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Abstract: This study formulated and characterized functional properties of 3D printed
composite polymer-based film dressings comprising chitosan (CH) crosslinked with genipin
(GE) or CH combined with collagen (COL) and loaded with epidermal growth factor (EGF).
The films were characterized using texture analyzer (tensile, adhesion), swelling capacity, X-
ray diffraction-XRD, Fourier transform infrared (FTIR) spectroscopy, scanning electron
microscopy-SEM, drug dissolution, and MTT assay using human dermal fibroblasts. FTIR
confirmed crosslinking between CH and GE, CH and COL as well as between CH and EGF
while XRD showed amorphous matrix of the films. Mucoadhesion studies showed the films’
ability to adhere to a model simulated wound surface. SEM demonstrated a smooth,
homogenous surface indicating content uniformity. The swelling was higher for CH-GE than
the CH-COL films while blank films swelled better than the EGF loaded films. EGF was
initially released rapidly, reaching 100% in 2 h, subsequent sharp reduction till 5 h followed
by sustained release till 72 h, while MTT assay showed greater than 90% cell viability after
48 h, confirming their biocompatibility. EGF loaded films showed higher cell proliferation
than blank equivalents. Overall, the results showed the potential of CH based 3D printed

films as suitable dressing platforms to deliver EGF directly to chronic wounds.

Keywords: 3D printing; chitosan; collagen; epidermal growth factor; films; wound healing.
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1. Introduction

Wound healing comprises a complicated set of interrelated biochemical and molecular events
including the clotting cascade, inflammation, synthesis and deposition of collagen, formation
of new blood vessels, fibroplasia, epithelialization, and formation of cellular connective
tissue [1]. The clot from the coagulation phase initially secretes various cytokines and growth
factors such as platelet derived growth factor and epidermal growth factor (EGF) that
stimulate the tissue regeneration process [2,3]. Lots of other growth factors are involved in
the different phases of wound healing, therefore various authors have proposed their direct
application to chronic wounds to enhance the wound healing process [4,5].

EGF is a peptide composed of 53 amino acids and was originally isolated from mouse
submaxillary gland [6] with four proteins comprising the EGF family including EGF,
transforming growth factor alpha (TGF-a), heparin-binding EGF and amphiregulin, [4]. EGF
functions by facilitating the regeneration of epidermal cells and is very important in dermal
wound healing by stimulating keratinocyte proliferation and migration [7] while also
stimulating granulation tissue formation and motility of fibroblast cells.

One of the major challenges with administration of growth factors is their low
stability and development of formulations designed to stabilize and enhance peptide function,
have resulted in a resurgence in their use for wound healing purposes [5,8]. Such platforms
overcome some of the side effects encountered at non-target sites when administered via
injections and directly target the wounded site by using polymer macromolecules. This could
provide growth factor-based therapies that can target the molecular biochemical processes
occurring within chronic wounds, which are typically stuck in an inflammatory cycle and
thereby stimulate healing [4].

Various dressings such as sponges and films have been explored for delivering drugs
to wound sites [9]. Film dressings are elastic and flexible, and inspection of wound healing
progression is also possible without the need to remove the wound dressing because of their
transparent nature.

Chitosan (CH) based matrices have been employed in tissue engineered scaffolds
such as cartilage, and skin due to its excellent biomedical characteristics such as
biocompatibility, biodegradability, bioadhesion and low antigenicity [10]. In addition, CH is
widely formulated with other polymers, including hyaluronic acid, poly (3-caprolactone), and
poly (I-lactic acid) for tissue engineering applications. Collagen (COL) is the most abundant
protein in the human body by mass, providing the building blocks for tissues such as bones,

tendons, dermis, and corneas [11]. In previous studies, CH and COL have been combined in
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composite matrices for tissue regeneration [12]. CH caused the matrices to exhibit better
mechanical properties with reduced matrix erosion while COL improved the matrices’ cell
affinity and resulted in a lower degradation rate and higher mechanical strength, with COL
significantly helped to optimize cellular affinity of the dressing [13]. Afzali and co, reported
on COL based composite dressings for wound healing applications [14] and showed that the
weak mechanical properties of COL required the presence of other stabilizing polymers such
as sodium alginate to improve the physical and mechanical stability.

Matrices such as film-based dressings have traditionally been formulated using
formulation technologies such as hot melt extrusion, solvent casting, and spray coating which
have the advantage of being easy to prepare and relatively cheap [15]. However, these
techniques have various disadvantages at the micro level including inability to precisely
control important performance characteristics such as the microarchitecture and pore
geometry. These significantly affect ideal properties such as exudate handling and control,
bioadhesion and drug release mechanisms [16]. 3D printing methods produce well organized
structures from a 3D design file, and the required shape is then fabricated by depositing layer
upon layer and building up the structure one step at a time. This allows better control of the
microstructure and geometric architecture which significantly affects other important
characteristics that impact on their performance in vivo, such as exudate handling and drug
release. 3D printing has the ability to predetermine and control such performance
characteristics in addition to more advanced possibilities such as depositing chemical or
biochemical sensors into the printed matrix [17] as well as embedding cells through
bioprinting approach [18].

Therefore, this study aimed to develop medicated 3D printed composite CH based
film matrices comprising CH crosslinked with GE or CH physically mixed with COL,
optimize physical and chemical properties and ultimately loading with EGF as a model
growth factor to stimulate healing of hard to heal wounds. The formulations have been
characterized for chemical and physical (SEM, XRD, FTIR, mucoadhesion, swelling)
properties, release of EGF and MTT assay to determine cell viability as indicator of

biocompatibility and the cell’s ability to proliferate in the presence of the EGF loaded films.
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2. Materials and Methods

2.1 Materials

Chitosan (low molecular weight, degree of deacetylation = 75-85%), dimethyl sulfoxide
(DMSO), gelatin, fetal bovine serum, potassium dihydrogen phosphate buffered saline, were
obtained from Sigma Aldrich (Gillingham, UK). MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide), glycerol, penicillin/streptomycin solution, potassium chloride,
sodium phosphate dibasic, sodium hydroxide, acetic acid and polyethylene glycol (200-600)
were obtained from Fisher Scientific, (Loughborough, UK). Dermal cell basal medium,
Dulbecco's Modified Eagle's Medium (DMEM), human dermal fibroblast (HDF) and trypsin
EDTA solution for primary cells were obtained from ATCC, Manassas, Virginia, USA.
HPMC (Pharmacoat 603®-PHARM) was freely donated by Shin-Etsu Chemical Co., Ltd.
(Tokyo, Japan). Epidermal growth factor was purchased from Alomone Labs Ltd. Jerusalem,
Israel. Collagen type 1 was obtained from Shaanxi Guanjie Technology, (Shanghai, China).
Genipin (GE) was obtained from Linchuan Zhixin Biotechnology Co., Ltd., Linchuan.

2.2 Methods

2.2.1 Gel formulation and 3D printing

Preliminary formulation development was performed initially to determine optimum gel
concentrations for blank formulations prior to growth factor loading and shown in Table 1 for
the CH-COL based films while that for CH-GE based films have been previously reported
[19]. EGF was loaded into optimized composite CH-GE and CH-COL based gels with
optimum viscosities prior to printing. EGF loaded CH-GE films were prepared by initially
adding CH (1.2 w/v) and PEG (plasticizer) to 0.5% v/v acetic acid with constant stirring, until
a uniform gel was obtained. The resulting gel was covered and left to stand till all generated
air bubbles disappeared. Afterwards, the combined gel solution of CH and PEG was added to
EGF (0.1% w/v) and the crosslinker (GE, 1% w/v, 5 ml) added with constant stirring for
another 30 min to ensure that the crosslinking of CH by GE was complete. The resulting
homogeneous gel was poured into the syringe of a jet dispenser (583 Dispenser, Nordson-
Asymtek, Maastricht, Netherlands) and printed onto a Petri dish and placed in an oven (30
°C) over 24 h to dry. The EGF loaded CH-COL based printed films were prepared by
dissolving CH powder (1% w/v) and plasticizer (PEG) in 0.5% v/v acetic acid at room
temperature. The resulting gel was then mixed with 1 % COL (w/v) with continuous stirring
(5 min). Finally, PHARM (1% w/v) and EGF (0.1% w/v) were then added to the blend and

the resulting gel was printed and dried as above. The difference in concentration of CH
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between the two optimized formulations (1.2% in CH-GE films vs 1% in CH-COL films) was
due to the fact that the final gel concentration chosen was determined by how closely their
viscosity profiles matched the standard 3D printer bioink supplied by the instrument

manufacturer.

Table 1 Different compositions of the starting materials (varying amounts based on total solid

weight) used for formulating 3D printed CH-COL-PHARM films.

Formulation CH COL PHARM PEG GLY Total % GLY % PEG

weight content content

e (@ (2 e @ (9
CH-COL-PHARM (A) 030 0.20 0.15 0.00 0.00 0.65  0.00 0.00
CH-COL-PHARM (B) 0.40 0.10 0.15 0.00 0.00 0.65  0.00 0.00
CH-COL-PHARM-PEG (C) 030 020 0.15 0.10 0.00 0.75  0.00 13.33
CH-COL-PHARM-PEG (D) 0.30 0.20 0.10 0.15 0.00 0.75  0.00 20.00
CH-COL-PHARM-GLY (E) 030 0.20 0.15 0.00 0.10 0.75 1333  0.00
CH-COL-PHARM-GLY (F) 030 0.20 0.10 0.00 0.15 0.75  20.00  0.00
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2.2.2 Weight, thickness and folding endurance

The weight and thickness of each film were examined as part of the physical characterization
of the formulations. The thickness of the films was measured with the help of Vernier dial
caliper gauge micrometer screw, by placing the gauge at three random corners of the original
film. The flexibility of CH-COL-PHARM 3D printed films having different concentrations of
PEG or GLY was evaluated by continuously folding the 3D printed film at an angle of 180°

to the horizontal plane at the same position till the film broke or 300 folds with no evidence

of break or tear in the film.
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2.2.3 Tensile properties

Tensile behavior of the 3D printed films was evaluated with a texture analyzer (HD plus,
Stable Micro System, Surrey, UK) fitted with a 5 kg load cell. Samples were cut into
dumbbell shaped strips with the following dimensions: 80 mm in length, gauge length and
width of 30 and 3 mm respectively. The cut strips (n = 3) were stretched (2 mm/s) between
the tensile grips until they broke, using with a low trigger force (0.049 N). Tensile strength
(peak force per unit area), the elongation at break (%), elastic modulus (gradient of force-
distance curve) and work done to break the films (area under the force-distance curve) were

calculated using appropriate equations [20,21].

2.2.4 X-ray diffraction (XRD)

The physical form of pure polymers (CH, COL and PHARM), plasticizers (GLY, PEG) and
3D printed films was analyzed using an X-ray diffractometer (Bruker AXS GmbH, Karlsure,
Germany). For pure powders, Mylar was employed to hold the samples together before being
placed on the sample cell. The films were cut into small pieces, arranged on top of each other
in a holder and eventually placed in the sample cell. The samples were analyzed in
transmission mode using the following settings (diffraction angles 5° to 50° 20, step size

0.04°, scan speed 0.4 s/step).

2.2.5 Fourier transform infrared (FTIR) spectroscopy

The starting materials and 3D printed films were analyzed on an attenuated total reflectance
(ATR) FTIR spectrophotometer (Perkin Elmer Vatrtwo, Massachusetts, USA) equipped with
OMINC® software from 4000-450 cm™! with an average of 64 scans. Small cut pieces of film
were placed on the ATR diamond crystal and a pressure clamp used to apply force for proper
contact. In the case of starting materials, a small amount of powder was placed on the
diamond crystal and the analysis performed in the same way as the films. Prior to the
analyses, background spectra were captured and this was subtracted from each sample’s

spectra to ensure consistent results.

2.2.6 Scanning electron microscopy (SEM)

The 3D printed films were evaluated for their surface architecture and geometry on a Hitachi
SU 8030 scanning electron microscope (Hitachi High Technologies, Krefeld, Germany). Cut
samples were applied onto aluminium pin-type stubs, using carbon tapes that were adhesive

on both sides, sputter-coated with chromium (Edwards 188 Sputter Coater S1508) and
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analysis performed using accelerating voltage of 1 kV. Images were obtained by i-scan 2000

software at different magnifications (x40 — x5000).

2.2.7 Mucoadhesion studies

The adhesive behavior of the printed films was investigated using the texture analyzer
described above with set gelatin (GEL), prepared from 6.67% w/v of GEL solution, 60 °C)
and placed in a fridge to solidify. Prior to the mucoadhesion test, PBS (500 pL, pH 7.4 + 0.1)
[22] was spread in the surface of the GEL to represent an exuding wound surface. Circular
strips of film with same diameter as the adhesive probe were stuck to the probe (35 mm) and
brought in contact with the GEL surface for 60s. The film in contact with the simulated
wound surface (GEL) was detached at a speed of 0.5 mm/s using a trigger force of 0.05N.
The following adhesive properties —peak adhesive force, cohesiveness and total work of
adhesion (TWA), were determined using the force distance plots with the help of the Texture

Exponent 32 software.

2.2.8 Water (exudate) handling

The swelling index (swelling capacity) of the 3D printed films was assessed as previously
reported [23] using the PBS prepared above (pH 7.4 £ 0.1, 37 £ 0.1 °C) as a measure of
exudate handling ability. Accurately weighed film strips (n = 3) were placed in 5 ml of PBS
and the change in weight with time recorded up to 120 min. This involved removing the
swollen film from PBS at each time interval, blotted with filter paper and then weighed
instantly. Equation 1 was used to calculate the percent swelling index (or swelling capacity)

Is (%).

_ Ws-Wwd
T wd

Is x 100 (1)

Where W is the dry weight of the films and W5 is the weight of film after swelling.

2.2.9 In vitro drug dissolution studies

Before the dissolution studies, EGF content within the CH-GE-PEG and CH-COL-PHARM-
PEG films was analyzed. The accurately weighed (25 mg) 3D printed films containing EGF
(n = 3) was completely immersed acetic acid (10 ml of 0.5% (v/v)). The hydrated film was
left to sonicate for 1 h followed by constant stirring on a magnetic stirrer to ensure the CH
present in the films was completely dissolved. For the in vitro drug dissolution experiment,

10 ml of PBS (pH 7.4, 37 °C) as dissolution medium was placed in glass vials with
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continuous stirring (200 rpm). PBS was used instead of simulated wound fluid because the
presence of albumin in the latter tended to block the HPLC column and also interfered with
detection of the model protein drug EGF. Previously weighed film samples (20 — 40 mg)
were placed in the PBS and 1 ml aliquots removed are regular time intervals up to 48 h. To
ensure constant volume of dissolution medium and maintain sink conditions, the sampled
PBS was replaced with fresh dissolution medium at the same temperature. For both the EGF
content assay and dissolution tests, the PBS was passed through filter cartridges into HPLC
vials. The EGF concentration (assay and amount released at each time point) was analyzed
on an Agilent 1200 HPLC system by injecting 20 pl of the filtered samples. The stationary
phase used was a C18 Hichrom Kromasil column with particle size of 5 pm, column length
and internal diameter of 250 mm and 4.6 mm respectively, while PBS was used as the mobile
phase with flow rate and detection set at 1 ml/min and 214 nm respectively. The
concentration of drug in each film (assay) and released at each time point (dissolution) was
calculated using an EGF linear calibration curve (10 - 50 pg/ml, R? > 0.99)(LOD and LOQ
were 12.5 and 37.8 pg/ml respectively).

2.2.10 MTT assay (cell viability)

To determine viability and proliferation potential and cytotoxicity of the EGF loaded films,
MTT assay was performed using human dermal fibroblast cells (HDF)
(ATCC®SCRC1041™), Before the analysis, each film sample was left to sterilize overnight
in a UV flow cabinet (NU-437-300E, NUAIRE) after which they were placed in 96 well
plates. Subsequently, 100 ul of cell suspension (1 x 10° cells/ml) was dropped onto the films
within the well plates and placed in an incubator at 37 °C in 5% (v/ v) COz2 for up to 72 h to
allow attachment of the cells to the wells. At 24, 48 and 72 h, aliquots (10 pl) of sterile MTT
stock solution equivalent to50 pg of the pure compound, were added to the well plates
containing samples (including negative and positive controls). The samples mixed with the
MTT reagent were put back into the incubator for a minimum of 4 h till the appearance of a
purple precipitate upon observation under an inverted microscope (AE2000, Motic). Once
this was confirmed, all media was aspirated from the wells and replaced with DMSO (100
ul), placed in the incubator over a 30 min time period after which a plate reader (Multiskan
FC, Thermo Scientific) was used to measure the absorbance (492 nm) in each well. Three
technical replicates were performed and repeated three times per sample, therefore providing
total of n = 9 replicates. The negative and positive controls employed were the HDF cells

with no sample treatment and cells treated with 0.01% w/v Triton-X-100 respectively. The
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results of the optimal cell density curve were normalized at logarithmic scale. Equation 2 was

used to determine the cell viability.

Percentage cell viability = ﬁ%‘:’; x 100 2)

At, = absorbance reading for test samples; Ab = absorbance of medium only; Ac = absorbance

of untreated cells.

2.2.11 Statistical analysis
All the quantitative data for the different samples tested were compared using one-way

analysis of variance (ANOVA) with significant difference set at p < 0.05.

3. Results and Discussion

3.1 Formulation development

The jet dispenser used in this research employed a pneumatic piston with a ball-tip at its end
to direct the composite gels through a small orifice located on the jet nozzle as was
previously described [24]. A 400 um nozzle (Nordson, Deurne, Netherlands) was selected in
this study as this allowed the viscous composite gels to be dispensed and printed in a highly
reproducible and efficient way. For both CH-GE and CH-COL based films, there was a need
for a plasticizer to reduce brittleness resulting in the production of more flexible films that

did not break easily, and this was evaluated quantitatively as outlined in section 3.2.

3.2 Mechanical characteristics
The mechanical properties were evaluated by folding endurance as well as tensile strength,

percentage elongation (flexibility), and Young’s modulus (measure of the stiffness of the

film).

3.2.1 Folding endurance

The folding endurance is used to determine ease of handling and is indicative of a film’s
brittleness or flexibility and therefore complemented the tensile characterization results
discussed in section 3.2.2. Formulations showing folding endurance values of > 300 are
deemed to have ideal flexibility for easy handling without damage and easy to apply [25]. All
the 3D printed films did not break after folding 300 times and this suggests the 3D printed

films had acceptable flexibility. Takeuchi developed an automatic folding endurance method
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compared with standard tensile testing approach on films prepared from
hydroxypropylmethylcellulose (HPMC), polyvinyl alcohol and hydroxyproyl cellulose. The
HPMC films were plasticized with different amounts of glycerol (5 — 30%). At lower
plasticizer concentrations (5 — 10%), the folding endurance decreased and increased at higher
plasticizer (20 — 30%) concentrations [26]. Khan and co-authors investigated the folding
insurance of CH films and their results demonstrated that formulation variables such as
concentrations of CH, plasticizer and crosslinker had a significant impact on the mechanical
characteristics of films [27]. Folding endurance by manual bending provides a quick
indication of film flexibility and depicts potential for easy handling during application.
However, it does not provide a quantitative measure of the film’s strength and toughness and

therefore texture analysis was performed to measure the films’ tensile properties.

3.2.2 Tensile properties

The tensile characteristics for blank CH-COL 3D printed films plasticized with either GLY or
PEG are shown in Figure 1a, while those of CH-GE films were previously reported [19].
Both formulations showed similar tensile behavior with changing plasticizer concentrations.
The 3D printed CH-COL-PHARM-GLY (E) films with 13.33 % w/w of GLY exhibited
relatively low value for percent elongation at break (16.71%) and high elastic modulus (13.56
N/mm). This is indicative of a brittle film which will not be appropriate for applying onto a
healing wound due to risk of damaging newly formed skin cells/tissues. The CH-COL-
PHARM-PEG (D) and CH-COL-PHARM-GLY (F) films, plasticized with 20% w/w of GLY
or PEG, both exhibited percentage elongation at break value of 82.62%, which were deemed
too high, while exhibiting very low tensile strength values of 4.65 and 2.54 N/mm?
respectively. Different researchers [28,29] studied the relationship between elastic modulus
and elongation in films and showed that films with high percentage elongation showed lower
values for elastic modulus and tensile strength.

The addition of a plasticizer can overcome brittleness and film rigidity by interrupting
the polymer chain interactions. However, too much plasticizer can decrease the adhesivity of
films by overhydrating the formulations [30] and can make the final product sticky and
difficult to handle and apply. Furthermore, such high amounts of plasticizer and subsequent
overhydration can cause excess exudate to be accumulated underneath the dressing with a
resultant risk of maceration of surrounding healthy skin. Consequently, this could result in
further complications including infections with potential for the wound to become chronic

[31,32]. CH-COL-PHARM-PEG (C) films containing 13.33% w/w of PEG200 showed
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percentage elongation at break of 26.23% and CH-GE films obtained from 1.2% w/v CH gels
and plasticized with PEG600 at CH:PEG ratio of 1:1 showed elongation at break of 22.67%.
Therefore, based on ASTM standards for thin films, percentage elongation at break values of
20-50%, these two films were within the acceptable range (ASTM, 2015) and were selected
as the optimum formulation for EGF loading. In general, low molecular weight plasticizers
can facilitate better plasticizer—polymer molecular chain interactions [33]. However, our
results showed that GLY (92.09 g/mol) plasticized the films more extensively in comparison
to PEG. Compared to the CH-GE films, the CH-COL based films showed significantly (p <
0.05) weaker films with lower overall tensile strength and elastic modulus values.

Figure 1b shows the tensile profiles of the EGF loaded . The average tensile strength
(27.14 N/mm?) and % elongation (24.59%) of EGF loaded CH-GE-PEG films was not
significantly different from the tensile strength (30.24 N/mm?) and % elongation (22.67%) of
blank films which could be attributed to the relatively low quantities of EGF present in the
drug loaded formulations. The tensile strength (15.98 N/mm?) of EGF loaded CH-COL-
PHARM-PEG films was significantly (p < 0.05) higher than tensile strength (9.12 N/mm?) of
blank CH-COL-PHARM-PEG 3D printed films shown in Figure 1a. Hong and co-authors
investigated the impact of exogenously administered EGF on diabetic foot ulcers and found
that the EGF-loaded dressings showed an increase in their tensile strength and direct
application of EGF embedded within advanced dressing could have great potential for
enhancing the healing of such chronic ulcers [34]. Both 3D printed CH-GE-PEG-EGF
(24.59%) and CH-COL-PHARM-PEG-EGF (27.21%) films showed acceptable values of %
elongation making them ideal dressings with ideal toughness which will allow handling and
flexibility for easy application. It also shows that the low amount EGF did not impact
negatively on the tensile behavior of both optimized composite formulations. Finally, elastic
modulus and tensile strength of CH-GE-PEG-EGF films was significantly (p < 0.05) higher
than the CH-COL-PHARM-PEG-EGF as observed in the blank films. This could be
attributed to the chemical crosslinking of CH by GE while the CH-COL based films only
involved physical mixing of the different components, therefore exhibiting weaker

mechanical strength.

3.3 X-ray diffraction (XRD)
Figures S1 and S2 (supplementary data) show the XRD patterns of the pure polymer powders
(CH, COL and PHARM) and blank 3D printed CH-COL-PHARM-PEG films respectively,

which all showed amorphous nature. Figure 2 shows the transmission diffractograms of EGF
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loaded CH-GE-PEG and CH-COL-PHARM-PEG 3D printed films. Both diffractograms
showed a broad peak between 20° and 25° and another peak at 9.8° [35]. This is in full
agreement with the XRD diffractogram of pure CH and confirms that CH is the predominant
polymer within the formulations. Liu and co-authors [36] investigated the structural
characteristics of CH films and their results were comparable to that obtained for this study.
They exhibited peaks at 10° and 20.5° which are characteristic of CH and showed similar
intensity. According to the literature [37], EGF is a typical growth-stimulating peptide which
is known to have a crystalline structure. However, no obvious crystallinity was observed in
either EGF loaded films which indicates that both formulations were amorphous. This
suggests the molecular dispersion of EGF within the matrix of the composite formulations

and confirms the successful crosslinking between CH and GE.

3.4 Fourier transform infrared spectroscopy (FTIR)

Figures S3 and S4 show spectra of the pure materials and blank printed films. As shown in
Figure S4 all 3D film printed films showed a band at 1653 cm™! which is due to acetyl amide
I and another absorption band at 1586 cm'due to an amine group. Lu and colleagues [38]
investigated the reactions in CH-COL films and reported comparable results where the
addition of COL caused the amide I and amine bands of CH to shift. This implies hydrogen
bond interactions between the CH and COL as reported by others [39]. The amide I band at
1653 cm ! decreased in intensity compared to the amide II peak at 1550 cm™! indicating
interaction between CH’s —NH2 groups and the PEG chains [40]. The -OH, -NH2 and -C=0
groups in COL can form hydrogen bonds with —OH and —NH: groups of CH [41].
Furthermore, at acidic pH, the amino groups of CH are in the protonated form, which enables
electrostatic interactions between NH3" of CH and —COO present on aspartic and glutamic
acid groups in COL. In addition, as the COL content in the films decreased, the intensity of
the amide I band also decreased, eventually showing up only as a small shoulder next to the
peak for the amide II functional group. These interactions made the 3D printed films exhibit
better mechanical (tougher and more flexible) and handling properties.

Figure 3 shows the FTIR spectra of EGF loaded CH-GE-PEG and CH-COL-
PHARM-PEG 3D printed films. Both spectra for the CH-GE-PEG-EGF and CH-COL-
PHARM-PEG-EGF films showed peaks at 3439 cm ™!, which correspond to the stretching
vibration of -NHz and —OH groups in CH, while the peak at 1657 cm™! was attributed to the
—~CONH: group, and another sharp peak at 1568 cm™! arising from —~NH2 bending vibration.
The width of the peak at 3439 cm ™! increased for both EGF loaded films compared with the
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blank films and was attributed to further hydrogen bonding sites due to loading of the growth
factor. This shows there was electrostatic interaction between EGF and CH. The peak at

1568 cm™! for the amino group in CH gets protonated to produce the ammonium ion,
resulting in new bands at 1642 and 1547 cm™! in the EGF loaded films. The additional
hydrogen contributed by EGF made the 3D printed films more rigid. As was demonstrated
above (Figure 1) CH-COL-PHARM-PEG 3D printed films had a tensile strength of 9.12
N/mm?, while CH-COL-PHARM-PEG-EGF films exhibited tensile strength of a 27.14
N/mm? which confirms the contribution of EGF in increasing the mechanical strength of the
films. Rajama and co-authors [42] characterized CH nanoparticles incorporating EGF and
fibroblast growth factor and demonstrated that the presence of EGF provided extra sites for

hydrogen bonding resulting in more rigid nanocomposites.

3.5 Scanning electron microscopy (SEM)
SEM images of the optimized blank 3D printed CH-GE-PEG and CH-COL-PHARM-PEG
films selected for EGF loading are shown in Figure 4a and the other formulations shown in
Figure S5. The surface of the films was smooth and homogeneous with no pores apparent in
the microstructure and shows good distribution of the starting materials within the composite
formulations. The films with no or low amounts of plasticizer exhibited micro-cracking
attributed to tight packing in the matrix architecture [36] and was in agreement with the
tensile results which showed that unplasticized films exhibited brittleness.

Various authors have reported on the impact of naturally occurring plasticizers e.g.
GLY and sorbitol on polysaccharide-based films [43,44]. Tarique and co-authors investigated
the effect of GLY on the physical, mechanical, thermal and barrier properties of starch
biopolymer based films and based on their results, films plasticized with GLY showed
reduced brittleness, higher thermal stability and homogeneity and increased water vapor
permeability [45]. Vieira and co-authors studied the effect of plasticizers on the plasticizing
efficiency and stability during storage for CH based films and demonstrated that both GLY
and PEG were better plasticizers compared to others that were tested. In addition, they
showed that incorporation of 20% (w/v) of GLY or PEG into the starting gels resulted in CH
films, that were stable over a 5-month period [46].

Figure 4b shows SEM images of CH-GE-PEG-EGF and CH-COL-PHARM-PEG-
EGF 3D printed films. The surface of both films was continuous without visible surface pores
indicating that all components exhibited good miscibility and compatibility. Little patches

could be seen which are attributed to air bubbles that travelled from the mass of the film-
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forming solution to the surface during drying. Sionkowska and co-authors reported the same
morphological characteristics for CH/COL films [47,48]. Faikrua and co-authors
demonstrated that scaffolds with non-porous microstructure had high tensile strength with
resultant decrease in flexibility [49]. However, scaffolds are expected to have sufficient
strength therefore their structural integrity is maintained during testing in vivo and in cell
growth in vitro. Both CH-GE-PEG-EGF and CH-COL-PHARM-PEG-EGF 3D printed films
showed little pores and a smooth surface which confirms the results obtained during

mechanical testing.

3.6 Mucoadhesion

The adhesive results for the blank CH-GE films have been previously reported and the
plasticized films showed a high detachment force of (3.05 £ 0.56 N) and TWA (1.986 = 0.17
N.mm) compared to unplasticised films (CH-GE) [19]. Figure 5a shows adhesive profiles for
blank CH-COL based films with formulation C showing a higher PAF (1.38 + 0.05 N) and
TWA (1.09 + 0.2 N.mm) compared to (D), (E)and (F).

These observations can be explained by the effect of PEG which enhances adhesivity
by providing more hydrogen bonding sites to interact with the gelatin simulated mucosal
surface. This therefore improves the adhesive performance based on the diffusion theory of
mucoadhesion [50, 51] . In addition, the presence of PEG allowed better hydration of the
films which is an essential process in the first phase of adhesion as it enhances the ability of
the film and gelatin polymeric chains to interpenetrate more effectively, with a resultant
increase in the PAF. According to Tapia-Blacido and co, low molecular weight plasticizers
allow better interaction with polymeric chains [52], however, their results showed that GLY
(92.09 g/mol) CH-COL-PHARM films better compared to PEG200 (190 — 210 g/mol) which
led to films with lower PAF, and this observation has been reported by other investigators
[53,54]. However, in this study, the PEG plasticized films generally performed better than the
corresponding GLY plasticized films and might be related to different grades of polymers and
PEG employed.

Figure 5b shows the adhesive profiles for the CH-GE-PEG-EGF and CH-COL-
PHARM-PEG-EGF formulations. Both EGF loaded CH-GE-PEG-EGF [PAF of (3.54 = 0.07
N) and TWA (0.91 £ 0.1 N.mm)] and CH-COL-PHARM-PEG-EGF [PAF of (1.92 = 0.07 N)
and TWA (1.63 = 0.1 N.mm)] 3D printed films showed a high PAF and TWA compared to the
corresponding blank formulations. This could be attributed to the adhesive effect of EGF on

the films. Ramineni and co-authors [55] investigated the adhesion properties of EGF on
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mucoadhesive films in humans and showed that EGF loaded films exhibited higher PAF to
the oral mucosa for up to 4 h compared to the films without EGF. On the other hand,
comparing EGF loaded 3D printed films showed that CH-GE-PEG-EGF had a significantly
higher PAF and TWA than the CH-COL-PHARM-PEG-EGF.

These results can be explained by the concentration as well as molecular weight of
CH and PEG (plasticizer) in each film as CH-GE-PEG contained 1.2% w/v CH and PEG600,
whereas CH-COL-PHARM-PEG contained 1% w/v CH and PEG200. Generally, polymers
that possess hydroxyl, amine and carboxyl, functional groups have potential to increase the
residence time of formulations such as films on moist surfaces [56]. The mucoadhesive
property of CH is due to various molecular forces of attraction, primarily hydrogen bond
interactions between CH and the -OH and - NH2 groups present in mucin which is a
glycoprotein. Another characteristic of CH that contributes to its mucoadhesive performance
is the conformational flexibility of its linear chain. The reactive primary amine groups of CH
help in the formation of different molecular interactions (intra- and inter) which enhances
cohesion/adhesivity between the CH film and the GEL (model wound substrate) [57].
Furthermore, polymers with low molecular weight are able to interpenetrate better while
those with higher molecular weights show better entanglement. CH films containing
propranolol hydrochloride, triethyl citrate and plasticized with PEG were three times more

mucoadhesive than their corresponding unplasticized films [58].

3.7 Water (exudate) handling
Swelling experiments were undertaken to determine the printed scaffolds’ ability to
effectively absorb and handle wound exudate, using PBS at pH 7.4 to represent wound
exudate [23]. This test is gravimetric and measures the maximum percentage weight of fluid
absorbed and retained by the films [59] and is indicative of how effectively a dressing will
perform under highly exuding chronic wound extreme conditions.

The swelling behavior of CH-COL-PHARM-PEG based 3D printed films is shown in
Figure 6a. The formulations containing 13.33% PEG [CH-COL-PHARM-PEG (C)] had the
maximum swelling capacity of 635 + 65 % and followed by films containing 20% PEG [CH-
COL-PHARM-PEG (D)] with a swelling capacity of 481 + 65%. 3D printed films containing
20% GLY [CH-COL-PHARM-GLY (F)] had a lower swelling capacity of 402 + 42% and
followed by films containing 13.33% GLY [CH-COL-PHARM-GLY (E)] with a swelling
capacity of 374 + 27%. Compared to the CH-GE films [19], the swelling capacity of the CH-
COL based films were significantly lower (p < 0.05), which is attributed to higher amounts of
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CH in the former as well as the crosslinking by GE which afforded it hydrogel properties that
enable it to absorb and retain. The swelling capacity for all the printed films increased in the
first 5 min but the swollen films maintained their structural integrity. However, by 40 min the
films became fully hydrated and reached maximum swelling and the swelling capacity
decreased gradually (likely due to breaking apart of small fragments) for all films until 80 -
90 min when the swell reached a steady state. Further, the 3D printed films plasticized with
PEG showed higher swelling capacity than films plasticized with GLY. Plasticizers generally
work by increasing the intermolecular spaces between the polymer chains, which allows
easier ingress with resultant increase in hydration rates, and this subsequently causes higher
swelling capacity [60].

The swelling behavior of the CH-GE-PEG-EGF and CH-COL-PHARM-PEG-EGF
films is shown in Figure 6b. The EGF loaded films had lower swelling index than the
corresponding blank films due to the stronger mechanical strength from the tensile data
above. The CH-COL-PHARM-PEG-EGF films showed a maximum value of 268 + 40% but
the CH-GE-PEG-EGF films showed value of 238 + 43%. The swelling for both EGF loaded
film formulations increased rapidly in the first 5 min but started losing their structural
integrity around 60 min, followed by a gradual decrease in swelling till a steady state was
achieved at 100 min.

Though the CH-GE-PEG-EGF films had lower maximum swelling capacity than the
CH-COL-PHARM-PEG-EGF films, they showed higher swelling index values and sustained
their swollen structure better over the 120 min testing period and this could be attributed to
the crosslinking with GE. However, the difference in swelling capacity between CH-GE-
PEG-EGF and CH-COL-PHARM-PEG-EGF 3D printed films was not significant (p > 0.05).
Based on the studies of other researchers [61] the more amine groups in CH hydrogels are
crosslinked, the more CH forms a more compact structure. In addition, the strength of
polymer hydrogel was affected by the amount of added crosslinking agent [62]. Cassimjee
and co-authors [63] investigated the performance of GE-crosslinked CH and hyaluronic acid
matrices for neural tissue engineering applications and demonstrated that the matrices
crosslinked with GE, showed improved swelling and greater resistance to degradation in PBS

media at pH 7.4.

3.8 In vitro drug dissolution studies
The calibration graph using PBS as dissolution media is shown in Figure S6 showing the

linear relationship between concentration and absorbance. The drug release profiles in PBS
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for the CH-GE-PEG-EGF and CH-COL-PHARM-PEG-EGF 3D printed films are shown in
Figure 7. A burst effect occurred initially, after which EGF was released over a longer time
period at a slower rate. Almost 76% and 83% release of EGF was achieved within the first
hour for CH-GE-PEG-EGF and CH-COL-PHARM-PEG-EGF respectively. The percentage
release increased for both films and reached 100% in 2 h and decreased sharply between 3
and 5 h. Subsequently, the amount released decreased only slightly from 5 to 24 h for both
films. Alemdaroglu and co-workers [64] investigated the release profiles of CH gels
containing EGF for wound healing applications and their results also indicated that the
release of EGF from the CH gel was 97% after 24 h. The percentage release decreased further
to 80% for CH-COL-PHARM-PEG and 73% for CH-GE-PEG at 72 h suggesting possible
EGF degradation in the dissolution medium with time. Therefore, EGF loaded dosage forms
typically require high initial doses and/or regular administrations which presents risks of
potential side effects such as cancer, while also increasing treatment costs [65]. More
advanced delivery platforms with the ability to maintain the stability of loaded growth factors
while controlling their release into the wound (e.g., nanoparticle encapsulation), can provide
more effective and safe treatment options [5, 66].

The in vitro drug dissolution profiles mirrored the swelling results, with the films
showing rapid hydration in the first 15 min resulting in rapid release, within 1 h. This
indicates swelling dependent drug release which allows dissolution and release of the EGF
from the swollen matrix as well as erosion of the matrix into the dissolution medium. In an
ideal medicated dressing, drug release over 24 h or longer will be convenient for patients by
avoiding frequent dressing changes. Figure 7 shows that for CH-COL-PHARM-PEG-EGF
and CH-GE-PEG-EGF about 76% (67 pg) and 56% (50 pg) of the growth factor remained
after 48 h which indicates that there might be no need for the dressing to be changed daily.
However, other factors such as type, size and depth of wound, and the exudate produced [67,
68] determine the frequency of dressing changes. The difference between the mean % release
for EGF loaded CH-GE-PEG and CH-COL-PHARM-PEG 3D printed films was not
significant (p > 0.05).

3.9 MTT assay (cell viability)

Figure S7 shows the cell viability data from MTT assay of the blank CH-COL-
PHARM-PEG and CH-COL-PHARM-GLY based formulations while that for the blank CH-
GE-PEG films was previously reported [19]. The results demonstrated that the cell viability
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for all the blank CH based 3D printed films remained above 90% after 24 and 48 h of
incubation which shows their biocompatibility with HDF cells. The results are in line with
the ISO specifications of > 70% viability for biomaterials such as dressings [21, 69]. The
results confirmed that the films should not cause any skin irritation or present deleterious
effect on proliferation of HDFs.

The MTT results of the EGF loaded films are shown in Figure 8. After 24 h, 96% and
97% of the HDF cells were viable in the presence of CH-GE-PEG-EGF and CH-COL-
PHARM-PEG-EGEF respectively. Compared to corresponding blank 3D printed films (films
without EGF), viability of the cells slightly increased after 48 h in CH-GE-PEG-EGF 3D
printed films (98%) and for CH-COL-PHARM-PEG-EGF 3D printed films, viability
remained the same (97%). From the results in Figure 8, it is evident that both CH-GE-PEG-
EGF and CH-COL-PHARM-PEG-EGF 3D printed films were not toxic against HDF cells
with cell viability values greater than 70% and will therefore not interfere with cell
proliferation. Biomaterials such as COL, CH and EGF are widely used as the main components
for fabricating scaffolds for tissue regeneration, while both COL and EGF have important roles in
the remodeling and inflammation phases of wound healing along with other biomedical
applications owing to their excellent biocompatibility [70].

CH is one of the most commonly natural biopolymers employed for applications such as
tissue regeneration, wound healing materials and surgical threads. Moghadas and co-authors [71]
and Ahsan and co-authors [72] compared the toxicity profiles of CH films and CH based
injectable hydrogels respectively and confirmed the lack of any acute toxic effects of the CH.
GE has numerous advantages including biocompatibility, well defined chemistry, and general
safety [73]. PHARM is a reference grade of HPMC which is an important polymer in
pharmaceutical and food industries being largely used as film forming polymer [74] and

therefore generally regarded as safe.

4. Conclusions

CH-GE and CH-COL based composite films prepared by 3D printing showed homogenous
surface morphology and the presence of PEG/GLY increased flexibility. FTIR results showed
specific interactions between CH and GE as well as between CH and COL, PHARM and
PEG in the blank films as well as the drug loaded equivalents, indicating that the EGF is also
linked with CH through electrostatic interaction. XRD results showed that 3D printed
composite CH based films had amorphous properties with all compounds molecularly

dispersed in the polymer matrix. /n vitro adhesion results confirmed the adhesive property of
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CH and expected to adhere to the epithelial surface whilst maintaining a moist wound
environment. PEG plasticized films exhibited higher swelling capacity than those films
containing GLY because PEG allowed increased water ingress. Further, the printed films
were able to swell and release the loaded EGF which is useful for managing wound exudate.
MTT assay results demonstrated that more than 90% of the cells were viable for all blank 3D
printed films after 48 h while approximately 98% and 97% of cells were viable after 48 h for
CH-GE-PEG-EGF and CH-COL-PHARM-PEG-EGF 3D printed films respectively. This
confirmed that loading of EGF did not affect cell viability but rather slightly enhanced their
proliferation. In conclusion, EGF loaded CH-GE-PEG and CH-COL-PHARM-PEG 3D
printed films show great potential as promising medicated dressings for chronic wound
healing application. However, further studies involving in vivo experiments using a mouse

model will be required to prove this hypothesis.
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Figure Captions

Figure 1 Tensile profiles (tensile strength, elastic modulus, and percentage elongation at
break) for (a) CH-COL-PHARM-PEG films loaded with different plasticizers at different
concentrations and (b) EGF loaded 3D printed films showing differences between the two
different composite formulations. The results are reported for mean + standard deviation for

three replicates (n = 3) and significant differences determined as * = p < 0.05; ** = p <0.01.

Figure 2 X-ray diffractograms of EGF loaded CH-GE-PEG and CH-COL-PHARM-PEG 3D
printed films.

Figure 3 FTIR spectra of EGF loaded (CH-GE-PEG-EGF and CH-COL-PHARM-PEG-EGF)
3D printed films.

Figure 4 SEM images of optimized blank (CH-GE-PEG and CH-COL-PHARM-PEG) and
EGF loaded (CH-GE-PEG-EGF and CH-COL-PHARM-PEG-EGF) 3D printed films
obtained at a magnification of x500. The images show that all the starting materials (CH, GE,
COL, PHARM, PEG and EGF) were homogeneously distributed within the composite 3D
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printed film scaffolds, with flat continuous surface indicating that all components achieved

good miscibility and compatibility.

Figure 5a Mucoadhesion of plasticized CH-COL-PHARM-PEG films. Data are shown as
means £+ SD (n = 3). The data were compared by one-way analysis of variance (ANOVA); *
represents p < 0.05 and ** represents p < 0.01.

Figure 5b Mucoadhesive results for EGF loaded (CH-GE-PEG-EGF and CH-COL-PHARM-
PEG-EGF) 3D printed films (n = 3, £ SD). Data are shown as means =+ standard deviation (n
= 3). The data were compared by one-way analysis of variance (ANOVA); * represents p <

0.05.

Figure 6 Swelling profiles showing the change in the % swelling index with time of (a) blank
plasticized CH-COL-PHARM-PEG based films. No significant difference between mean of
swelling index of the films 3D printed films was observed; (b) EGF loaded (CH-GE-PEG-
EGF and CH-COL-PHARM-PEG-EGF) 3D printed films (n = 3, + SD).

Figure 7 Drug dissolution profiles showing percentage drug release of EGF with time from
CH-GE-PEG-EGF and CH-COL-PHARM-PEG-EGF 3D printed films in PBS at pH 7.4.

Data are shown as mean = SD (n = 4).

Figure 8 Graphical representation of the MTT assay cell viability data (mean £ SD; n = 9)
obtained by analyzing HDFs grown in the presence of the CH-GE-PEG-EGF and CH-COL-
PHARM-PEG-EGF 3D printed films. Untreated cells and Triton-X —100 were used as
negative and positive controls respectively. Data were compared by one-way analysis of

variance (ANOVA); * represents p < 0.05.
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