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ARTICLEINFO ABSTRACT

Keywords: Skin wounds have been reported to increase the number of microbial colonies susceptible to infection. Treat-
Chloramphenicol ments using oral antibiotics have been limited due to their toxicity and hydrophobic characteristics. In this study,
II)_'drong . we developed a formulation of chloramphenicol microparticles (CPL MPs), which was modified into chitosan
g:;mwp::;;l: hydrogel to increase treatment efficiency in targeting infections and creating an optimal environment to support
Whey protein the healing process. CPL MPs were prepared by a cross-linker sabilized method using whey protein (WPI)

biopolymer, and the CPL MPs hydrogel was designed using chitosagZlopolymer. Based on the result, CPL-loaded
MPs showed desired physical and encapsulation chagagteristics. In the in vitro study, drug release of CPL MPs in
simulated wound fluid represented approximately =+ 7.01 % of the system after 24 h. The antibacterial
activity of CPL-loaded MPs formulation (MIC value 12.5 pg/mL, MBC 25 pg/mL) was effective as MIC concen-
tration increased. Furthermore, the formulation of CPL MP@ljto hydrogel showed a better dermatokinetic profile
compared to hydrogel with pure CPL. Interestingly, the antibacterial activity of the ex vivo infection model
showed that Staphylococcus aureus activity decreased by up to 99.98 % after 24 h administration of CPL MPs
hydrogel when compared to pure-CPL hydrogel and blank hydrogel. These studies have confirmed that incor-

porating CPL MPs into hydrogel can provide a promising approach to skin infection treatment.

1. Introduction

A skin wound is a condition in which the skin has impaired integrity,
anatomical structure and tissue function, and may be caused by chronic
disease, burns or postoperative trauma. Skin wounds are a healthcare
problem that is estimated to occur in about 4-5 % of the adult popula-
tion [1]. Injuries that compromise the skin's integrity allow microor-
ganisms to colonize the area. This can lead to infection issues that can
extend a patient’s treatment time and necessitate the administration of
more medication. The most common aerobic microorganisms causing
wound infections include S. aureus, 5. pyogenes, P. aeruginosa, MRSA,
5. epidermidis, Enterococcus faecalis, coliforms, and Acinetobacter bau-
mannii [2]. Wound infections can cause bacteremia, sepsis, and organ
dysfunction, so an effective method is needed to prevent wound in-
fections, one of which is the administration of appropriate topical an-
tibiotics [3]. 51

One antimicrobial with a broad spectrum of action is

chloramphenicol (CPL), which is used for skin infections and can
maintain its activity against bacterial resistance, with a bacteriostatic
mechanism specifically inhibiting bacterial protein synthesis [4].
However, the effectivity of oral route of CPL is still limited due to its
toxicity [5], and the physicochemical properties of hydrophobicity,
make it difficult to penetrate the skin and inhibit drug transport to the
target of infection [6]. This limitation can be overcome via the dermal
route, which facilitates the loading of hydrophobic drugs with direct
action activity to the target of infection.

Drug delivery systems targeting local infections could be developed
by designing drugs into microparticles [7]. Microparticles (MPs) are
widely preferred because they responsively release drugs, increase the
effectiveness of the drug on the target, and pro@local effects on the
skin. In addition, drug-containing MPs offer high drug-loading flexibility
and good physical and chemical stability [%|. MPs have also been re-
ported to be designed for local administration with desired effects,
including wound care. The MPs approach has also been widely
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developed for the treatment of infectious diseases to increase efficiency
at selectively targeting infections through specific stimulus responses
[9].

The drug substance can be incorporated into MPs through various
methods such as ionotropic gelation, single or double emulsification,
polymerization, and stabilization with cross-linkers [10]. MPs prepared
by a cross-linker method using natural biopolymers as drug carriers offer
optimal drug loading. Hydrophobic drug encapsulation using natural
biopolymers was chosen because of its biodegradability, mpatible,
and suitability for skin delivery system formulation [11]. Whey protein
is a high-quality protein from cheese processing or cow's milk and is

rimarily consisted of major proteins including p-lactoglobulin, o-lact-
min, immunoglobulin, and lactoferrin [12]. A study has shown that
the binding of whey protein biopolymers with hydrophobic drugs can
increase drug solubility and dissolution [13]. Liu et al. used whey pro-
tein for curcumin encapsulation by employing the spray-drying method
to increase curcumin solubility and bioavailability [14]. This can be
chosen as a strategy to increase the effectiveness of drugs in treating skin
infections. However, there are limitations in using whey protein in
formulations because it tends to have a weak protein bond, is easily
damaged by heating, and may be susceptible to degradation. Therefore,
hydrogel formulation is one of the preparations to overcome this
problem.

Hydrogels are polymer networks with hydrophilic properties, which
are needed in wound treatment because they have eﬁent biocom-
patibility and provide an optimal environment for wound healing.
Hydrogels can be applied in various physical forms, such as nano-
particles, MPs, and films [15]. Chitosan, the natural polymers in the
manufa of hydrogels, contain many hydroxyl and amine groups
typically used as functional groups to react with cross-linking agents,
which stabilize the protein structure [16]. In the treatment of wound
infections, there are several reported benefits of using chitosan as a
biopolymer, including good antibacterial activity [17], anti-

mmatory and hemostatic properties, enhanced skin regeneration;
superior biocompatibility and biodegradability; good water absorption
and skin occlusivity properties; and due to the presence of amino and
hydroxyl groups in the molecular chain, many biological activities can
be improved by grafting on additional groups and chemical elements
[17,18]. 70

For the potential enhancement of wound infection therapy, in this
study, we provide a novel combination delivery method of chitosan
hydrogel and chloramphenicol microparticles (CPL MPs). CPL MPs was
formed and optimized by solvent evaporation and stabilized using a
cross-linker. Additionally, testaere done on drug loading, entrapment
effectiveness, zeta potential, particle size, polydispersity index, and
antibacterial activity. The fabrication capacity to deliver CPL intrader-
mally was further tested in an ex vivo dermatokinetic sfilly on healthy
rat skin. Lastly, the penetration and antibacterial ivity of the
formulation were evaluated in an ex vivo skin infection model. The major
findings of this have the potential to provide new insights for
solving problems in the treatment of skin wound infections.

49
2. Materials and methods

2.1. Materials

Whey protein (WPI) containing 80 % was gifted by Glanbia Nutri-
tionals, Inc., Fitchburg, USA. Chloramphenicol, Chitosan (MW 161.156
and deacetylation degree > 75 %), glutaraldehyde, 2-alpha naphthol,
tryptone soya agar (TSA) medium, nutrient broth B) medium,
phosphate-buffered saline (PBS), and sodium hydroxide were purchased
ﬁomhna—Aldrich Pte Ltd., Singapore, Singapore. The reagents uti-
lized in this investigation were all analytical grade.
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2.2, Preparation of CPL MPs

CPL MPs were prepared according to a previous study [19], with
slight mad%ons. WPI (with concentration of 2.5 %, 5 %, 10 %, 15 %
and 20 % ) was dispersed in deionized water, and the protein so-
lution's was adjusted to 8 using NaOH (1 . The solution was
swirled for 1 h with a magnetic stirrer before bei frigerated over-
night (4 °C) to fully hydrate the biopolymer. The solution was centri-
fuged at 1000 rpm for 5 min, and the supematant was separated for

e. CPL (with a concentration of 12.5, 25, 50, 100, and 200 mg,/
mL) was dissolved in 5 mL ethanol and added to 20 mL of protein so-
lution dropwise while continuously stirring at a temperature of 40 “C.
Immediately after dissolution using methanol, 2 ml of 5 % (v/v)
glutaraldehyde was added to facilitate cross-linking of the MP. e
detailed concentration of formulation is depicted in Table 1. The cross-
linking procedure was carried out for 24 h at 40 °C with agitation; this
also caused any residual organic solvent to evaporate. The obtained
dispersion was thoroughly washed with deionized water three times.
The mixtures were then freeze-dried.

2.3. Characterization of CPL MPs

2.3.1. Evaluation of particle size, zeta potential and polydispersity index
(PDI)

The particle size, polydispersity index (PDI) and zeta potential of
formulation were determined using the size analyzer (Malvern

Table 1
Details of the different formulation characteristics utilized to create CPL MPs,
including their PDI, zeta potential, and particle size (means = SD, n= 3).

Formulation WPIin  CPLin Ratio Particle FDI Zeta
code water ethanol WPL: size potential
_m (%) (mg) CPL () (mV)
MP1 5 12.5 4:1 1.33 + 0.127 28.27
0.09 + + 0.81
0.005
MP2 5 25 4:1 1.40 + 0.129 29.25
0.14 + +1.01
0.005
MP3 5 50 4:1 1.44 + 0.13 20.44
0.05 + + 0.67
0.003
MP4 5 100 4:1 1.45 + 0.14 20.14
0.11 + + 1.06
0.007
MP5 5 200 4:1 1.47 + 0.13 20.21
0.10 + + 1.65
0.010
WP1 25 50 4:1 0.56 + 0.13 24.67
0.13 + +0.71
0.004
WP2 10 50 4:1 292 4+ 0.13 31.95
0.20 + + 0.87
0.005
WP3 15 50 4:1 7.65 + 0.14 34.23
0.99 + +1.14
0.005
WP4 20 50 4:1 1142 + 0.14 35.17
1.07 + + 0.84
0.009
CF1 10 50 1:1 134.62 0.63 27.73
+ 10.29 + +1.43
0.029
CP2 10 50 21 3303 + 0.40 2B.36
4.08 + +0.91
0.006
CP3 10 50 &:1 1.29 + 0.13 32.32
0.05 + + 2.00
0.007
CP4 10 50 16:1 1.29 + 0.12 32.56
0.07 + + 2.04

0.009
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Instruments, Malvemn, Ul e MPs were first dispersed with deionized
water (0.01 % v/v), and 1 ml of eacaample was used for the analysis
process. All samples were analyzed at 25 °C and a scattering angle of
o0,
2.3.2. Measurement of entrapment efficiency (EE) and drug loading (DL)
percentages

Micropme EE was measured using the indirect method. CPL MPs
suspension was centrifuged at 1@lilj rpm for 20 min to separate the su-
pernatant. The supernatant was then analyzed using a UV-Vis spectro-
photometer at a ength of 488.7 nm after being derivatized with 2-
alpha naphthol (0.01 M) and sodium bicarbonate (0.01 M). A derivati-
zation procedure was performed on CPL to produce peaks that did not
overlap with WPI and showed accurate measurement data. The reduced
CPL MPs solution was created by dissolving the CPL MPs in methanol,
then reacting it with zinc powder and HCl (12 M) while stirring it for 5
min in bath water at a temperature of 50 °C. The reduced solution was
filtered into a flask and diluted with deionized water. In a volume
flask containing the CPL MPs solution, 1 mL of 2-alpha naphthol and 0.5
mL of sodium bicarbonate (0.1 M) were added to comp! e reduced
process. To create an orange-red result, the solution was heated at 70 °C
in bath water for 10 min. The amount of CPL was caleculated according to
the standard curve equation ¥ 0769x% — 0.0097. The encapsulation
efficiency of CPL MPs (EE) % is the actual amount of the CPL found in
MPs divided by the total amount ofhe CPL added during the prepara-
tion. Drug loading of CPL (DL) % is the mass of the CPL-MPs in the dried
powder divided by the total mass of the MPs recovered from the drying
process. The calculation of % EE and DL follows the equations below
[20]:

Total drug amount — unencapsulated drug amour

Biomaterials Advances 143 (2022) 213175

were dimay attached to the carbon tape and observed with the
following operating conditions: accelerating voltage 15 kV, probe cur-
rent 45 nA, and counting time 60 s.

2.3.7. In vitro release studies of CPL MPs

In vitro drug release of CPL MPs and CPL u.sin&nulated wound
fluid. Simulated wound fluid was prepared using 0.36 g of sodium
hydrogen carbonate, 5.84 g of sodium che, 0.28 g of calcium
chloride, 30.30 g of potassium chloride, and 33.00 g of bovine alb
in 1000 mL of deionized water [21|. Two Erlenmeyers contained 50 mL
of fislulated wound fluid for each formulation. CPL MPs equivalent to
50 mg of CPLElere added into simulated wound fluid with 5 mL of
samples taken at predetermined intervals (0.25 h, 0.5h,1h,2h, 3
h,4h,5h,6h,7h,8hand 24 h) and replaced with the same volume of
new release media. The test was ied out at a temperature of 37 °C
and a d of 100 rpm. The CPL released was further determined using
alv spectrophotometer. The amount of CPL in simulated wound
fluid was calculated according to the standard curve equation ¥ =
0.0368x + 0.011 with R = 0.9996 and the drug release percentage was
calculated using the equation below [22]:

Amount of CPL release
%Drug released = Amount of CPL tested (50 mg) x 100% @)
25

2.3.8. Mathematical modeling of the kinetics of drug release

The principal mathematical models of drug release were tested,
along with the relevant equations and parameters, using the Excel®
(Microsoft Corporation, Redmond, USA) Ay -DDSolver to model the
systems' drug release data. The adjustment of the theoretical models to
the experimental data was compared using the adjusted coefficient of

%Entrapment Efficiency (EE) =
) total drug amount

Mass of encapsulated dirug

%Drug Loading (DL) =

2.3.3. Powder X-ray diffraction (PXRD) analysis

The crystallinity pattern of the sample was analyzed with a powder
X-ray diffraction (Rigaku Corporation, Kent, England) instrument using
1 g of sample in a very high-resolution Cu-K, mdiatimﬂ"raction 5yS-
tem. The CPL MPs was placed in an aluminum holder at a voltage of 40
kV, current of 30 mA and scanned 20 angle range of 10 to 90°.
2
2.3.4. Differential scanning calorimetry (DSC) analysis

The materials were thermally examined using a DSC 2920 TA in-
strument (Surrey, UK). The de parameters for this measurement
were a 5 mg powder sample, a temperature range of 25° to 300 °C, a
heating rate of 10 *C/min, and a nitrogen cleaning rate of 50 ml/min.

2

2.3.5. Fourier-transform infrared spectroscopy (FT-IR) analysis

Chemical interaction between chemical components in CPL MPs in

I polymer was analyzed by FT-IR spectrophotometer instrument
(Accutrac FT/IR-4100™ Series, Perkin Elmer, USA) in the wavenumbers
range of 4000-400 cm ™.

x 100% (2)

total mass of microparticle

2.3.6. Scanning electron microscope analysis

A scanning electron microscope (TM3030 microscope, Hitachi,
Krefeld, Germany) was used to examine the morphologies of CPL MPs.
CPL MPs were freeze-dried under vacuum by lyophilizing. The CPL MPs

M 100% 1)

determination (adjusted-R%). The kinetics model follows the equations
bel} [231:

Zero-order:

Q= Oy + Kyt 4)
First-order:

hi(m’n()_. + Kt ()
Higuchi:

QJ = XH\/; ©)
Hixson-Crowell:

Qtlrﬂ _ Q-II =K vd)

Korsmeyer—Peppas:

o = Ké (8)

where Qy is the preliminary value of Q,, tis the time, n is the exponent of
diffusion release, K, K;, Ky, K, and K coefticients of release
according to the relevant kinetic model, and Q; (%) is the percentage of
CPL released at time t.

2.4. In vitro antibacterial activity of CPL MPs

Z.EPrepamcion of bacterial cultures

The bacterial s used was Staphylococcus aureus (ATCC®25923),
which was stored at 4 “C and sub-cultured in fresh media. Bacterial
culture was prepared by growing bacteria on TSB media with a
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temperature of 37 °C. 'n't bacteria are made equivalent to 0.5 McFar-
land equivalent to 2 = 10°® CFU/mL.

2.4.2. Minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) evaluation
The MIC and MBC from CPL and CPL MPs were uerm‘med using
microtiter dilution techniques in accordance with the Clinical and
ratory Standards Institute protocol [24]. CPL and CPL MPs solution
with a concentration of 1000 p as made in a 10 mL volumetric
flask. The sample was entered into 96-well plates with a concentration of
100 pg/mL. Next, 100 L of bacterial suspension was added to the wells,
then homogenized using micropipettes. TSB with a concentration of 100
pl medium was added to the w ells containing only pure CPL and
TSB media alone were used as the positive and negative control,
respectively. All filled wells were closed and incubated at 37 “C for 24 h.
To determine MBC value, 20 pL from 96-well plates selected MIC
was cultured on a Petri dish containing TSA medium and incubated at
37 °C for 24 h. After that, the number of bacteriain etri dish colony
was then determined. MBC was defined as the lowest concentration that
eliminates 99.9 % of bacterial growth.

2.4.3. Time-kill assay of CPL MPs

Time-kill assay of CPL and CPL MPs against Staphylococcus aureus

) was determined. CPL, blank MPs, and CPL MPs were added to the

terial solution in the same gquantities as MIC, 2 = MIC, and 4 = MIC,
resulting in 2 % 10° L of bacteria. After that, bacterial cultures
were cultured at 37 “C. 20 pL aliquot from the culture was collected at
specitied time intervals inoculated aseptically into a Petri dish
containing TSA medium. The Petri dish was then incubated at 37 “C for
24 h. The procedure was performed with 3 replications and created a log
CFU/mL curve against time. CPL, blank MPs, and CPL MPs were added
to tha&hcterial solution in the same quantities as MIC, 2 = MIC, and 4 =
MIC, resulting in 2 x 10° CFU/mL of bacteria.

2.4.4. Evaluation of hemolytic activity

By incubating the sample with red blood cells (RBC) and quantifying
the percentage of hemoglobin produced from lysed erythrocytes, the
overall hemolysis of the lation was examined. In vitro hemolytic
assays were carfed out in accordance with a previously described
method to determine the hemolytic activity of CPL, CPL MPs and CPL
MPs lmugel [25]. First, EDTA tubes containing freshly drawn rat blood
were centrifuged for 10 mjnOOD rpm to separate the RBCs. After
scraping off the plasma layer at the top of the tube, the remaining cells
re further washed twice with PBS and diluted to 1:10, v/v. We mixed
100 pL of the prepared cell suspension with 900 pL of the sample con-
taining CPL, CPL MPs and CPL MPs hydrogel (serially dissolved in PBS)
at concentrat ranging from 5 to 500 mg/L. After 60 min of incuba-
tion at 37 °C, ixture was centrifuged at 3000 rpm for 10 min. Free
hemoglobin was estimated using UV-visible spectroscopy measure-
ments by analyzing the supemnatant taken at wavelength 540 nm. Min-
imal (negative) and maximum (positive) hemolytic controls were
performed using phosphate-buffered saline and distilled water, respec-
tively. Blood sample hemolysis was analyzed by visually inspecting
colour changes in the serum and plasma. For each concentration, the
experiments were repeated three times. In the following equation, we
included the hemolysis percentage calculation:

test sample — negative control = 100

Hemolysis (%) : — - (9)
p‘().\'ifi‘-'f‘ ('()JIH'(); — HE‘g(ﬂi‘-'E’ ('()JIHT);

2.5, Formulation of chitosan hydrogel from CPL MPs

Chitosan was dissolved in 2 % acetic acid solution at 60 “C to produce
the CPL MPs hydrogel. The chitosan solution was combined with glyc-
erin (10 % w/w) and DMDM hydantoin (0.01 % w/w) while being
stirred with a magnetic stirrer. CPL MPs (1 % w/w) were then added to
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the mixture. The foaming corrmems of the preparation were elimi-
nated using a sonicator for 30 min at a temperature of 50 °C, thereby
adjusting the hydrogel pH to 5 with the addition of NaOH 8.3 M. As a
control, a hydrogel containing CPL was created.

2.6. Characterization of CPL MPs hydrogel

2,6,IaH measurement

A pH meter was used to determine the pH of CPL MPs hydrogel by
inserting the electrode into the gel and recording the result after 2 min.
All measurements are carried out 3 times to obtain the average value and
standard deviation.

2.6.2. Evaluation of viscosity and rheology

With the use of a Brookfield viscometer with a seven-speed spindle
running at 50 rpm, the viscosity of the CPL hydrogel was measured. The
rheology of the CPL hydrogel was also determined using the same seven-
speed spindle tool. Measurements are carried out at speeds of 5, 10, 20,
50, and 100 rpm.

2.6.3. Spreadability

Two sets of standard-sized glass slides were taken in this study. The
spreadability of the hydrogel was evalmi by applying 0.5 g of the gel
to a circle that had been previously marked on a glass plate with a
diameter of 2 cm and then again using a second glass plate. After 1 min,
the diameter of the hydrogel was measured. The spreadability mea-
surement was carried out with loads of 500 g.

2.6.4. Skin occlusivity examination

The previous techni as used to test in vitro skin occlusivity [ 26].
The 100 mL beaker was filled with 50 mL of deionized water, which was
covered carefully with Whatman filter paper. Wha er paper with
asize of 2.5 mm was applied with 250 mg of hydrogel. Asa control, filter
paper without MPs hydrogel was used. All samples were stored at a
temperature of 32 °C, and the weight of Whatman paper was calculated
at0 h, 6 h, 24 h and 48 h. Occlusivity (O) was calculated through Eq:

mass of control — mass of sample

Occlusivity percentage (O] = x 100%

mass of control

(10)

2.6.5. Extrudability percentage
About 10 g of hydrogel were sealed inside a collapsible aluminum
tube, the end of which was crimped, and a clamp was used to keep the
tu m unwinding. The gel was released after the cap was removed,
and the quantity of gel that was extruded was measured. The amount of
gel that was forced out of the extruder was determined as follows:
total mass of extruded hyvdrogel

GExtrudability : = 100% (11)

Total mass of hvdrogel

2.6.6. Bioadhesivity test

Part of the rat skin tissue was cut and immediately secured with the
mucosa side out into each glass vial via rubber bands and aluminum
caps. Phosphate-buffered saline (PBS) was applied to vials containing rat
skin tissue for 10 min. The test was carried out by gluing the skin onto
the upper and lower vial bases, after which the hydrogel preparation
was placed between the rat skin on the scale’s left arm. The hydrogel was
moistened with PBS and then attached to the skin. The vial's height was
then altered to accommodate the application of hydrogel between the
mucosal tissues of both vials. Once two vials were linked, the weights
were held at that level. The detachment stress (dyne/cm?) between two
vials was calculated using the adhesive forces presented below [27].

Bicadhesive strength : n;_g (12)
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where m is the weight required to remove the gel from the skin, g is the
acceleration due to gravity (980 cm/sz), and A is surface area of the
exposed mucosa (em”).

2.6.7. Ex vivo dermatokinetic study

Dermatckinetic assays using Franz diffusion cells were carried cm
following the previous method [28]. Rat skins were cut and soaked in
PBS pH 7 .4 for 30 min before being attached to Franz diffusion cells. The
medium used in this study was simulated wound fluid, which was ar-
ranged as a receiver compartment. The receiver compartment was
heated to 37 + 1 °C and agitated at 600 rpm. Parafilm® was used to
close off the donor area. Al g m)le of CPL MPs hydrogel was put into
the skin using a syringe needle for 30 s, and a 5 g cylindrical weight was
placed on top of the skin to keep the formula in place during the
experi

The samples were taken rltervals of1,2, 3,4,5,6,8, and 24 h.
After removing the hydrogel, the skin was cleansed with deionized water
to remove any residue particles. The biopsy incision was 5 mm
diameter and was made in the skin. Next, the skin was transferred to a
1.5 mL Eppendorf® tube and heated in a water bath at 60 “C for 2-3 min.
The epidermal layer was separated from the dermis E&sir using forceps.
The extraction process of the drug on the skin layer was carried out by
adding 1 mL of meﬂl separately, and each mixture was homoge-
nized for 10 min. The sample was then centrifuged at 0 rpm for 15
min. Supernatants were collected and then measured usi —Vis
spectrophotometer and followifi@procedure Section 2.3.2. Cmays Tmax
and AUCp 24 were determined using PK Solver software (China Phar-
maceutical University, Nanjing, China).

2.6.8. Ex vivo antibacterial activity test using infection skin model

2.6.8.1. §&Wivo test preparation on rat skin infection model. The skin was
sterilized by immersing it in 70 nol for 1 h. The skin was sensi-
tized to laminar airflow (LAF) for 20 min prior to the experiment.
Furthermare, the sterilized skin was administered an intradermal in-
jection of 50 mL of BSA solution, which was equal to 0.5 McFarland. The
skin piece was next positioned aseptically on a Petri plate filled with TSA
ia. The skin was then aseptically transferred to a new TSA Petri dish,
and the Petri dish was incubated at 37 “C for 7 days. .
15

2.6.8.2. Antibacterial activity test of ex vivo h)aigei preparations on skin
infection model. The antibacterial activity of the ex vivo skin infection
model was carried out using diffusion Franz diffusion cells [ 29]. In this
study, rat skin of average thickness was used, and a skin infection model
was placed on diffusion cells. Before the study, a dilution of CPL MPs
hydrogel and CPL hydrogel was prepared by dissolving in DMSO. The
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skin was collected and 1.5 mL of sterile water was added to a 1.5 mL
Eppendorf tube after hydrogel treatments had been left on for 6, 12, and
24 h, respectively. Next, the mixture was homogenized and TSA medium
was added to a Petri dish 20 mL of homogenous samples. The
sample with the medium was incubated for 24 h at 37 “C. Additionally,
the same method was used to apply both blank hydrogel and CPL
hydrogel to infected skin as a control. We determined the log CFU/mL of
the samples.

2.7. Analytical statistic

All data obtained for this study were reported as means of the stan-
deviation (SD) and computed using Microsoft Excel® 2016
(Microsoft Corporation, Redmond, USA). The data were analyzed using
GraphPad Prism® version 6 (GraphPad Software, San California,
USA) and the SPSS version with a significance value of p = 0.05.

3. Result & discussion

3.1. Particle size, zeta potential and polydispersity index (PDI) of CPL
MPs

All ingredients used in the preparation of CPL MPs have been re-
ported to be non-toxic and safe for clinical purposes [30]. As a cross-
linker agent, CPL MPs we pared by solvent evaporation and sta-
bilized by glutaraldehyde. Moreover, glutaraldehyde has also been re-
ported to introduce intermolecular cross-linking in proteins or to modify
adsorbed  proteins on  amino-glutaraldehyde  bonds 31].
Glutaraldehyde-mediated cross-linking of whey proteins was formed by
aggregates of whey protein by whey protein intermolecular amide bonds
(p-lactoglobulin (BLG) bands) and glutaraldehyde as follows the reac-
tionin Fig. 1. This approach successfully fabricated MPs in this study by
designing formulations with a variation of CPL, WPI concentration and
WPL:CPL ratio. The MPs' physical characteristics were then evaluated in
Table 1 and Fig. 2A.

The results show that particle sizes of CPL MPs were produced in the
range of 0.56 &+ 0.13 pm to 35.71 + 5.23 pm. Conversely, samples with
variation in CPL concentration show significant particle size variation
between formulations. Moreover, the formulation with a variation of
WPI concentration also shows significant particle size variation between
formulations (p < 0.05) with an increase of 3.62 pm. It concludes that
the concentration of WPI can produce a more compact protein structure
so that the higher the protein concentration, the more it will be able to
increase particle size [32]. The same trend also occurs in variations in
the ratio of WPI and CPL (1:1, 2:1, 8:1, 16:1), of which a 1:1 ratio was
found to yield significantly larger particle size compared to the rest (p <

— UW

Cross-linked I
with protein

Fig. 1. The cross-linked reaction of Amine group of WPI and glutaraldehyde.
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ratio), and that this ratio could be raised by increasing the WPI content

0.05). This increase may be due to increased hydrophobic interactions
between encapsulated and abs CPL in the main component of the
protein isolate p-lactoglobulin with an increase in WPI concentration.
Solution at pH 8.0 allows ligands to enter the hydrophobic nucleus and
bind to many hydrophobic molecules, causing an increase in particle
size [33]. These findings also showed that the CPL/WPI microparticle
size was dependent on the ratio of WPIL: CPL in the system (core: coating

in the formulations [34].

PDI was carried out to characterize the molecular weight of a poly-
mer. Based on the results (Fiz. 2B), samples with a variation of CPL WPL
concentrations show no significant results between formulations (p >
0.05). While the different outcomes are noticeably seen in the ratio of
WPL:CPL, the higher solution of WPIin formulation shows decreased PDI
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Fig. 3. EE (A) and DL of (B) diagram of CPL MPs with a variation of CPL, WPI and ratio of CPI: WPI concentration (means = SD, n = 3).
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value. The PDI value indicates the same trend as the particle size, PDI
smaller than 0.5 is produced when the mass of WPI in WPL:CPL is in
the range of 2:1 to 16:1, indicating high particle aggregation with a
broad particle size distribution [30].

Measurement of zeta potential can predict the dilWidal solution's
stability, indicating the repulsive force between MPs. The zeta potential
graphic of the CPL MPs is shown in Fig. 2C. CPL MPs have a relatively
high zeta potential (iLe., close to around —30 mV), indicating good sta-
bility of MPs exhibited in this study. Furth@énore, increasing the con-
centration of CPL in the formulation has ¥4 significant effect (p = 0.05)
on the zeta potential of MPs, indicating that the significant amount of
drugs trapped in the core has no effect on the surface area of p-lacto-
globulin. All formulations have extremely negative zeta potentials,
which improve the physical stability of many systems by increasing the
repulsive force between MPs [35]. In addition, the negative zeta po-
tential found in this investigation may be attributable to the structure of
the whey protein opening during heating at the microparticle prepara-
tion, which reveals more polar groups |36]. Furthermore, f-Lg of WPL
has an isoelectric point in the range of 4.9-5.4. The second significant
constituent of whey protein is a-La, with an isoelectric point of 4.6.
When pH value increases above the isoelectric point, the protein pro-
duces a negative charge, which facilitates negative zeta potential.
Additionally, the isoelectric point of p-Lg is in the 4.9-5.4 range. Whey
protein’s second important component (x-La) has an isoelectric point of
4.6. Proteins create a negative charge when the pH level rises above the
isoelectric point, which supports the negative zeta potential [37.38].

3.2, EE and DL percentages
95

Entrapment efficiency (%EE) and drug loading (%DL) of CPL MPs are
shown in Fig. 3A. CPL MPs have a higher EE value (68.78 + 1.40 %)
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when the mass of WPI is in the range of 10-20 %, but there is no
noticeable difference between WP2, WP3 and WP4 (p = 0.05). The same
trend occurred in the WPI: CPL ratio (8:1 and 6:1), experiencing an in-
crease in EE (55.67 + 3.55 % and 45.98 + 1.47 %). This value decreased
significantly to 13.50 + 2.67 % when the WPLCPL ratio was 1:1. WPL
has an amphiphilic structure that can self-assemble into different forms,
thereby increasing drug encapsulation. However, this ability can be
reduced if DL has been maximized. According to Li et al., the increased
surface hydrophobicity of WPI aggregates can explain their higher CPL
loading capacity [39]. Li et al. investigated whether the enhanced
contact between hydrophobic groups during the chemical cross-linking
procedure was causing the surface hydrophobicity of WPI to rise. They
found that the more active hydrophobic patches among the generated
WPI aggregates for binding to CPL accounted for their increased %EE
and %DL.

Drug loading of CPL MPs increased signiﬁcanﬂm:m 3.40 + 1.68 %
to 20.43 £+ 2.15 % (Fig. 3B). Similar results have also been reported in
utilizing o-lactalbumin-based nanoparticles to encapsulate resveratrol,
in which the DL value increased significantly as drug content was
increased, indicating a higher microparticle loading capacity with the
addition of drugs [40]. Moreover, methanol as the solvent to dissolve
CPL at higher concentrations modifies the protein solution's dielectric
constant and induces the transition into aggregates [19]. Consequently,
the total WPI aggregate formed depends on CPL concentration and the
amount of solvent in the formulation. The DL of WPI aggregates pro-
duced in this preparation was much higher than what Zhang et al. re-
ported for protein based-nanoparticles formulation (12.69 pg/mg
nanoparticles) [42].

Whey Protein

Physical Mixture
Pl

Ny
I(hlorampheniccl loaded microparticles

Heat Flow (mW)

50 100 150 200 250
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Fig. 4. FT-IR Spectra of CPL, WPI, Physical Mixture (1.5:1) and CPL MPs (A). DSC thermogram of CPL, WPI, Physical Mixture (1.5:1) and CPL MPs (B). X-ray
diffractogram of CPL, WPIL, Physical Mixture (1.5:1) and CPL MPs (C). SEM images of CPL-loaded MPs (D).
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3.3. Powder X-ray diffraction (PXRD)

X—raymmction (PXRD) is essential to identify the physical state of
the drug and the effect of homogenization on the crystalline structure of
active substances. XRD patterns of the pure WPI, pure CPL, pl
mixture (1.5:1), and CPL MPs have been compared in Fig. 4C. The sharp
peaks are associated with the crystalline fraction, whereas the amor-
phous part is represented as broad peaks [43]. It can be observed that
firm crys peaks are observed in CPL and physical mixture
diffraction. There are two sharp dominant peaks at 20 = 31.82° and 20
=26.1° in CPL and 20 = 30.64° and 20 = 25.98° in the physical mixture
(1.5:1). Two broad peaks were also observed at around 21.5° in CPL-
loaded MPs and 21.46 in WPL. The same pattern was observed previ-
ously for WPI studies [43]. However, the crystalline peaks almost dis-
appeared in the XRD pattern of CPL MPs and WPI, indicating the
disruption of the crystalline form of CPL after encapsulation and
entrapment of CPL into WPI-based MPs.

82
3.4. Differential scanning calorimetry (DSC)

To assess the physicochemical interactions between the formulation
chemicals and to ascertain whether crystallinity was preserved during
the encapsulation procedure, a thermal analysis of the DSC was carried
out. Thermograms of pure CPL, pure a’[, physical mixture and CPL-
loaded MPs are presented in Fig. 4B. The DSC curve of pure WPI ex-
hibits a broad endothermic peak between 40 and 120 “C, centred at
85 “C. The primary whey protein components (p-lactoglobulins and
o-lactalbumin) undergo heat-induced transitions, which cause this
distinctive endotherm. Similar characteristics were also seen in the
physical mixture B’[:CPL (1.5:1) and in prior literature [44]. The
endothermic point remained sharp at 159 °C, representing CPL's melting
point and crystallinity (pure CPL and physical mixture). The endo-
thermic point at 159 “C was not investigated in the pure WPI and CPL-
loaded MPs. However, in CPL MPs, an endothermic peak was ob.a.'ed
only in pure WPI, showing that CPL was distributed molecularly in the
polymer matrix and hence properly encapsulated in WPI MPs. Endo-
thermic peaks and melting points were identified following the encap-
sulation of DIM with protein nanoparticles, providing strong evidence of
nanoencapsulation [45].

3.5. Fourier-transform infrared spectroscopy (FT-IR) analysis

FT-IR analysis was used to determine the functional groups and in-
teractions between pure WPI, pure CPL, physical mixture, and CPL-
loaded MPs. The results are pr ed in Fig. 4A. Major interesting
peaks are observed in 3200-3600 cm ™, indicating ence of 0—H
and N—H bonds. The broad peak at around 2800-2500 cm ' is also
associated with O—H stre g vibration. O—H stretching was
remarkably shifted after CPL was encapsulated in WPI MPs due to the
interaction of CPL and WPL These changes suggested that hydrogen
bonding was formed between p-lactoglobulin and CPL. In the i
spectrum, major interesting peaks are observed in 3 3600 cm ™,
indicating the presence of O—H and N—H bonds [ 34 ]. pregence of
strong peaks appeared on the CPL spectrum at 3493 cm ™!, %\ is
associated with O—H stretching vibration; spectrum 3218 is
associated with N—H stretching vibration bond; spectrum 297 g
associated with aromatic C—H stretching vibration, spec 668
em ! with C=0 stretching vibrations; and spectrum 1561 em ' is
associated with NO, stretching peak [46]. The entire spectrum was
detected in CPL encapsulated into MPs, indicating that encapsulation
had been successfully performed on the system. Amides I, II, and I1I are
regarded as typical WPI spectra, indicating the presence of WPI's pri-
mary components ctoglobulin and a-lactalbumin. The amide I band
mainly confirms the presence of C—0 stretch vibration and N—H
bending. The middle absorptiom.nd Il shown correlates with the
structural combination group of C—N stretch with N—H deformation,
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while the amide III bands are associzmwiﬂl C—O0 bending vibration
[47]. Amide I in the spectrum of 1745 cm ™', amide Il at 1451 em™ %, and
amide 11 at 1241 em ™' are present in CPL-loaded MPs and physical
mixture. The C=0 stretching vibration carbonyl groups are primarily
responsible for the Amid I observed in the encapsulated CPL at
1600-1700 cm’. The binding of CPL to p-lactoglobulin was demon-
strated by comparing the WPI spectrum with the encapsulated CPL.
Wang et al. ed similar outcomes [33]. The spectrum of CPL-loaded
MPs shows most of the characteristic peaks identical to the spectrum of
WPI and CPL, which indicates the encapsulation procedure was suc-
cessfully carried out. The change in intensity indicates the hydrophobic
interaction of CPL and lactoglobulin complexes. These findings align
with DIM-based polymerized whey protein nanoparticles [35].

3.6. SEM analysis

Morphology of CPL-loaded microparticle formulation was observed
using SEM. As shown in Fig. 4D, th@&8PL MPs show the spherical shape
of the particles. The size of CPL MPs found in this experiment was similar
to that observed in the DLS analysis (—25 pm). Particle size is closely
related to drug penetration into target tissues; Fig. 3D shows that CAP
MPs meet the parti ze criteria to penetrate the stratum comeum
lipid layer through the lipidic intercellular route or aqueous pores,
which can penetrate to a depth of >2 mm efficiently into hair follicles.
Another study also used the solvent evaporation method and prepared
MPs, resulting in particle sizes of 6-25 pm [49]. Similar studies have also
been described by previous studies [20], in which nanoparticle formu-
lation of frankincense essential oil-loaded whey with a particle size of
321 &+ 22.42 nm showed a goealing effect for skin wounds. This
capability can be supported if the particle size is within the range of
10-100 nm based on confirmation by studies on human, porcine or
murine skin [50]. Moreover, the permeability of MPs into the skin is
influenced by the shape of the particles. A spherical shape has an
excellent ability to penetrate the skin because it is symmetrical in all
three dimensions; thus, it can be located deep in the epidermis and
dermis layers.

77
3.7. In vitro microparticle drug release of CPL MPs

The drug release behaviour oaL compared to CPL MPs formulation
is presented in Fig. 5A. To mimic the physiological condition of the skin,
in vitro drug release was prepared using simulated wound fluid. In this

y, encapsulation of the drug into microparticle form improved the

drug release profile. The drug release of CPL MPs was examined as the
time in which the drugs needed to be completely soluble and migrate
from the initial form as in the polymeric system to the simulated wound
fluid until attained maximum d& accumulation. The experiment
showed that 99.40 4+ 7.01 % CPL %#s released from the microparticle
formulation after 24 h. Meanwhile, the amount of drug release from
pure CPL was around 95.43 + 2.41 % after 6 h and then CPL reached
maximum release. For simulated wound fluid, the estimated drug
release during the first hour was 4.76 + 0.16 %. After that, approxi-
mately 10.31 £+ 0.23 %, 24.81 + 1.03 %, 42.04.21 % and 62.39 +
1.68 % of CPL were released from MPs within 2 h, 4 h, 6 h, and 8 h,
respectively. By comparing both CPL and CPL MPs, a quick release
lasting up to only 6 h was observed in pure CPL, while that in CPL MP's
needed 24 h to completely release, showing the contribution of particle
encapsulate and the sustained released drug was achieved. The CPL MPs
formulations showed sustained release patterns up to 24 h. This
behaviour is related to an enlarged CPL surface area, leading to an
increased drug release, with a controlled release profile [51]. Following
that, a quick release lasting up to 24 h was observed; weakly bound CPL
that was released and attachgfifo the surface of the microparticle may
have caused the drug nelea The solubility of WPI in simulated wound
fluid can be attributed to the release profile of WPL from MPs, which
predicts prolonged release by causing erosion of the microparticle
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Table 2
Kinetic modeling of pure-CPL and CPL-loaded MPs (means = SD, n = 3).

Formulation m:l K value of kinetic model
Zero-order First-order Higuchi Korsmeyer-Peppas Hixson-Crowell
R K R K R K R K n R K
Pure CFL 09814 0.015 0.7495 0.000 0.7623 0.029 0.9658 0.007 0.001 091877 0.000
CPL MPs 08481 0.005 0.6279 0.000 0.8677 0018 0.2097 0.006 0.001 09642 0.000
matrix. 3.9. Determination of MIC and MBC

3.8. Mathematical modeling of the kinetics of drug release

The experimental drug release was employed in multiple kinetic
models to further understand the process of CPL release from MPs. The
most acceptable mathematical mo chosen based on the correlation
coefficient value. Based on Table 2, it was concluded that the best results
of CPL MPs were observed with B2 value of 0.91877. According to the
results, the release behaviour of the CPL-loaded MPs formulation fol-
lowed the Hixson-Crowell kinetic model. The drug release from these
spherical sustained-release dosage forms depends on matrix drug
diffusion and polymeric matrix erosion during polymer degradation
[52]. The regular area of a collection of particles was fo Hixson
and Crowell to be proportional to the volume cube root. The Hixson-
Crowell cube root law describes particle release from a system where
the surface area and diameter of the particles ch 21, In this work,
the applicability of these equations was tested. Hixson and Crowell
recognized that the rate of dissolution depends on the surface contacti
with the applied solvent. Increased surface area leads to faster disﬁ
tion [21]. Because of the differences in surface area and diameter, this
model corresponds well to drug release from MPs.

Twod( compared the bactericidal properties of pure @m CPL
MPs. The MIC and MBC values of CPL MPs and pu are 12.5 pg/mL
and 25 pg/mL, respectively. The result shows that the MIC value at the
lowest concentration indicates strong antibacterial activity. Next, the
MBC value is determined. Tl BC value was greater than the MIC
value, indicatin: a larger concentration of CPL was required to kill
bacterial cul . Moreover, MIC values of samples were lower than
MBC values. The ratio of MBC to MIC is <4. A ratio of 4 indicates
bactericidal aciity, and a ratio > 4 shows bacteriostatic activity [53].
Accordingly, a higher concentration of CPL MPs was required to kill the
SA. Our study also suggests that CPL should be in solution form or MPs
formulation to exhibit bactericidal activity.

The results showed that the inhibition zones of pure CPL and CPL
MPs were 35.45 + 1.14 mm and 32.82 + 1.48 mm, respectively
(Fig. 6C). This might be because the substance disperses in the media,
improving its capacity to penetrate the SA cell membrane. Previous
research has shown that CPL prevents bacterial ribosomes from pro-
ducing peptidyl transferase. The 50S ribosomal subunit's 235 rRNA
contains residues A2451 and A2452, which this activity preferentially
binds to [54]. CPL's ability to successfully permeate SA cell membranes
may have contributed to its strong antibacterial action against SA when




T.P. Roska et al.

[#) contral (-} control

Biomaterials Advances 143 (2022) 213175

CPL MPs Hydrogel

CPL MPs

B
s Bl crL
X CPLMP's
24 B CPLMP's Hydrogel
g3
£2
x

-

1 2 3 1 2 3 1
Concentration (ppm)

2 3

CPL ¢ | CPLMPs ?Q:»

L2

Fig. 6. Hemolysis result of CPL Mps hydrogel, CPL-loaded MPs and pure CPL with concentrations of 500, 50 and 5 pg/mL (Aquadest and PBS as positive and negative
controls, respectively) (A). Hemolysis percentage of CPL-loaded MPs and pure CPL (B). Inhibitory zone of CPL-loaded MPs against Staphylococcus aureus compared

with control (means = SD, n = 3) (C).
3

used in solution form. Notably, our control study using DMSO alone did
not show antibacterial activity. Moreover, the formulation in the form of
MPs showed higher antibacterial activity compared with CPL solutions.
This may be due to the increased water solubility of CPL once in the MPs,
enhancing CAP's capacity to efficiently permeate SA cell membranes.
3.10. Time—kill assay a

The time-kill assay was performed to examine the time required for
the CPL to completely lathe SA. Time-kill curves of free CPL and CPL
MPs in DMSO versus SA are depicted in Fig. 5 B The viable SA colony-
forming unit increased by about 9.37 + 0.05 log CFU/mL after 24 h of
cultivation in the control (untreal) group. With MIC values, CPL so-
lutions and CPL MPs were unable to kill 99.99 % of SA cultures after 24
h. When 2:x MIC values were observed, no feasible SA cultures were
found after 24 h in the case of either CPL solutions or CAP MPs.
Furthermore, the time needed to eliminate 100 % of SA cultures was
decreased to 8 h after incubation with 4x MIC values of both CPL and
CPL MPs solutions. The results achieved in this work indicate that the
killing rate of CPL in the microparticle-based formulation is based on
how much CPL is present in the bacterial culture medium.

3.11. Hemolysis test

The cytotoxicity of chemicals on RBCs can be quickly assessed using
the hemolysis test. These RBCs will burst open entirely in the presence of
water, releasing their hemoglobin content. In a similar vein, changes in
osmotic pressure on the surface of RBCs caused by exposure to external
elements can cause significant lysis. When RBCs are damaged or lysed,
they emit adenosine diphosphate, which stallates platelet assembly on
the foreign body surface, speeds up the coagulation and thrombotic
cascade pathways, and arupts the body's natural ability to heal the
wound [55]. Therefore, a good wound dressing membrane should not
compromise the coagulation pathway or the integrity of the circulating
RBC. By spectrophotometrically lysing RBC at 540 nm, the hemolytic

10

potential of CPLMPs and CPL MPs hydrogel was calculatedE shownin
Fig. 6A-B, different concentrations of CPL MPs (5-500 pg/mL) showed
hemolysis percentages in the range of 1.42-2.76 % and CPL MPs
hydrogel in the range of 1.51-2.07 %, whereas pure CPL ed a
higher hemolysis percentage of 2.82-4.86 %. According to the standard,
materials exhibiting hemolysis > 5 % are thought to be hemolytic, those
between 2 5 % are thought to be slightly hemolytic, and those <2 %
are thought to be non-hemolytic [20]. From the results above, it can be
concluded that the fabrication in the form of CPL-loaded MPs is
compatible with RBCs because it consists of natural polymer.

3.12. Characteristics of hydrogel

3.12.1. pH measurement

B e the application of CPL MPs hydrogel should not irritate the
skin, the pH of the formulation is very important. The pH of the hydrogel
surface for each chuJa is in the range of 5.45 + 0.04 to 5.55 + 0.01, as
shown in Fig. 7B, which is very close to normal skin pH of 5 to 6 [56],
indicating that the formulation will be tolerated by the skin and will not
interfere with the wound healing process.

3.12.2. Viscosity and rheological evaluation

Viscosity evaluation in this study used a Brookfield vim'leter with
spindle 7. The viscosity of CPL MPs hydrogel preparation can be seen in
Fig. 7E, which shows that the viscosity of preparations obtained in this
study for F1 to F5, respectively, were 2266.66 + 230.94 cPs, 3200 +
173.20 cPs, 6900 + 173.21 cPs, 9433.33 £+ 152.75 cPs, and 23,066.66
+ 832.67 cPs. Then, the viscosity test results from statistical analysis
data sho that F1, F2 and F3 with respective chitosan c trations
of 1% (w/w), 1.25 % (w/w) and 1.5 % (w/w) have no signifilRBly
different values (p = 0.05). Meanwhile, the F4-F5 formulation has a
significantly different value (p < 0.05) from F1. The good viscosity range
in gels is in the field of 2000-4000 cPs, and other studies state that the
viscosity of gels can reach up to 16,000 cPs; therefore, F1, F2 and F3 are
within the required viscosity range [57,58]. More importantly, chitosan
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has an intrin.@iscosity of 1.2 % 10% to 3.2 x 10° Da with molecular
weight (MW) in the range of 3.2 to 6.52 dL/g [59], in which the amount
of chitosan concentration in the formulation can increase the value of
hydrogel viscosity. Based on the results of rheological measurements
(Fig. 7G), all sample flow behaviours exhibited non-Newtonian or
pseudoplastic behaviour (n < 1). Pseudoplastic flow is a viscosity flow
that continues to decrease as the rate of shear increases. Thus, it can be
estimated that an Increase in spreadability will occur at higher shear
speeds or after dilution with liquids [57].

3.12.3. Spreadability
Poor spreadability can caa‘mhomogcncous distribution of parti-
cles, which can in turn affect the amount of dose applied as well as the

efficiency of the active ingredients penetrating the skin [60]. The
spreadability of hydrogel preparation was determined by the hydrogel's
ability to spread on the skin's surface. Good spreadability can ensure
optimal distribution of hydrogel when applied to the skin. The spread
test results of CPL MPs Hydrogel preparations reveal a value between
53.52 + 0.50 mm and 87.84 + 1.45 mm (Fig. 6C), which indicates that
CPL MPs hydrogel has good spreadability. The results of the ANOVA
analysis show that the spreadability of CPL MPs hydrogel is not signif-
icant between all formulations (p = 0.05), with the exception of F4 and
F5 to F1. Spreadability is inversely proportional to viscosity [61]. Good
spreadability of the preparation is in the range of 50-70 mm; therefore
F3, F4 and F5 are qualifying criteria, and F3 is the most optimal
formulation. The results of the measurement in Fig. 7C show that the
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greater the concentration of chitosan, the smaller the spreadability of
the hydrogel.

3.12.4. Skin occlusivity test

The capacity of the formulation to preserve skin moisture properties
was predicted using an in vitro model of skin occlusivity. Over 48 h, the
percentage of occlusio tors (Fizg. 7H) was evaluated for each
formulation (F1-F5), and a filter paper without formulation was utilized
7% reference. The occlusion factor values of all hydrogel formulas
showed a significant difference (p < 0.05) compared to the control, and
chitosan represented a good occlusion factor. This indicates that incor-
porating CPL MPs into the hydrogel can increase the occlusive value.
Due to the lowering of the corneocyte slits, higher occlusion may
improve skin moisture for 48 h, allowing drugs to penetrate to deeper
layers of the skin [26]. According to statistical analysis, there was no
difference between any CPL MPs hydrogel formulation'’s occlusive value
(p > 0.05).

3.12.5. Extrudability percentage

Hydrogel extrusion from the tube is essential during application. A
sufficient consistency is necessary to remove the gel from the tube
because hydrogels with high consistency may not come out of the tube,
while gels with low viscosity may flow too freely. The extrudability of all
hydrogel formulations (F1-F5) is shown in Fig. 7F, with values of 74.9
+ 0.01 %, 73.37 £ 0.05%, 70.3 £ 0.06 %, 65.13 + 0.22 % and 44.17 +
0.11 %, respectively. More than 70 % of the contents of the gel formu-
lations F1-F3 can be extruded, demonstrating their strong extrusion
capacity, with the exception of F4 and F5, where only 60 % of the
contents could be extruded. Based on statistical analysis, F1 has no
significant values to F2 and F3. Furthermore, F4 and F5 are significant to
F1, F2 and F3. This indicates that the increased chitosan concentration
affects the increasing viscosity, thereby reducing the ease of extrusion
from the tube.

3.12.6. Bioadhesive test

Good bioadhesive properties can ensure a long retention time for the
applied drug formulation to guarantee effective local drug concentra-
tions and expected pharmacological responses. dhesive measure-
ments are found in Fig. 7D, which shows that the higher the
concentration of chitosan used, the higher the bioadhesive strength of
the preparation with F1 (1682.36 + 171.41 dyne/cm?), F2 (2276.13 +
171.41 d}']‘l&;"clrlz), F3 (8906.59 + 1484.43 d}’l‘le;"clrlz), F4 (11,628.05
+ 1133.75 dyne/cm?), and F5 (18,852.29 + 771.33 dyne/cm?) value.
statistical analysis showed that F1 and F2, as well as F4 and F5,
showed no significant value (p > 0.05). The increased flexibility of
chitosan hydrogel of CPL MPs can improve the contact between the gel
and the skin tissue, thereby encouraging penetration of polymer
chains into the tissue to form a strong bond, h leads to an increase in
the strength of adhesion [62]. Thus, it also increases the effectiveness of
the active substance in reaching the target. fore, in this test, the F3
formula was chosen as the optimum formula with a concentration of 1.5
% (w/w) that can provide good pH, dispersion, viscosity, skin occlu-
sivity and bioadhesiveness.
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3.13. Ex vivo dermatokinetic study

Ex vivo dermatokinetic study was performed on non-infected rat skin
models. To investigate the kinetics of the release of CPL MPs formula-
tion, dermatokinetic ies of the hydrogel are carried out after
application to the skin. To confirm that the release of CPL occurs in the
skin, the skin sample was vortexed with 2 mL of methanol at each time
interval. We compared the dermatokinetic profile of this study with a
hydrogel containing CPL without formulation in the form of MPs as a
control to assess whether the release of drugs affects the state of drug
particles. Our findings in Fig. 8A show that at 1 h and 2 h after mea-
surements, no CPL was found in the pure-CPL hydrogel supernatant and
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Fig. 8. Dermatokinetic tests with Cli'mlmgel and CPL MPs hydrogel revegled
total CPL (A) (means = SD, n = 3). Bacterial viability (log CFU/mL) in
vivo skin infection wound model (S. aureus) following the administration of free
CPL in the form of a hydrogel, MPs hydrogel and blank hydrogel (means = SD,
n=13)(B).
that free CPL permeated to the receiver compartment more rapidly in
contrast to CPL MPs hydrogel after 2 h. There was 2.05 + 0.22 pg of CPL
after 24 h, which indicates that the CPL without MPs formulation
showed hydrophobic properties, making it difficult to penetrate the skin
membrane. On the other hand, measurements at 1 h to 24 h show a CPL
found in the CPL MPs hydrogel supernatant with timal concen-
tration of 24.43 4+ 0.95 pg at 6 h. This is in line with the main objective
of this study, ie., to deliver CPL MPs to the local target of the first layer
of su'l, where SA colonizes, infecting the skin locally.

The concentration of CPL released from the MPs form in the skin vs.
time of administration is depicted as the kinetic profile of hydrogel in
normal skin. Table 3 shows the dermatokinetic{@rofile of CPL MPs
hydrogel and pure—CPﬂydmgel after application, including Cy,ups Tinars
T1s2, AUC, and MRT. The results also showed that the CPL content in
dermal layers obtained pure-CPL hydrogel was remarkably lower
compared with that of CPL MPs hydrogel. The Cpae (24.44 + 0.95 g/
cm?) was reached in6.00 h, according to the kinetic profile of CPL MPs.
In comparison to CPL MPs hydrogel, the profile of pure-CPL hydrogel
had aétver Cinax (3.58 & 0.30 g/cm® in 6.67 + 0.57 h), but the differ-
ences were not statistically significant (p > 0.05). Additionally, N
for both the pure-CPL hydrogel and the CPL MPs hydrogel in the dermal
layers was reached in the same Tj,,,. The findings that, in com-
parison to pure-CPL hydrogel, CPL MPs hydrogel can deliver much
higher concentrations of CPL to the skin. The great ex vive skin
bioavailability of the microparticle method is shown by the AUC value of
CPL MPs hydrogel, which was found to be substantially higher (p <
0.05) than that of pure-CPL hydrogel. It was discovered that the MRT
value of CPL MPs hydrogel was considerably different from the pure-CPL
hydrogel (p < 0.05) in terms of retention duration in the skin. A high
MRT value can be advantageous for reducing the application time of CPL
MPs hydrogels in treating skin infections associated with local infection
formation [29]. This reduced application time may increase patients'
acceptance of (and compliance with) this approach. Our results
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Table 3
Dermatokinetic parameters of hydrogel in infected ex vivo skin infection models formed by SA following the application of pure-CPLHydrogel, and CPL MPs Hydrogel

Mns +£8D,n = 3).

Condition Formulation Cox (pg/em™) Ty () Ty (h) AUC (h. pg/em™) MET (h)
Skin infection model by SA Pure CP hydrogel 3.58 4+ 0.30 6.67 + 0.57 35.71 4+ 11.99 47.51 4 3.32 56.22 4+ 16.37
CPL MPs hydrogel 24.44 £ 0.95 6+ 0.00 496.50 4+ 749.87 417.62 + 4.22 719.07 4+ 1082.14

conclude that a responsive CPL MPs hydrogel approach can successfully the hemolysis test. Essentially, analysis of ex vivo antibacterial activity

deliver MPs into ex vivo infection models. showed an enhancement of 99.98 % after 24 h when CPL was incorpo-
rated into MPs in hydrogel form. Compared to pure-CPL hydrogel, the
3.14. Ex vivo antibacterial activity test using infection skin model combination delivery method developed in this y has a higher

residence duration in the skin, which may increase the effectiveness of

To test the efficiency of CPL MPs hydrogel as an antibacterial agent, antibacterial treatment in skin wound infections. It appears likely that
researchers used an ex vivo skin infection model. We sought to determine hydrogels created using this technique can be utilized to heal wounds
whether CPL MPs hydrogel could reduce bacterial bioburdens produced successfully. To further examine the efficacy of this technique, in vivo
from SA by counting cells' log CFU/mL number. This test was carried out investigations on suitable animal models should be conducted.
on CPL MPs hydrogel, pure-CPL hydrogel, blank hydrogel without CPL, 12
and an untreated sample as a control. The test results are found in Declaration of competing interest
Fig. 8B. In ex vivo skin infections, the highest antibacterial activity was
achieved after applying CPL_MPs hydr compared to pure-CPL The authors declare that they have no known competing financial
hydrogel, as measured by ﬂladuction e e | i b etied interests or personal relationships that could have appeared to influence
24 h. A value of 8.22 + 0.11 log CFU/mL to 8.81 + 0.18 log CFU/mL the work reported in this paper.
increase in bacterial bioburden was seen in untreated samples, which
indicates the validity of the cora sample. Blank hydrogel without Data availability
drugs showed a value of 8.16 + 0.04 log CFU/mL to 7.11 + 0.07 log
CFU/mL decrease in bioburden properties. The antibacterial activity in Data will be made available on request.
the blank hydrogel was due to the ability of chitosan as a natural

polymer to inhibit microorganisms, as explained in a previous study Acknowledgement
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