Figure 2.18. TM delivery profiles through silk fibroin/hyaluronic acid PEC. (A) TM
permeation through the membrane in passive mode. (B) electro-responsive permeation
[85].

2.3.3.4 Active release: Light

Light-responsive PEC hydrogels provided on-demand drug release, even on the
nanoscale. The triggered release of encapsulated cargo from light-responsive
polyelectrolyte nanocomplexes was achieved [17]. The polyelectrolyte nanocomplex that
composed of anionic poly(styrene sulfonate) (PSS) and a charge-shifting polycation (P1,
that was obtained via the copolymerization with the hydrophilic neutral monomer
oligo(ethylene glycol) methacrylate). Nile Red was used in this study as a model drug.
When the ultraviolet light was applied, photolysis of nitrobenzyl groups occurred that
changed P1 into polyanion P— (see Figure 2.19 (A)). The distribution of the ion-pairing
between P— and PSS led to dissolve the polyelectrolyte nanocomplex and then the

controlled release of the encapsulated Nile Red. (see Figure 2.19 (B))
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Figure 2.19. (A) Photoinduced charge-shifting of positively charged P1 to negatively
charged P—. (B) Schematic of the light-triggered disruption of PECs [17].

2.3.3.5 Active release: Temperature

Thermo-responsive PEC hydrogels can be obtained by incorporating thermo-
responsive polymers that undergo reversible phases with the temperature change. When
the temperature increases to higher than the polymer’s lower critical solution temperature
(LCST), the polymer enters the one-phase region, therefore a higher drug release occurs.
A thermo-responsive hydrogel composed of ALG beads containing poly(N-
isopropylacrylamide) (PNI-PAAM) and coated with CHI was obtained [86]. The coating
was done based on the interaction of amine groups in CHI and carboxylate groups in
ALG. The LCST was found to be 31°C for this case. The indomethacin drug release
profiles of the hydrogels as a function of temperature were investigated. At 37°C, the
PEC samples showed a higher drug release rate, and a lower drug release rate was
obtained at 25°C. It was explained that the higher release rate at 37°C resulted from the
precipitation of PNIPAAM above LCST, which led to squeezing the drug out. As a
disadvantage of this work, the hydrogel may provide the drug at a higher rate at a normal
skin temperature (noninfected), since the LCST of the hydrogel is close to the normal
body temperature (38°C). The LCST needs to be adjusted to provide the drug at a proper
time when the skin temperature exceeds the normal range.

Another study reported thermo-responsive PEC hydrogel composed of chitosan-
g-N-isopropylacrylamide (PNIPAM) and pectin that exhibited swelling under a
temperature of 33.1°C (which is the LCST of NIPAM), and sharp shrinking at lower

temperatures [87]. A different thermo-responsive polymer was used to obtain thermo-
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responsive PEC hydrogel in a study conducted [16]. Polyalkyleneoxide-maleic acid
(PAOMA) is an anionic polymer that can have various LCST, depending on the change
of alkyleneoxide (AO) chain composition. The PEC obtained was composed of CHI and
PAOMA. Salicylic acid was used as a model drug for this work. The drug release
behavior was tested at 25°C and 50°C. The results indicated that an increase in the release
rate was observed at 50°C, while a decrease in the release rate took place at 25 °C. This
could be explained by the changes that occurred to the hydrophobic AO chain in POMA.
Above LCST, it tends to form a micelle-like structure as shown in Figure 2.20. As a result
of the structural changes in POMA chains, a repulsion force occurred between the
carboxylate groups in POMA the anionic drug. Therefore, an increased release rate was
observed. The advantage of creating this hydrogel is that the LCST could be adjustable
compared to the previously mentioned studies [86] [87]. Because PAOMA has been used
in the structure, it can change the swelling behavior of the hydrogel by having different
LCST and by changing the composition of the AO chain.

COO0- COOH

HOOC COO-

COO- COOH

,\/\/\/ — :AOD

Figure 2.20. hydrophobic PAOMA molecule at (a) 25 °C and (b) 50 °C [16].
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Table 2.3. Comparison of the responsive PEC hydrogels.

PEC composition Response Response Drug/model Reference
type shape drug/incubation
poly(2- pH Swelling HCl and NaOH | [84]
(dimthylamino) ethyl and
methacrylate) and shrinking
poly (acrylic acid)
CHI and Xanthan pH Swelling HCl and NaOH | [18]
and
shrinking
hyaluronic acid (HA) | Electrical Shrinking | Water [19]
and poly(vinyl
alcohol) (PVA)
poly(allylamine) and | Electrical Eroding Heparin [15]
heparin
silk fibroin and Electrical Swelling Timolol maleate | [85]
hyaluronic acid salt
poly(styrene Light Eroding Nile Red [17]
sulfonate) and a
charge-shifting
polycation
alginate beads Temperature | Swelling Indomethacin [86]
containing poly(N- and
isopropylacrylamide) shrinking
(PNI-PAAM) and
coated with chitosan
CHI and Temperature | Swelling Salicylic acid [16]
Polyalkyleneoxide— and
maleic acid shrinking
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chitosan-g-N-
isopropylacrylamide

and pectin

Temperature

Swelling
and

shrinking

Coomassie Blue

[87]
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3. Methodology

Chemically and electrically regulated Fc-CHI/ALG PEC hydrogel was obtained
and characterized. This chapter presents the methods and tests that were performed to
characterize CHI/ALG PEC hydrogel as a control, as well as the conjugated version of
Fc-CHI/ALG PEC hydrogel.

3.1. Materials

Low molecular weight chitosan and alginic acid sodium salt from brown algae
(medium viscosity) were purchased from Sigma—Aldrich. Ferrocenecarboxaldehyde,
97% and Sodium cyanoborohydride 95% were obtained from Alfa Aesar. Fluorescein
isothiocyanate-dextran (average Mw 3000-5000 Da) was purchased from Sigma—
Aldrich. Fluorescein, pure (Mw = 332 g/mol) was obtained from Sigma—Aldrich.

Agarose LE was obtained from BioExcell.

3.2, Synthesis of ferrocene conjugated chitosan

Three different amounts of Fc were used in the synthesis of Fc-CHI (low,
medium, and high) according to previous work [26, 87]. The Fc amounts were adjusted
to keep freely available amine groups interacting with the ALG for PEC formation. The
Fc-CHI was synthesized as follows. CHI (0.9 g) was dissolved in 0.1 M acidic acid
solution (360 mL deionized water, 2.058 mL acetic acid, pH=3) using a magnetic stirrer
with a stirring time of 24 hours. Ferrocene carboxaldehyde (3.1, 4.7, and 9.1 mg for low,
medium, and high amounts of Fc, respectively) was dissolved in 340 mL of methanol
and then added to the first solution (while stirring), after stirring the solution (550 rpm)
for 1 hour at room temperature. Sodium cyanoborohydride (1.8, 2.7, and 5.4 mg for low,
medium, and high amounts of Fc, respectively) was dissolved in 20 ml of methanol and
then added dropwise to the mixture. After 24 hours of mixing on the magnetic stirrer at
550 rpm, 23 mL of 5 % sodium hydroxide was added dropwise to the mixture until
precipitates formed. The products were separated by filtration and washed eight times,

the first two times using 70 % methanol, the second two times using 80 % methanol, and
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then two times with 90 % methanol, and the last two using pure methanol. The volume
used for each wash was 150 mL. Finally, the products were dried overnight through

evaporation, and then they were ready to be used for other experiments (Figure 3.1)

Figure 3.1. Dry Fc-CHI products. High, medium, and low amounts of Fc (from
left to right)

3.3. PEC preparation
3.3.1. CHI/ALG PEC preparation

ALG solution (2 % w/v) was prepared by dissolving 0.4 g of ALG powder in 20
mL of deionized (DI) water. The solution was stirred for 24 hours at 500 rpm and at room
temperature. CHI solution (2 % w/v) was prepared by dissolving 0.4 g of CHI powder in
20 mL of deionized water containing 100 pL acetic acid (0.5 % by weight). The solution
was stirred for 24 hours. In order to form the PEC, 16 mL of ALG solution was added
slowly to 4 mL of CHI solution (20 % CHI, 80 % ALG) while stirring. The solution was
stirred for 40 minutes at 200 rpm. The solution was centrifuged at 6000 rpm for 8 minutes
to remove the captured bubbles and then poured into a petri-dish with a diameter of 3
cm. After that, the sample was placed in a HCUCFS-404 freezer (VWR, Pennsylvania,
USA) at -20 °C for 24 hours then lyophilized at -50 °C in the freeze dryer to form the
PEC hydrogel dried (Figure 3.2).
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Figure 3.2. Image of Labconco freeze dryer.

3.3.2. Fe-CHI/ALG PEC preparation

In order to prepare Fc-CHI/ALG PEC, a similar procedure to CHI/ALG PEC
preparation was used. Fc-CHI solution (2 % w/v) was prepared by dissolving 0.4 g of Fc-
CHI powder in 20 mL of DI water containing 100 pL acetic acid (0.5 % by weight). The
solution was stirred for 24 hours. ALG solution (2 % w/v) was prepared as mentioned
previously in section 3.2.1 Fifteen mL of ALG solution was added slowly to 5 mL of
CHI solution (25 % CHI, 75 % ALG) while stirring. The solution was stirred for 40
minutes at 200 rpm and then centrifuged, frozen and lyophilized as mentioned in section

3.2.1.
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Figure 3.3. Images of (A) dry CHI/ALG PEC and (B) dry Fc-CHI/ALG PEC. (Scale

bar 1cm)

3.4. Characterizations

The PEC hydrogels were characterized by turbidity measurements, Attenuated
Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR), scanning

electron microscopy (SEM), swelling behavior test, and gel content tests.

3.4.1. Turbidity test

The turbidity measurements of the PEC hydrogels were taken to find the optimum
ratio between ALG, and CHI or Fc-CHI [76]. A Thermo Scientific Orion AQ4500
turbidity meter (Thermo Scientific, Beverly, USA) was used for this purpose (Figure
3.4). The turbidity meter works by sending a light beam into the solution to be tested.
The results were presented in a nephelometric turbidity unit (NTU). The concentrations
0.5, 1.0, 1.5, and 2.0 % (w/v) of CHI and ALG solutions were used to prepare different
ratios of CHI/ALG PEC hydrogels. Four ratios of CHI and ALG solutions were prepared
of each concentration for this test, (20 % CHI, 80 % ALG), (40 % CHI, 60 % ALG), (60
% CHI, 40 % ALG) and (80 % CHI, 20 % ALG). All the samples were centrifuged in
order to remove the captured bubbles because the bubbles affect the turbidity reading due
to the change in the reflection of the light in the turbidity meter. After that, the samples

were transferred to the turbidity meter’s vials, and the readings were taken.
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The turbidity measurements also were taken for Fc-CHI/ALG PEC hydrogels. 2
% (w/v) solutions of ALG and the three different amounts of Fc-CHI (low, medium, and
high) were used to prepare different ratios of Fc-CHI/ALG PEC hydrogels. Turbidity

tests were performed on these samples as well.

Figure 3.4. Thermo Scientific Orion AQ4500 turbidity meter

3.4.2. ATR-FTIR analysis

The ATR-FTIR spectra of CHI, ALG, CHI/ALG PEC, Fc, Fc-CHI (three
different concentrations of Fc), and Fc-CHI/ALG PEC were registered by a PerkinElmer
Spectrum Two FTIR spectrometer with universal ATR accessory (PerkinElmer,
Waltham, USA) as shown in Figure 3.5. The spectra were recorded for the dry samples
between 450 and 4000 cm™ by 16 scans and it was taken 3 times for each sample, in
order to detect the characteristics band of the materials, as well as to confirm PEC

formation.
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Figure 3.5. PerkinElmer ATR-FTIR

3.4.3. SEM imaging and EDS

The morphologies of CHI, Fc-CHI, ALG, CHI/ALG PEC, Fc-CHI/ALG PEC
were analyzed using (KEYSIGHT, Santa Rosa, USA) SEM with an accelerating voltage
of 2 kV. Because the samples are nonconductive, they were coated with a thin layer of
gold-palladium using Polaron sputter coater E5100 (Polaron, Laughton, UK) under a
vacuum of 0.1 torr and current of 20 mA, for 3 minutes. Also, energy dispersive X-ray
spectrometer (EDS) analysis was carried out for CHI and Fc-CHI samples, in order to

prove that the Fc-CHI sample exists Fc in the composition.

3.4.4. Swelling behavior

The swelling behavior of CHI/ALG and Fc-CHI/ALG PEC hydrogels was
determined by incubating the dry samples (size 0.5 cm®) at room temperature in
phosphate buffer saline (PBS, 10 mM, pH 7.4). At first, the weight of each dry sample
was measured, and then each sample was placed in 1 mL of PBS for 24 hours. After that,
the wet samples were removed from the media and placed on a filter paper for 10 seconds
to remove the adsorbed PBS on the surface, then weighted on the lab scale. The swelling

percentage was calculated using the following equation.

E,, = WW%”;M x 100 Equation 3-1
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Where Ej is the swelling percentage, Wy.: is the weight of the wet sample, and Wg, is
the weight of the dry sample. For this experiment, three samples of each PEC hydrogel

were tested, and the average of the results was found.

3.4.5. Gel content

In order to prove the stability of the CHI/ALG and Fc-CHI/ALG PEC hydrogels,
the gel content test was performed. Three dry samples of each PEC hydrogel that had a
size of 0.5 cm® were weighed and then immersed in PBS for 24 hours. The wet samples
were removed from the incubation media and then placed in the freezer (-20 °C) for 24
hours. After that, the samples were lyophilized at -50 °C in the freeze dryer. The weight
of the freeze-dried samples was measured and then used in Equation 3-2 to find the gel

content percentage.

Gel(%) = % X 100 Equation 3-2

Where Gel (%) is the gel content percentage, Wy is the weight of freeze-dried samples,
and W; is the initial weight of the samples. The average of the results was found as the

percentage of the gel content.

3.5. Drug release studies
3.5.1. Drug release in solution

In order to study the drug release behavior of CHI/ALG and Fc-CHI/ALG PEC
hydrogels, Fluorescein-dextran (FITC-D) and fluorescein (FITC) were used as model
drugs. FITC-D and FITC were dissolved in PBS at a concentration of 0.005 mg/mL. The
dry PEC samples were incubated in the model drug solutions for 48 hours. After that, the
samples were rinsed two times each, by placing them in 1mL of fresh PBS solution for 1
minute for each rinse. The samples were then transferred to microcentrifuge tubes
containing 1 mL of PBS solution. The tubes were covered with aluminum foil due to the
sensitivity of the FITC-D and FITC to light and placed at room temperature. Then, 0.5

mL of the incubation media was withdrawn and replaced with the same volume of fresh
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PBS solution at determined time intervals over 72 hours. During this time the withdrawn
samples were labeled and stored in the refrigerator. The released amount of FITC-D and
FITC was determined using a BioTek Cytation 1 spectrophotometer (BioTek, Winooski,
USA) shown in Figure 3.6. The incubation solutions, the rinsing solutions, and the
withdrawn samples were transferred to a 96-well plate (200 pl in each well) and then the
intensity of the FITC-D and FITC were measured using the spectrophotometer.
Fluorescence (excitation and emission wavelengths of 485 and 528 nm) and absorbance
modes (absorbance at 490 nm) were used in the spectrophotometer for FITC-D and FITC
solutions, respectively. In order to convert the intensity to concentration, a calibration
curve was created by doing a serial dilution for FITC-D and FITC solutions that have a
concentration of 0.005 mg/mL, and the intensity of the diluted solutions was measured
using the spectrophotometer. The intensity values were plotted versus the concentrations
and then the curve equation was found and used to convert the intensity to concentration.
To calculate the amount of the incubated drug and the percentage of the released drug at
a specific time, the intensity readings were converted to concentration and then the

following equations were used:

Drug incubated in the PEC hydrogel = Original concentration (0.005 mg/mL) — (The
concentration of incubation solution + The concentration of rinsing solutions)

Equation 3-3

Drug released at a specific time (e.g., after 1 hour) = Drug incubated in the PEC hydrogel
— The concentration of the solution at this time (1 hour)

Equation 3-4

Percentage of drug released at a specific time (e.g., after 1 hour) = (Drug released at 1
hour/ Drug incubated in the PEC hydrogel) X100
Equation 3-5

The percentage of the drug released was found at each of the times of withdrawing the
samples over the 72 hours and then plotted versus the time to show the drug release
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behavior of the samples. (Three samples were used of each hydrogel for this experiment

and the average was found.)

Figure 3.6. BioTek Cytation 1 cell imaging multi-mode reader

3.5.2. Drug release on agarose gel (Passive)

In order to study the drug release on agarose gel (acting for research purposes as
a phantom skin), the experiment was designed as follows. A polydimethylsiloxane
(PDMS) sheet was created by mixing 20 mL of elastomer base with 2 mL of curing agent
(10:1 mixing ratio) for 5 minutes and then poured into a petri-dish (diameter = 10 cm).
The captured bubbles were removed by placing the petri-dish in a vacuum pump with the
pressure gauge reading between -20 to -23 bar, for 30 minutes. Afterward, the sample
was placed in the oven at 80 °C for 2 hours to obtain an elastic PDMS sheet. The thickness
of the resulted PDMS sheet yielded about 0.5 cm. The sheet was used to prepare a mold
to hold the agarose gel, as shown in Figure 3.7 (A). The agarose gel was prepared by
dissolving 0.6 g of agarose powder in 30 mL of PBS solution and then microwaved for
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4 minutes in order to have a fully homogenous solution. Using a micropipette, the liquid
agarose solution was poured into the PDMS mold to create an agarose gel layer, the
agarose solution was allowed to leak under one side of the mold to create an attached thin
layer of agarose gel that will be used as a base to the PEC hydrogels, to prevent the
leakage of the drug released under the layer that acts as phantom skin. The agarose
solution was left for 2 minutes to cool and solidify. It was then ready for use in the
experiment (Figure 3.7 (B))

The passive release behavior of CHI/ALG and Fc-CHI/ALG PEC hydrogels was
studied using FITC-D and FITC as model drugs. FITC-D and FITC solutions were
prepared in a concentration of 0.005 mg/mL in PBS solution. The PEC samples were
prepared in size of (1 cm x 0.5 cm x 0.5 cm) and then immersed in the model drug
solutions for 48 hours. Afterward, the samples were taken from the incubation media and
rinsed for 1 minute twice using fresh PBS solution. Then the samples were placed on a
filtration paper for 10 seconds to remove the excess solution on the surface. After that,
each sample was carefully placed attached to the prepared agarose gel as shown in Figure
3.7 (C). The whole assembly was then transferred to Zeiss Axio Vert Al inverted
microscope (Zeiss, Oberkochen, Germany) in order to image the movement of the model
drugs through the agarose gel (see Figure 3.7 (D)). An image was taken every 10 seconds.
The fluorescence mode was carried out with a FITC channel, a LED light intensity (30
%), an exposure time (500 ms), and a 20x objective lens. The middle of the agarose gel

layer was focused during the time-lapse imaging.
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Figure 3.7. (A) The prepared PDMS mold. (B) Agarose gel layer (thickness = 0.5 cm),
attached to thin layer created as a base to the loaded PEC hydrogel. (C) Loaded PEC
hydrogel was placed attached to the agarose gel layer in order to test the passive release
of the model drugs. (D) Image of Zeiss Axio Vert Al inverted microscope during the

time-lapse imaging. (Scale bar 1cm)

3.5.3. Drug release on agarose gel (Active)

In order to study the active release of the PEC hydrogels, a voltage was applied
to demonstrate the effect of the electric field on the release behavior. The same
experiment design with the same conditions as explained for the passive release was used
for the active release. The only difference was the addition of two platinum (Pt) wires as

electrodes that were fixed on the Petri dish lid (the petri dish that held the agarose gel
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layers inside) by creating a slit in the lid and fixing the wires (4mm apart) using PDMS
blocks as shown in Figure 3.8(A) and (B). The Pt wires were connected to a power supply
(Figure 3.8 (C)), the cathode electrode was inserted into the PEC hydrogel sample in the
front (in a contact with the phantom skin), and the anode in the back.

Two voltage values (0.25 and 1 V) were applied to stimulate the PEC hydrogels, and the
movement of FITC and FITC-D through the agarose gel overtime was imaged as

explained in Section 3.4.2.
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Figure 3.8. The design of the active release experiment; custom-made setup of two
PDMS blocks holding the Pt wires through the lid (A) top view, (B) bottom view, and(C)
the power supply device connected to the Pt wires that were inserted inside the PEC

hydrogel during the time-lapse imaging. (Scale bar 1cm)

3.6. Diffusion coefficient calculations

The diffusion coefficient of the model drugs through the agarose gel can be
estimated by fitting the intensity profiles of the FITC-D and FITC that were produced
during the imaging using the microscope with an appropriate model based on the solution

of Fick’s second law [88, 89]. (Equation 3-5)

dc(x,t) a%c(x,t)
at dx?

Equation 3-5

Where ¢ is the concentration, x is the distance, ¢ is the time, and D is the diffusion

coefficient.

Equation 3-5 represents Fick’s second law at various initial and boundary conditions, the

boundary conditions in our experiment were:

I-C=0,t—>0,x>0
2-C—> 0, t—0,x=0

The solution of Equation 3-5 led to Equation 3-6

C(x,t) _ 1 —_xz )
Co  2VmDt exp (4Dt) Equation 3-6

Equation 3-6 was applied to experimental data in the form of Equation 3-7

I(x,t) = P, exp(—P,x?) Equation 3-7
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where [/ is the intensity of FITC-D and FITC in arbitrary units and P; and P: are the fitting

parameters.

From Equations 3-6 and 3-7:

In order to solve the equation and find the values of P; and P>, a custom-built MATLAB

code was written and run to find P; and P>, followed by D.
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4. Results and discussion
4.1. PEC preparation

CHI/ALG PEC hydrogel was successfully formed through the ionic interaction
between the positively charged amino group of CHI and the negatively charged
carboxylic ion group of ALG as shown in Figure 4.1 (A). Also, Fc-CHI/ALG PEC was
successfully obtained through the ionic interaction between the freely available amino
groups of CHI (that remained after the conjugation of Fc into CHI, covalently through a
chemical reaction) and carboxylic groups of ALG (Figure 4.1 (B))

CHI/ALG PEC

lonic interaction

Ionic interaction

Figure 4.1. Schematic of the fabrication of CHI/ALG PEC (A), and Fc-CHI/ALG PEC
(B).
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4.2. Characterizations
4.2.1. Turbidity test

The aim of performing the turbidity test was to confirm the interaction between
the CHI or Fc-CHI, and ALG, as well as to find the optimal ratio between the
polyelectrolytes and the stoichiometric condition (1:1 of positively and negatively
charged groups). For the CHI/ALG PEC, the highest turbidity values (NTU,
Nephelometric Turbidity Unit) were noted for the ratio of (20% CHI, 80% ALG) to be
810, 640, 515, and 320 NTU for the concentrations 2, 1.5, 1, and 0.5%, respectively for
both CHI and ALG solutions. The NTU values decreased with increasing the percentage
of CHI and decreasing the percentage of ALG in the sample (Figure 4.2).

The highest NTU values can be considered as the points of charge-to-charge
balanced PEC formation (1:1 stoichiometry), in which all positively charged amine
groups of CHI were ionically bonded to negatively charged carboxylic groups of ALG,
that may result in the precipitation of a largest amount of PEC, therefore more scattering
of the turbidity meter’s light [66-68, 90]. Figure 4.3 shows the visual gradient in the
different NTU values of the prepared samples.

Moreover, the NTU values increased as the concentration of both CHI and ALG
solutions increased. This can be explained by the increase in the density of the amine
groups and carboxylic groups in the samples, therefore, precipitation of a larger amount

of PEC.
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Figure 4.2. The turbidity curves for the CHI/ALG PEC hydrogels that were prepared
with different concentrations of 0.5, 1.0, 1.5, and 2.0 % (w/v) of CHI and ALG, with
respect to different ratios (n = 3).
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Figure 4.3. The gradient in the turbidity between the prepared samples of CHI/ALG
PEC (2% (w/v))

The sample at the ratio of 20% CHI and 80% ALG and concentration of 2%(w/v)
was selected as the optimized condition and characterized in terms of its mechanical

stability and chemical functionality. Based on this control experiment, the Fc-CHI/ALG
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PEC hydrogel samples (including the 3 amounts of Fc (low, medium, and high)) were
examined to find out the stoichiometric condition. The maximum turbidities at the
different ratios (20% Fc-CHI, 80% ALG; 25% Fc-CHI, 75% ALG; 40% Fc-CHI, 60%
ALG) for low, medium, and high amounts of Fc, respectively, were found to be 870, 787,
and 633, as shown in Figure 4.4.

The stoichiometric ratio between the samples that were prepared using a low
amount of Fc was the same as the control sample (20% Fc-CHI,80% ALG). This can be
explained by the availability of amine groups in Fc-CHI in a number that is close to the
pure CHI, a result of conjugation of the small amount of Fc with free amine groups of
CHL

However, the stoichiometric ratio between the samples that were prepared using
a medium amount of Fc shifted to (25% Fc-CHI,75% ALG). A higher percentage of Fc-
CHI was needed at the stoichiometric ratio (25% Fc-CHI) due to less availability of
amine groups in Fc-CHI compared to the control.

The peak shift of the high amount of Fc was larger than in other samples, resulting

from the lower amount of the free amine groups in Fc-CHI.
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Figure 4.4. The turbidity curves of Fc-CHI/ALG PEC hydrogels that have low,
medium, and high amounts of Fc conjugated in CHI.

4.2.2. ATR-FTIR analysis

CHI and Fc-CHI with different amounts of Fc (low, medium, and high) were
analyzed using ATR-FTIR (Figure 4.5). The spectra of the samples showed a decrease
in the absorbance of amide I (<1636 cm™) and amide II (<1542 cm™") peaks with an
increase in the amount of Fc as follows, CHI > Fc-CHI(low Fc) > Fc-CHI(medium Fc)
> Fc-CHI(high Fc), the results are shown in Table 4.1.

This decrease in the absorbance values between the samples confirms that there
is less availability of amine groups of CHI as the amount of the reacted Fc increased,
indicating that the Fc exists in the Fc-CHI in a higher concentration. The decrease in the
absorbance of the amine group’s characteristic peaks of Fc-CHI compared to pure CHI
was observed in a study that synthesized Fc conjugated CHI. A new absorption band at
about 814 cm™! was detected in the spectrum of Fc-CHI indicating that the Fc has
interacted with CHI [91]. Here in Figure 4.5, the peak was not detected due to the reduced

amount of Fc that was used in the reaction.

CHI
Low Fc .
X Amide 11
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& Medium Fc
2
2
2 High Fc Amide I\
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Figure 4.5. ATR-FTIR absorbance spectra of CHI, Fc-CHI (low Fc¢), Fc-CHI (medium
Fc), and Fc-CHI (high Fc).
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Table 4.1. The absorbance of amide I and amide II peaks of CHI, Fc-CHI (low Fc), Fc-
CHI (medium Fc), and Fc-CHI (high Fc).

Sample Amide I (cm™) | Absorbance | Amide II (cm™) | Absorbance
CHI 1636 0.075 1542 0.154
Low Fc-CHI 1634 0.041 1539 0.080
Medium Fc-CHI 1634 0.016 1538 0.033
High Fc-CHI 1634 0.008 1538 0.017

The ATR-FTIR analysis could also confirm the interaction between the
polyelectrolytes by finding their characteristic peaks and observing the peak shifting. The
spectra of ALG, CHI, Fc-CHI, CHI/ALG PEC, Fc-CHI/ALG PEC, and Fc are shown in
Figure 4.6. The ALG spectrum showed the characteristic band of carbonyl (C=0) at 1593
and 1406 cm™! that can be assigned to the asymmetric and symmetric stretching
vibrations of carboxylate groups, respectively, and this is similar to observation from
previous studies [92]. Characteristic absorption bands of CHI are usually observed
between 1649 and 1652 cm™ and 1558-1598, representing amide I and amide II groups,
respectively [60]. These characteristic peaks were shifted to 1636 and 1541 cm ™! due to
the effect of acetic acid (used to dissolve the CHI). The characteristic peaks of Fc-CHI
shifted to 1634 and 1538 cm’!, which indicated that CHI interacted with Fc.
Disappearance of characteristic amide peaks of 1636 — 1541cm™ of CHI and 1634 —
1538cm™! of Fe-CHI in addition to peak shift of ALG characteristic band from1593 cm™!
to 1598 cm ™! (detected in CHI/ALG PEC as well as Fc-CHI/ALG PEC spectra), confirms
PEC formation.

The intensity of the peak 1598 cm ™! in CHI/ALG PEC was higher, indicating that
the degree of ionic interaction between the negatively charged carboxylic group of ALG
and the positively charged amino group of CHI was stronger than that in Fc-CHI/ALG
PEC, due to the absence of Fc. The characteristic peak of Fc was found at 1675 cm’!,

similar to observations in previous work [26].
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Figure 4.6. ATR-FTIR transmittance spectra of ALG, CHI, Fc-CHI, CHI/ALG PEC,
Fc-CHI/ALG PEC, and Fc

4.2.3. SEM imaging and EDS

The morphologies of the ALG, CHI, Fc-CHI, CHI/ALG PEC, and Fc-CHI/ALG
PEC samples are shown in Figure 4.7. Depending on the composition, there were
differences in the appearance of the fibrillar structure of the samples. As shown in Figure
4.7(A) and (B), the pure ALG and CHI showed a relatively regular network due to the
homogeneity of the samples. As shown in Figures 3.7 (B) and (C), CHI and Fc-CHI
showed similar morphology. The porous structure of the PEC samples is shown in Figure

3.7 (D) and (E).
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Figure 4.7. The morphologies of (A) ALG, (B) CHI, (C) Fc-CHI, (D) CHI/ALG PEC,
and (E) Fc-CHI/ALG PEC. (Scale bar 50 um)
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Elemental compositions of CHI and Fc-CHI were analyzed using EDS during
SEM measurements (Figure 4.8). In comparison with the CHI, there are a few additional
peaks in the spectrum of Fc-CHI at 0.7 and 6.4 KeV, attributed to Fe sandwiched between
two cyclopentadienyl rings in the staggered conformation of ferrocene, indicating that Fc

was covalently conjugated with CHI. These observations were seen in a previous study

[93].
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Figure 4.8. EDS analysis for (A) CHI, (B) Fc-CHI. The insets are SEM images (Scale
bar 50pm).
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4.2.4. Swelling behavior

The swelling ratios of CHI/ALG, Fc-CHI/ALG (low Fc), and Fc-CHI/ALG
(medium Fc¢) PEC hydrogels were found to be 3480, 3692, and 4471%, respectively, as
shown in Figure 4.9. These ratios are compatible with the previous study in preparation
of CHI/JALG PEC as a drug delivery system for dermal wound healing, which reported
that a stoichiometric PEC hydrogel had a swelling ratio of 3806% [64]. The increased
water uptake of the PEC hydrogels with the increase of the Fc amount in the sample may
be explained by the interaction of some of the amine groups of CHI with Fc and the
ability of Fc-CHI chains to expand more and retain a larger amount of water within the

porous structure.
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Figure 4.9. The swelling ratios of CHI/ALG, Fc-CHI/ALG (low Fc), and Fe-CHI/ALG
(medium Fc) PEC hydrogels.
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4.2.5. Gel content

It was found that all the PEC hydrogels showed almost 100% gel content (Figure
4.10), indicating that the PEC hydrogels were stable in the PBS solution and confirming
that the interaction between CHI or Fc-CHI, and ALG was (1:1) stoichiometric,
therefore, the hydrogels were insoluble in aqueous solution. Similar results were reported
from a previous study that showed CHI/ALG PEC hydrogel films that also had a gel
content percentage of 100%, confirming that the obtained PEC hydrogels were stable in

aqueous solutions [92].
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Figure 4.10. Gel content percentage of CHI/ALG, Fc-CHI/ALG (low Fc), and Fc-
CHI/ALG (medium Fc) PEC hydrogels. The gel content test was performed on 3
samples and the average of the results was found and plotted.

4.3. Drug release studies

4.3.1. Drug release in solution

The release of FITC and FITC-D from CHI/ALG and Fc-CHI/ALG PEC
hydrogels was investigated to evaluate their drug release behavior. Figure 4.11 shows the
drug release behaviors of the PEC hydrogels loaded with FITC which has a relatively
low molecular weight (332.3 g/mol). In 3 days, about 70% and 83% of the FITC were

released, respectively, from CHI/ALG and Fc-CHI/ALG PEC hydrogels. The release rate
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of FITC from CHI/ALG PEC hydrogel was lower due to the lesser amount of FITC
molecules that were encapsulated into the CHI/ALG PEC hydrogel. This result may be
explained by the swelling behavior that showed a lower swelling ratio for CHI/ALG PEC
hydrogel among other PEC hydrogels. The drug release behavior can be also attributed
to the strength of the ionic bond between the polyelectrolytes [64]. The ATR-FTIR shows
that the ionic bond was stronger in CHI/ALG PEC, therefore the entrapped FITC may be
released at a slower rate. It is likely that the electrostatic interaction between Fc-CHI and
ALG in Fc-CHI/ALG PEC is lower due to the possible interaction of some of the amine

groups on CHI with Fc, resulting in a faster release rate of the loaded FITC molecules.
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Figure 4.11. The cumulative release of FITC from CHI/ALG and Fc-CHI/ALG PEC
hydrogels.

The release of FITC-D (a model drug with a large molecular weight of 2000-3000
Da) from the PEC hydrogels was also investigated in order to test the drug release
behavior of the PEC hydrogels with two different model drugs with different molecular
weights. As shown in Figure 4.12 about 38% and 61% of the FITC-D were released,
respectively, from CHI/ALG and Fc-CHI/ALG PEC hydrogels over a period of 3 days.

The results showed a similar trend as the FITC release in Figure 4.11. However, a slower
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drug release rate from both PEC hydrogels was observed due to the larger molecular
weight of the model drug, compared to FITC. Therefore, a smaller amount of the model

drug was encapsulated into the PEC hydrogels and a slower release rate was observed.
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Figure 4.12. The cumulative release of FITC-D from CHI/ALG and Fc-CHI/ALG PEC
hydrogels.

4.3.2. Drug release on the surface

The drug release kinetics of the PEC hydrogels were investigated on the surface
of agarose gel to represent a similar condition to the wound site. The time-lapse images
of the movement of the model drugs through agarose gel were collected (at the interface
between the PEC hydrogels and agarose gel) for testing CHI/ALG and Fc-CHI/ALG PEC
hydrogels in passive (no electrical stimulus) and active (with electrical stimulus) manners.
To provide a sample of the images, the time-lapse images of the movement of FITC
through agarose gel from Fc-CHI/ALG PEC in passive and active manners are shown in
Figure 4.13. The figure clearly shows the enhanced release of the model drug with
electrical stimulus, represented by the significant increase of the intensity of FITC that
diffuses through the agarose gel with time. Also, these images were analyzed to find the
change in the intensity profiles of the model drugs with time. The charts in Figures 4.13
and 4.14 show the spatiotemporal changes in the fluorescence intensity of FITC and FITC-
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D, respectively, within the bulk agarose gel (phantom skin). Large deviations were

observed in the collected data due to variations in the samples of the PEC hydrogels from

batch to batch.
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Figure 4.13. Images of the movement of FITC (released from Fc-CHI/ALG PEC)
through agarose gel with no electrical stimulus and with an electrical stimulus (0.5V
and 1.5V). (Scale bar 50um)
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Figure 4.14. The change in the intensity profiles of FITC with time in passive release (A),
active release 0.5V (B), and active release 1.5V (C) for CHI/ALG and Fc-CHI/ALG
PEC hydrogels. (The plotted data is the average of 3 trials)
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Figure 4.15. The change in the intensity profiles of FITC-D with time in passive release
(A), active release 0.5V (B), and active release 1.5V (C) for CHI/ALG and Fc-
CHI/ALG PEC hydrogels. (The plotted data is the average of 3 trials)
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With no electrical stimulus, the passive release of FITC-D through agarose gel
was slower compared to FITC release, which can be seen in Figures 4.14 and 4.15 (A).
By comparing the intensity values at the interface to be 5500 a.u. for FITC and 4200 a.u.
for FITC-D at the same time (5min), the lower intensity proves the slower release of
FITC-D, which refers to the larger molecular weight. Therefore, a slower release rate
from the PEC hydrogels is expected with the FITC-D.

Upon the electrical stimulus, both PEC hydrogels (CHI/ALG and Fc-CHI/ALG)
were shown to be electrically responsive. The changes in the fluorescence intensity at the
interface under the electrical stimulus were found to be larger than those in no electrical
stimulus (see Figures 4.14 and 4.15). Also, it was found that the degree of the electrical
potential (0.5 or 1.5 V) directly affects the release kinetics, resulting in changes in the
fluorescence intensity. As shown in Figures 4.14 and 4.15 (B) and (C), a significant
increase in the intensity values (16000 a.u. at t=5min) for the active release,1.5V
compared to the intensity values (7000 a.u. at t=5min) for the active release,0.5 V. This
result can be explained by the enhanced electro-osmosis that resulted from the higher
electrical stimulus, therefore a faster drug release occurred (presented as higher intensity
values).

To compare the electro-responsivity between the PEC hydrogels (CHI/ALG and
Fc-CHI/ALGQG), Figure 4.16 shows the differences in the intensity profiles between both
hydrogels at a specific time, for passive and active releases. The intensity values were
found to be higher with the Fc-CHI/ALG PEC hydrogel with the electrical stimulus,
indicating that it is more responsive to the electric field. This result may be attributed to
the redox mediator of ferrocene that increases the electro-osmosis and the development

of a stress gradient in the PEC hydrogel, therefore enhancing the release rate.
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Figure 4.16. The intensity profiles for passive release and active releases under two
different values of voltage (0.5V and 1.5V) for CHI/ALG and Fc-CHI/ALG PEC. (A)
for FITC at t=5min. (B) for FITC-D at t=15min.

As mentioned in section 2.3.3.2, the condition of the functional groups of the

polyelectrolytes plays a major role in the electro-responsivity of PEC hydrogels. The

proposed mechanism of the electro-responsivity of the PEC hydrogels in this work is

explained as follows: When the voltage is applied, a local decrease of the pH occurs

around the anode and a neutral pH around the cathode [94]. The free amine groups

available in the CHI/ALG PEC hydrogel are protonated, and the carboxyl groups

available in the PEC hydrogel are neutralized on the anode side that is due to the low pH.

On the cathode side, however, the carboxyl groups are deprotonated, and the amine

groups are neutralized. Thus, the protonated amine groups would be attracted to the
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cathode side, whereas the negatively charged carboxyl groups are attracted to the anode
side. The result is that the model drug is pushed out and an active release occurs.

With the Fc-CHI/ALG PEC hydrogel, the enhanced electro-responsivity
compared to the CHI/ALG PEC hydrogel can be explained as shown in the schematic
diagram in Figure 4.17. Ferrocene is a well-known organometallic redox couple
(ferrocenium/ferrocene, Fc+/Fc) mediator that undergoes one-electron oxidation at a
certain potential. Upon the electrical stimulus, the oxidized ferrocene (ferrocenium)
together with the protonated amine groups of CHI would have a higher density of the
protonated functional groups in the PEC hydrogel compared to the deprotonated carboxyl
groups. The relatively larger amount of the positively charged functional groups on the
cathode side may provide a higher electro-osmosis followed by a higher-pressure
gradient in the PEC hydrogel. The enhanced driving force may induce the model drug
molecules released more at the cathode side, compared to the case of the CHI/ALG PEC

hydrogel with no ferrocene.
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Figure 4.17. Schematic diagram of the mechanism of Fc-CHI/ALG PEC hydrogel
electro-responsivity.

4.4, Diffusion coefficient calculations

The diffusion coefficients (D) of the passive and active releases were estimated
by fitting the intensity profiles with an appropriate model based on the solution of Fick’s
second law (as mentioned in section 3.6). The D values obtained from different intensity
profile curves at different times (for Fc-CHI/ALG PEC and FITC as a model drug) are
summarized in Table 4.2. According to a previous study that applied the model to
estimate D values [88], the D of the model drug should be constant at the different early
times of diffusion. Moreover, another study demonstrated the estimation of D for various
biomacromolecules diffused into a hydrogel-tissue matrix that has the same porosity. It
was found that the apparent diffusion coefficients depend on the size of the

biomacromolecules. The estimated D values should be similar and constant for one
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specific molecular weight of the model drug (e.g., FITC or FITC-D in our study) [95].
However, despite maintaining a constant porosity of the diffusion media (a constant
concentration of 2% w/v of agarose gel in our study), it’s shown, in table 4.2, that the
deviation of the estimated D values is large. The apparent diffusion coefficients were
found to be 63.3, 14.3, and 5.7 m?/s for passive release, 60.9, 12.2, and 4.2 m?/s for active
release (0.5V), and 15.8, 2.1, and 1.2 m?/s for active release (1.5V) at the different
incubation times of 1, 3, and 5 minutes, respectively. It is likely that the experimental
setup for time-lapse imaging at a micro-scale may be challenging and provide a large
deviation resulting from different imaging conditions and possible human error.

Figure 4.28 shows that the averaged D values for the different time points were
found to be 27.7 £ 31.0, 25.7 + 31.0, and 6.4 + 8.0 m?/s for passive, active 0.5V, and
active 1.5V releases. The apparent D values with the large deviations indicate there is no
statistically significant difference between the averaged D values. The number of
experiments needs to increase so that the statistical analysis is carried out properly. Based
on the results from the previous studies and our experimental result, it is confirmed that
the estimated D values should be constant, regardless of the different amounts of the

model drug released from the PEC hydrogels.
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Table 4.2. Parameters P1 and P> from Equation 3-7 and the estimated apparent
diffusion coefficient values (D) for passive and active conditions at different times.

Time (min)
1 3 5
Py 4055 £ 50 4481 + 137 5099 + 223
P, x 107 6.8 £1.4 10+ 1.6 15+1.4
Passive, 0V
D x 10" (m2/s) 63.3 14.3 5.7
SD x 10'° 12.1 24 0.5
Py 4387 + 253 4970 £ 277 6179 £ 298
P, x 10’ 8.5+38 1.2+4.2 204 £4.17
Active, 0.5V
D x 10" (mz/s) 60.9 12.2 4.2
SD x 100 28.2 3.5 0.8
P 5380 + 133 12426 + 678 13601 + 300
P, x 107 26.5+ 144 65.7+1.7 68.8+ 1.1
Active, 1.5V
D x 10" (mz/s) 15.8 2.1 1.2
SD x 1010 0.89 0.06 0.02
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Figure 4.18. The apparent diffusion coefficient values.
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5. Conclusions and recommendations

This work presented the importance of the PEC hydrogels as drug carriers for

smart wound dressings. Natural and electro-responsive PEC hydrogel composed of Fc-

CHI and ALG was obtained and characterized. The hydrogel showed promising results

for smart wound dressing application. Conclusions of this thesis, as well as future

research and improvements to this work, are presented below:

The CHI/ALG PEC hydrogel (no ferrocene) was obtained and used as a control.
According to the turbidity test the optimum ratio of the polyelectrolytes was (20%
CHLS80% ALG) and (25% CHIL,75% ALG) for CHI/ALG and Fc-CHI/ALG PEC
hydrogels, respectively.

The turbidity increased up to polycation/polyanion (CHI/ALG) ratios close to the
theoretical neutralization point of the polyelectrolytes, and decreased after this ratio
was exceeded. The peak shift in the turbidity chart was attributed to the less amount
of amine groups of CHI as the amount of Fc conjugated into the CHI increased. A
larger amount of Fc-CHI (polycation) was needed in order to neutralize the ALG
(polyanionic) charge.

The stronger ionic interaction was observed with the CHI/ALG PEC than the Fc-
CHI/ALG PEC, which was proved by the ATR-FTIR analysis.

The EDS analysis confirmed the synthesis of Fc-CHI was successful, which was
proved by the peak representing iron (Fe) sandwiched between two cyclopentadienyl
rings in staggered conformation of ferrocene.

The CHI/ALG PEC swelling percentage was found to be 3480%, while the swelling
percentage of Fc-CHI/ALG PEC reached 4471%, which proves more preferable
swelling behavior.

The PEC hydrogel showed good stability, which was supported by the result that the
hydrogel has almost 100% gel content.

When it comes to the drug release kinetics in solution, after 3 days of incubation,
about 70% of the incubated FITC was released from CHI/ALG PEC, while 83% was
released from Fc-CHI/ALG PEC. Similarly, in the same period of time, 38% of the
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incubated FITC-D was released from CHI/ALG PEC and 61% from Fc-CHI/ALG
PEC.

The Fc-CHI/ALG PEC hydrogel showed more electro-responsivity than the
CHI/ALG PEC hydrogel. The Fe-CHI/ALG PEC hydrogel showed enhanced electro-
responsivity; a faster release of the model drugs was observed upon the electrical
stimulus.

The time-lapse images showing the diffusion of the model drug at the interface
between the agarose gel and the PEC hydrogels proved the electro-responsivity of the
PEC hydrogels by showing a significant increase in the model drug intensity with
time, upon the electrical stimulus. A drug release under a voltage of 1.5V was faster
than that of 0.5V.

The experimental deviations were observed in the drug release kinetic study on the
surface, which might be due to the changes in the PEC hydrogel samples from batch
to batch. A homogenizer needs to be used to overcome this condition.

The estimated diffusion coefficients were calculated to be 27.7 £ 31.0, 25.7 = 31.0,
and 6.4 = 8.0 m?%/s for passive, active 0.5V, and active 1.5V releases, respectively, the
apparent D values with the large deviations, indicating there is no statistically
significant difference between the averaged D values. The number of the experiment
al trials needs to be increased so that the statistical analysis is carried out properly.
Based on the results from the previous studies and our experimental result, it is
confirmed that the estimated D values should be constant, regardless of the different
amounts of the model drug released from the PEC hydrogels.

The controlled release of the model drugs under the electrical stimulus may provide
more efficient therapy by reducing side effects and enhancing patient compliance.
For future work, an in vitro test of the developed electrically-responsive PEC

hydrogel is required to estimate an antibacterial releasing of the PEC hydrogel.
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