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treatment is the existence of bacterial infections in underskin
wound tissue, such as cellulitis. Compared to other treatments, it is
harder for antibacterial drugs to penetrate the physical barrier on
the affected skin with a nonspecific target, making conventional
therapy for cellulitis infection more difficult and considered. In this
novel research, we pioneer a combined strategy of dissolving
microneedles (MNs) and bacteria-sensitive microparticles (MPs)
for enhanced penetration and targeted delivery of chloramphenicol
(CHL) to the infection site specifically. The polycaprolactone
polymer was used to make MPs because of its sensitivity to
bacterial enzyme stimuli. The best microparticle formulation was
discovered and optimized using the Design—Expert application.
Furthermore, this study evaluated the antibacterial activity of MPs in vitro and in vivo on the mutant Drosophila larval infection
model. This strategy shows improvement in the antibacterial activity of MPs and higher retention duration compared to
conventional cream formulation, and the inclusion of these MPs into dissolving MN's was able to greatly improve the dermatokinetic
characteristics of CHL in ex vivo evaluation. Importantly, the antimicrobial efficacy in an ex vivo infection model demonstrated that,
following the use of this strategy, bacterial bioburdens decreased by up to 99.99% after 24 h. The findings offered a proof of concept
for the enhancement of CHL dermatokinetic profiles and antimicrobial activities after its preparation into bacteria-sensitive MPs and
distribution by MNs. Future research should investigate in vivo effectiveness in an appropriate animal model.
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1. INTRODUCTION

Chronic wounds are a major global concern and are typically

substantial challenge at the same time that bacterial cultivation
is developing rapidly.® It is possible to increase the degree of

caused by vascular insufficiency and infection.' Infection arises
as a result of microorganism growth in the wound site, resulting
in a prolonged, excessive inflammatory response, delays in
collagen synthesis, and tissue degradation, leading to higher
patient mortality and morbidity risks. " Over $30 billion is spent
annually on the management of chronic wounds.” Cellulitis is
type of chronic wound infection located in the dermis/
subcutaneous layer of the skin; it is caused by the immune
system’s (cytokines and neutrophils) reaction to bacteria
penetrating the epidermis.”” The location of the infection in
the cutaneous tissue with no visible wound in the epidermis of
the skin is often dismissed as ordinary inflammation. These
symptoms are also common among the other inflammatory skin
diseases, making diagnosis of wound-related cellulitis a
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chronic wounds that were difficult to heal and needed an
extension in treatment management.

The primary method for managing infected wounds is surgical
debridement, which includes the removal of necrotic and wound
tissue. This is usually followed by a regimen of antimicrobial
medications for long-term therapy, either topically or systemi-
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Figure 1. Schematic illustration of preparation of CHL-loaded MPs.
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cally.7’8 Additionally, numerous reports of several bacterial
strains colonizing human skin tissue have been reported.” This is
related to the interaction of different strains of bacteria, which
can synergistically increase disease severity.'® Therefore, broad-
spectrum antibiotics should be considered when selecting
effective treatment. Chloramphenicol (CHL) is a broad-
spectrum antibiotic that blocks the peptidyl transferase activity
of the bacterial ribosome, which prevents protein chain
elongation and inhibits development growth of bacteria.''
CHL is effective against Enterococcus faecium in addition to being
a broad-spectrum antibiotic, which has led to its consideration
for the treatment of vancomycin-resistant enterococcus.'”'”
However, systemically administered CHL possesses harmful
side effects, such as bone marrow damage.“_13 This is
aggravated by the fact that, due to the rise of antibiotic
resistance, CHL has recently been given to patients in higher
doses.'" Therefore, it is necessary to create and develop a
technique for selective drug administration that can prevent the
exposure of CHL to unwanted sites.

Numerous attempts have been previously reported to address
this specific problem. Antibiotic delivery, in particular, can be
modified by increasing targeting efficiency or reacting to
environmental triggers, such as enzyme, pH, or temperature.14
Natural polymers such as chitosan, cellulose, and albumin are
capable of showing both thermal and pH responsive properties,
rendering their vast application for drug delivery.'” However,
precise drug release still cannot be completely achieved with
these polymers, since the biological pH and temperature
fluctuate within a particular range due to individual variances
and the degree of infection.'® Designing a more precise drug
release which can only be induced at a very specific
environmental trigger can become the solution. For instance,
it has been reported that Staphylococcus aureus (SA) can produce
specifically enzyme like lipolytic esterase. This enzyme can
initiate the biocatalytic hydrolysis of a polymer called
polycaprolactone (PCL)."” Given this unique property, PCL
can be employed as a suitable material to specifically deliver
antimicrobial agents only to the infected tissues. Hence, this
approach could prevent exposure to healthy tissues, resulting in
a safer therapeutic approach. One of the utilizations of this
polymer is the formulation of microparticulate or nano-
particulate delivery system.'® Small molecules and moderately

sized molecules, in the form of micro/nanoparticles, can easily
penetrate both the endothelium of the blood and the lymphatic
capillary.”” Particularly for skin delivery, microparticles (MPs)
have been shown to retain drugs better than NPs and can help
localize long-term drug retention in the skin.”””' For that
reason, we hypothesize that incorporating chloramphenicol into
MPs may enhance their efficiency targeting in skin wound
infections.

The effectiveness of the few therapy options for infected
wounds is currently limited by toxicity issues and low-to-
moderate eschar penetration concerns. Despite the fact that
bacterial conjunctivitis has previously been treated with
chloramphenicol ointment, there are less data supporting its
use in the prevention or treatment of infections in skin
wounds.”> Chloramphenicol is ineffective for the topical
treatment of skin infections due to its hydrophobic chemical
components,”" which limit effective cutaneous penetration, as
human skin creates an impenetrable barrier that prevents the
hydrophobic medication from being transported that way. The
issue becomes more significant in the event of an infected lesion,
when the medicine should penetrate through the skin around
the infection area and improve its therapeutic index.''
Dissolving microneedles (MNs) are a medication delivery
system that may bypass the primary epidermal barrier.”> MNs
can essentially offer a quick, painless, locally focused, and
patient-compliant administration strategy.24 Dissolving MNs, in
contrast to hypodermic needle injections, are made of
biocompatible polymers and are capable of self-dissolving.
Therefore, their use does not result in the production of
biohazardous sharps waste.”> Considering the benefits of this
technique, adding MPs to dissolving MNs may enhance the
quantity of MPs that reaches the necrotic tissue of infected skin,
thereby possibly improving chronic wound infection manage-
ment for cellulitis.

This study implemented a novel strategy for potentially
improving chronic wound treatment from cellulitis by pioneer-
ing the production of MPs loaded with CHL and attached in a
dissolving MN system. The MPs were evaluated for their
structure, antibacterial properties, size, and others physicochem-
ical characterization. To examine the effectiveness of MPs in in
vivo evaluation, we employed the immunodeficient mutant
Drosophila larval model. The release behavior of CHL in MPs
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was specifically tested with and without the presence of
microorganisms commonly found in chronic infection wounds
of cellulitis. The MPs were then added to dissolving MNs, which
were evaluated for their insertion and mechanical characteristics.
Ex vivo infection models in excised infected and normal rat skin
were used to explore the ex vivo dermatokinetic characteristics of
CHL-loaded MPs. Finally, to assess the potential effectiveness of
this inquiry, we used an ex vivo skin infection model to examine
the MPs ability to penetrate and eliminate the burden of
bacterial infection.

2. EXPERIMENTAL SECTION

2.1. Materials. Chloramphenicol (CHL) (purity, 100.00%) was
purchased from Merck (Darmstadt, Germany). Polycaprolactone
(PCL) (MW 80000), poly(vinyl alcohol) (PVA) (MW 9000—
10 000), polyvinylpyrrolidone (PVP) (MW 40 000), sodium chloride,
tryptic soy broth (TSB), potassium chloride, disodium phosphate, and
potassium dihydrogen phosphate were obtained from Sigma-Aldrich
(Singapore). All other reagents used were analytical grade.

2.2. Preparation of Chloramphenicol Sensitive Bacterial
Microparticles (CHL-Loaded MPs). Following a previously
described procedure with minor modifications, PCL was used as the
polymer and PVA as the surfactant to create CHL microparticles using a
solvent-evaporation approach.'" Briefly, PCL was dissolved in 7 mL of
chloroform and CHL in 3 mL of methanol. The mixtures were then
combined until homogeneous. Then, the polymer—drug mixture was
added dropwise into the 25 mL aqueous phase containing 3% PVA as
the hydrophilic surfactant under mechanical homogenizer at 500 rpm
for 5 min. To ensure the organic phase evaporated entirely, we left the
emulsion system under a magnetic stirrer for S h. The MPs were then
centrifuged to facilitate collection, rinsed three times with distilled
water, and dried. Figure 1 illustrates the schematic preparation of CHL-
loaded MPs.

2.3. Optimization of CHL-Loaded MPs through Experimental
Design. CHL-loaded MPs were created using Design-Expert (version
13, Stat-Ease, Inc.) by optimizing the crucial process parameters.
Following the response surface methodology and central composite
design (CCD), three independent variables can influence the
characteristics of the resulting MPs: CHL-PCL ratio (X1), stirring
speed (X2), and stirring time (X3). The program carried out 15 runs of
formulas for provided values of low and high levels of these factors,
denoted by 1 and +1, respectively. These values were also established
empirically during preformulation screening. For CHL-loaded MP
optimization, dependent variables to be examined included particle size
(Y1), polydispersity index (PDI) (Y2), entrapment efficiency (EE%)
(Y3), and drug loading (DL%) (Y4). Table 1 displays the composition
of 15 formulations with the dependent variable outputs.

2.4. Characterization of CHL-Loaded MPs. The diameter and
polydispersity index (PDI) of CHL-loaded MPs were determined using
a microscope (Olympus CS33, Olympus Corporation) and was
calibrated using a 10X magnification Optilab camera. Zeta potential
of CHL-loaded MPs was determined using a zeta potential analyzer
(Brookhaven, New York, USA)

An indirect technique was used to measure the EE of CHL in the MP
formulations.”® After three washing cycles, the free CHL concentration
in the supernatant was measured using UV—vis spectrophotometry
(Dynamica, HALO XB-10, Dynamica Scientific Ltd., UK). Finally, eq 1
was used to determine the EE of CHL.

Drug Total — Drug Free
EE% = 100%

Drug Total (1)

To determine the DL percentage of CHL in MPs formulations, we
dispersed 10 mg of dried MPs into a 7:3 methanol:chloroform mixture,
which was placed in sonicator for 1 h to disrupt the MP matrix.
Following a 15 min centrifugation at 14 000 rpm of the suspension, the
concentration of CHL in the supernatant was determined using a UV—
vis spectrophotometer (Dynamica, HALO XB-10, Dynamica Scientific
Ltd., UK). Equation 2 was used to calculate the DL percentage.

Table 1. Composition, Characteristic Design, And Mean of
Particle Size, PDI, Entrapment Efficiency (EE), and Drug
Loading (DL) of CHL-loaded MPs

independent variables dependent variables

X2 X3 Y1
ran X1 (rpm) (min) (um) Y2 Y3 (%) Y4 (%)
F1 1 500 15 17.96 0.022 41.54 22.77
F2 1 1000 10 16.40 0.018 32.74 16.37
F3 15 500 15 59.46 0.030 50.82 3.17
F4 1 1500 S 7.38 0.010 38.76 19.38
Fs 8 1000 10 49.04 0009 4469 496
F6 8 1500 10 3034 0010 4431 492
F7 15 1000 10 5885 0012 49.10  3.06
F8 8 1000 15 3841 0004 3742 415
F9 1 1500 15 582 0389 3455 1727
FI0 1 500 s 2237 0010 4441 2220
FI1 8 1000 3 5453 0.008 4498 499
FI2 15 1500 5 5513 0005 4919  3.07
FI3 15 1500 15 47.10 0007 4546  2.84
Fl4 8 500 10 5868 0012 4556  5.06
FI5 15 500 5 7126 0013 5570 348
Amount of Encapsulated CHL
DL% = 100%
Total Weight (2)

A scanning electron microscope (SEM) was used to examine the
morphologies of the CHL-loaded MPs (Hitachi, Krefeld, Germany). A
Fourier transform infrared (FTIR) spectrometer (Accutrac FT/IR-
4100TM Series, Jasco, Essex, UK) was used to examine the chemical
interactions between each component in the formulas. A differential
scanning calorimeter was used to conduct thermal profile investigation
of CHL, polymers, physical mixtures, and CHL-loaded MPs (DSC
2920, TA Instruments, Surrey, UK). An X-ray diffractometer
instrument was used to perform crystalline profile diffraction on
CHL and CHL-loaded MPs (Rigaku Corporation, Kent, England).

2.5. Hemolytic Activity of CHL-Loaded MPs. In this
investigation, the hemolysis potential of the cells may be utilized to
evaluate the biocompatibility and safety of the designed drug delivery
system. Following a previously described procedure, an in vitro
hemolytic experiment was carried out to evaluate the hemolytic activity
of CHL-Loaded MPs.”” Briefly, erythrocytes were collected from the
blood of healthy female Sprague—Dawley rat by centrifugation at 2000
RCEF for 10 min. The blood was then washed with PBS and processed to
three cycles of centrifugation under the same conditions. The
erythrocytes were washed and resuspended in PBS to a final
concentration of 10% v/v. Nine-hundred microliters of samples
containing CHL and CHL-loaded MPs were diluted in PBS until
they reached S, 50, and 500 pg/mL concentrations. Then, 100 L of the
produced cell (erythrocytes) suspension was added. After that, the
mixtures were centrifuged at 14000 RCF for 10 min after being
incubated at 37 °C for 60 min. Finally, to determine the amount of free
hemoglobin, we used UV-—visible spectroscopy to measure the
absorbance of the supernatant (Dynamica, HALO XB-10). Accord-
ingly, PBS and distilled water were used as negative and positive
hemolytic controls. When assessing the hemolysis of the samples, a
change in the color of sample mixture was also seen. For each
concentration, the experiment was run in three replications. Equation 3
was used to determine the hemolysis percentage:

OD(Test sample) — OD(Negative control)

Hemolysis(%) = 100%
OD(Postive control) — OD(Negative control)
3)

2.6. In Vitro Antibacterial Activities. 2.6.1. Culture of Bacterial
Strains. The microorganism employed in this investigation was SA
ATCC 25923. The strains were purchased from LGC Standards in
Middlesex, UK, kept at 4 °C, and were subcultured on new media at
regular intervals. Before each antibacterial experiment, the bacterial
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Figure 2. Schematic illustration of (A) MIC, MBC, and time kill assay and (B) infection experiment on Drosophila larva infection model.

strains were cultured overnight and incubated at 37 °C in TSB media.
Serial dilutions with TSB were used to create inoculums of bacteria
(placing the diluted mixture on tryptic soy agar (TSA) plates allowed
for the accurate counting of bacteria), resulting in final concentrations
of 1.5 X 10® colony forming units (CFU)/mL.

2.6.2. Determination of Minimum Inhibitory Concentration and
Minimum Bactericidal Concentration. As previously described, a
microtiter broth dilution technique was used to determine the minimal
inhibitory concentrations (MICs) and minimal bactericidal concen-
trations (MBCs) of CHL and CHL-loaded MPs in 96 well bottom
plates.”® Various concentrations of CHL and CHL-loaded MPs
(3.125—200 pg/mL) were used to calculate the MIC in TSB along
with the corresponding equilibrated concentrations of chlorampheni-
col. Each tube received a 100 uL volume of each bacterial inoculum,
which was then cultured for 24 h at room temperature (see Figure 2a).
The positive and negative controls utilized were TSB and TSB with
bacteria, respectively. The lowest concentration of the tested substance,
which had no visible growth after 24 h of incubation, was considered the
MIC.

MBC was calculated by cultivating 20 L on TSA plates and
incubating them at 37 °C for 24 h in wells corresponding to the MIC
and the above-mentioned dilutions. The researchers then determined
how many bacterial colonies were present on the plates. The MBC was
determined to be the lowest concentration that inhibited 99.9% of
bacterial growth. Equation 4 was used to determine the killing
percentage

CFU(Control) — CFU(Experiment)
CFU(Control)

Killing percentage(%) = 100%

(4)

2.6.3. Time Kill Assay. Following the procedure outlined before
described, the time-killing kinetics of CHL and CHL-loaded MPs
against SA was determined.”” MPs loaded with CHL were created and
added to the bacterial suspensions (1.5 X 10* CFU/mL). CHL doses
corresponding to MIC, 2X MIC, and 4X MIC were also prepared and
applied. Then, 37 °C of incubation was applied to the bacterial cultures.
Twenty uL aliquots from the cultures were obtained at intervals of 0, 2,
4, 6, 8, 12, 18, and 24 h and aseptically injected on TSA plates. To
calculate the bacteria’s viable CFU, the plates were incubated for 24 h at
37 °C. The procedure was performed in triplicate, and a log CFU/mL
vs time kill curve was constructed. Figure 2a illustrates the schematic
time kill assay.

2.7. In Vivo Antibacterial Activities in Drosophila Larval
Model. 2.7.1. Bacterial Strains and Fly Stocks. SA ATCC 25923 was
the bacterial strain used as the infecting agent. It was purchased from
LGC Standards in Middlesex, UK, and kept at 4 °C. Bacteria were
cultivated separately in TSB medium and incubated at 37 °C. When the
cultures had grown to their maximum potential, they were collected,
rinsed with PBS, and employed in the tests. This study used the
psh[1];;modSP[KO] Drosophila line, which is an immunodeficient fly
line that lacks Toll pathway activity. All flies were kept on conventional
cornmeal-agar medium at a temperature of 25 °C.
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2.7.2. Infection Experiment. The infection experiment on larval
Drosophila was carried out as previously described with minor
modifications.’”® Two and a half days after eggs were laid, the
researchers began infecting mid-L2 larvae. Animals were put in a 1.5
mL microcentrifuge tube for 30 min per test, along with 300 uL of
crushed bananas and 300 uL of an overnight bacterial culture (See
Figure 2b). A foam stopper was used to obstruct the animals, ensuring
that they stayed at the bottom of the tube for the duration of the
infection. Upon completion of this stage, they were quickly cleaned in
30% ethanol before being put on a Petri dish with a new fly medium free
of yeast and containing CHL-loaded MPs. Waiting durations and
infections were conducted at 29 °C.

2.8. In Vitro Release Study of CHL-Loaded MPs in Bacterial
Cultures. The in vitro release study of CHL-loaded MPs in bacterial
cultures was determined. The release tests of CHL and CHL-loaded
MPs were carried out in the presence or absence of bacteria in fluid
mimicking infection media.'” Briefly, MPs with a CHL equivalent of 50
mg were dissolved in S0 mL of the bacterial cultures and incubated at 37
°C and 100 rpm in an orbital shaker. At 0.25,0.5,0.75, 1,2, 3,4, S, 6,7,
8, and 24 h of incubation, samples from the cultures were taken out and
inoculated on TSA plates with the proper dilutions. At predetermined
intervals, 0.5 mL aliquots of the sample were removed and filtered. The
concentration of CHL in the filtrate was measured using a
spectrophotometer UV—vis.

To assess the kinetic release profiles, we used DDSolver (China
Pharmaceutical University, Nanjing, China)31 to fit in five mathemat-
ical models, including zero-order kinetics (ZO), first-order kinetics
(FO), Higuchi, Korsmeyer—Peppas (KP), and Hixson—Crowell (HC).

Zero-Order Kinetics: C, = C, + kot (5)
First-Order Kinetics: In C, = In C; + kit (6)
Higuchi Model: C, = ky~/t (7)
Korsmeyer—Peppas Model: C, = kypt" (8)
Hixson—Crowell Model: C/ /3= Cé/ et 9)

C, denotes the concentration of CHL at period t, C, indicates a primary
combination of CHL in-side of medium (¢ = 0), K, K}, Ky, Kp, and K¢
were the coefficients of release of the relevant kinetic models. A
calculation from every type will be explained and the fit of release
kinetics was selected by a reciprocity of coefficient (r*).

2.9. Formulation Design and Manufacture of CHL-MP-
Loaded Dissolving Microneedle (MNs). A two-step manufacturing
procedure was used to create two-layered dissolving MNs, with a few
minor modifications.”>** The polymer solutions were mixed with the
ratio depicted in Table 2. The same quantity of CHL-loaded MPs

Table 2. Composition of Formulations MNs Containing
CHL-Loaded MPs

concentration (%b/b)

formulas MPs PVP PVA Aquadest
F1 25 20 15 40
F2 25 20 20 35
F3 25 20 25 30
F4 25 25 20 30
ES 25 15 20 40

pellets was combined with the polymer mixture to create the MN
formulation. They were then exposed to sonication to achieve a clean
bubble-free dispersion. Then, 50 mg of the mixture was poured into the
silicone MN molds. The polymer—drug combination was then put on
the mold and centrifuged. Following centrifugation, the extra polymer
mixture at the top of the mold was extracted and replaced using a
spatula; the formulas were kept at room temperature for 4 h. Following
that, the two-layered MNs were created by pouring an aqueous gel
containing blank polymer mixtures. Then, the molds were centrifuged

again. The produced MNs were then dried for 24 h at room
temperature and 24 h at 37 °C without being removed from the
mold (See Figure 3). In addition to MNs with CHL-loaded MPs, MNs
with free CHL were generated for additional research using the same
procedure. Figure 3 is schematic illustration of manufacturing the two-
layered MNs.

2.10. Mechanical Strength and Penetration Ability Test. To
assess the MN response after applied pressure, we carried out
mechanical strength and penetrating ability tests using the previously
stated approach with minor modifications.*” This assessment was done
by measuring the MN capacity penetration through eight layers of
parafilm, which was the same thickness as the top layer of human skin.
Pressure (30 N) was used to apply the MNss for 30 s. A weight of 3.06 kg
was placed on top of the microneedles to create this pressure. It is
important to note that during the trial, equal pressure was applied to all
sides of the MNs. Then, the number of holes in each layer of parafilm
was counted and MN size and shape were examined under a
microscope in accordance with technique described previously.*® The
following calculations are used to compute the proportion of
mechanical strength and MN penetration capability.**

initial height — height after pressure applied

compression% = 100%
initial height
(10)

. no. of holes in n layer
%penetration of n layer = 100%
total no. of holes (11)

2.11. Calculation of Drug Content Localized to the Needles.
To quantify the amount of CHL in MNs, needle MNs were scraped
carefully from the baseplate using a scalpel and then dissolved in S mL
of distilled water. Methanol: chloroform mixture with ratio of 7:3 (2
mL) was added to the dispersion and placed in sonicator for 1 h to
disrupt the MP matrix. Following a 15 min centrifugation at 14 000 rpm
of the suspension, the concentration of CHL in the supernatant was
determined using a spectrophotometer UV—vis (Dynamica, HALO
XB-10, Dynamica Scientific Ltd., UK)

2.12. Stability Test of MP-CHL Loaded into MNs. MNs
containing CHL-loaded MPs were kept in static storage at 25 °C. The
initial sizes, PDIs, EE, DL, and zeta potentials were compared to those
obtained in 10 days and storage at 25 °C to determine stability. The
statistical analysis was used to assess the significance stability of MPs.

2.13. Dissolution Study, Ex Vivo Dermatokinetic Studies, and
Anti-Infection Activity in Ex Vivo Model of Infection on Rat
Skin. 2.13.1. Preparation of Ex Vivo Model of Infection on Rat Skin.
Wistar rats’ abdomen skins were removed and placed in PBS before the
experiment (pH 7.4). Rat skins were washed in ethanol at a 70%
concentration for 1 h. The skins were kept in a biosafety cabinet for 20
min to allow the ethanol to evaporate before wounding the surface S
mm with a biopsy punch (Stiefel, Middlesex, UK). The previously
reported procedures were then applied to develop ex vivo models of
infection on rat skin, with a few minor modifications.*® After wounding
and infection, the skins were transferred on TSA plates and 50 uL of the
diluted bacterial suspension (1.5 X 108 CFU/mL) were equally injected
to the wound of the skin. Every day for 5 days, the skins were moved to
new TSA media plates, which were then incubated at 37 °C to
encourage the formation of the infection.

2.13.2. Dissolution Study. The MNs dissolution study was assessed
in an ex vivo model of skin infection. Briefly, the MN arrays were
physically implanted into the epidermal area, and a 5.0 g cylindrical
stainless-steel weight was placed on top to guarantee the array stayed in
place. MN arrays were collected at various interval time points and
examined using a Leica EZ4 D stereo microscope.

2.13.3. Ex Vivo Dermatokinetic Studies. Ex vivo dermatokinetic
tests of MNs containing free CHL and CHL-loaded MPs were
performed on excised full-thickness skin in both infected and infection
models. This investigation was conducted using the previously outlined
methodology.*** Initially, cyanoacrylate glue was used to affix the skin
to the franz cell diffusion cells’ donor compartment. The receiver
chamber with PBS was coupled with another donor compartment., and
the MNs were manually forced into the skin for 30 s (pH 7.4). The MNs
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Figure 3. (A) Two-layer dissolving MN manufacturing scheme, (B) MN dimensions.

were kept in place during the experiment by a cylindrical stainless steel
mass that weighed S g. The recipient compartment’s temperature was
maintained at 37 # 1 °C, and Parafilm was employed to seal the donor
compartment and sampling side. At 600 rpm, the compartment was
agitated. At regular intervals (1,2, 3, 4, S, 6, 8, and 24 h), the MNs were
taken, and the skin was then three times washed with sterile water. To
extract the CHL released in the skin, the skin sample was then collected
and the surface was cleaned with distilled water. After cleaning, the skin
sample was cut into small pieces and 2 mL of PBS was added to extract
CHL from the tissue. The sample was then vortexed for 5 min and
centrifuged at 14 000 rpm for 15 min. The supernatant was analyzed
using a UV—vis spectrophotometer instrument (Dynamica, HALO XB-
10, Dynamica Scientific Ltd., UK).

To assess the dermatokinetic profiles, PKSolver (China Pharma-
ceutical University, Nanjing, China), was used in a one-compartment
open model. We calculated the drug concentration time curve from
time zero (t = 0) to the end experimental time point (¢ = 24 h) (AUC),
the mean halflife (f,,,), the mean residence time (MRT), the
maximum drug concentration in skin (C,,,,), and the time of maximum
concentration (t,,). To ensure that the skin extraction method was
only able to remove the CHL released from MPs without harming the
MPs, we applied the extraction method to the CHL-loaded MPs
dispersion, and processed using the same steps. It should be noted that
the extraction method did not affect the CHL encapsulated in the MPs.
Comparative investigations were carried out utilizing MPs that were

loaded with specific amounts of CHL and needle-free patches
conveying free CHL.

2.13.4. Antimicrobial Activity in Ex Vivo Model of Infection on Rat
Skin. The technique previously described,* was used to measure
anti-infection activity, with a few minor modifications. Twenty
microliters of the supernatant from dermatokinetic experiments 24
and 48 h after application time was inoculated onto TSA plates and was
incubated for 24 h at 37 °C to assess the anti-infection effectiveness of
MNs formulation loaded with CHL and MPs-CHL in an ex vivo model.
Additionally, the same procedure was carried out using cream
containing CHL and CHL-loaded MPs on the diseased skin. Finally,
the number of viable CFUs was determined. Normal skin was utilized as
a negative control, while infected skin was used as a positive control
without MN treatment.

2.14. Statistical Analysis. The findings of the experiment were
presented as means and standard deviations (SD) of the means.
GraphPad Prism version 6 was used (GraphPad Software, San Diego,
California, USA) for statistical analysis. An unpaired f test was
employed to compare the two groups. In addition, the Kruskal—Wallis
test with a posthoc Dunn’s test was utilized to compare different groups.
Statistical significance is indicated by a value of p < 0.0S.

3. RESULTS AND DISCUSSION

3.1. Formulation of CHL-Loaded MPs. The solvent-
evaporation approach was used to prepare CHL-loaded MPs,
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Figure 4. 2D and 3D response surface graphs displaying the impact of independent factors on (A) particle size, (B) EE%, and (C) DL%.

because this approach is suitable for producing MPs containing
hydrophobic compounds such as CHL."" The initial issue was
choosing an organic phase that could dissolve both chlor-
amphenicol and the polyester polymer, PCL. A mixture of
methanol and chloroform solvent with a ratio of 7:3 was used to
create CHL-loaded MPs because these solvents mixed well and
homogeneously (i.e., clear), and no harmful chlorinated organic
solvents were used to incorporate the drug into the MPs. The
cosolvent was also employed to aid in the solubility of CHL,
which was then integrated into the hydrophobic core of CHL-
loaded MPs.

3.2. Statistical Analysis of Experimental Data by
Design-Expert Software. A total of 15 formulations with
various level of ratio CHL:PCL (X1), stirring speed (X2), and
stirring time (X3) were successfully formulated and screened
using CCD under Design-Expert (version 13, Stat-Ease, Inc.,
Minneapolis, USA). The best mathematical model was selected
based on statistical goodness-of-fit including F-value, predicted
and adjusted R-squared values, and adequate precision. After
confirming the model significance in terms of an analysis of
variance test with a p-value of 0.05 or below, the data were
evaluated. The impact of each independent variable on different
answers was calculated after critical analysis.

3.2.1. Effect of Independent Variables on Particle Size. The
physicochemical characteristics (e.g., drug loading, release
profile, bioavailability) and physiological behavior (e.g.,
interaction with plasma components, phagocytosis, uptake) of
MPs are commonly dependent on particle size.”” The 15
formulations tested in this study had mean particle sizes between
5.82 and 71.26 um (Table 1), which is ideal for skin penetration
and retention.”” Compared to the quadratic and two-factor
models, the linear model, with an R-squared value of 0.9196 and
an adjusted R-squared value of 0.8976, was determined to be the
best match for answer Y1. ANOVA was used to assess the linear
model’s significance for the quantitative impacts of variables on

response. The linear model had a significant ANOVA result (p <
0.05) and a model F-value of 41.92. The signal-to-noise ratio is
measured by “Adeq Precision,” and a value greater than 4 is
preferred.38 The calculated ratio, 19.827, suggested that the
anticipated model would be helpful in guiding the design space.
An empirical polynomial equation based on data analysis was
produced and is represented by the following coded factors:

Mean particle size (pm) Y1 = +39.34292 + 3.16933X1
— 0.016791X2 — 0.838608X3 (12)

Regarding the ANOVA results, CHL:PCL Ratio (X1) and
stirring speed (X2) had a significant impact on particle size.
According to Equation 12, the significant positive coeflicient for
X1 indicated that the particle size significantly increased with
increasing polymer concentration (p < 0.05). This can be
explained by the fact that when polymers are more highly
concentrated, there are more interactions between particles
during emulsification. This causes the fusing of partially formed
particles, which in turn causes an increase in particle size.’’
Additionally, increasing polymer content increases the organic
phase’s viscosity, which finally slows down its diffusion into the
aqueous phase and produces bigger microparticles.*” Further,
the significant negative coefficient for X2 indicated that the
particle size significantly decreased with increasing stirring speed
(p < 0.05). This is because emulsification at fast speed can lead
to areduction in emulsion globules; as a result, a lower emulsion
globule size permitted the production of smaller microparticles.
As homogenization proceeds more quickly, more energy is
released, which causes the polymeric organic phase to disperse
more quickly and produces small microparticles with mono-
modal distributions. The values of the X2 and X3 coefficients
were negative, indicating an inversely proportional effect with
the resulting particle size response. However, stirring time
coefficients for X3 were not significant (p > 0.05).
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Two variables can have simultaneous impacts, which can be
shown in 3D surface plots. Plot X1 X 2’s curved shape showed
that the factors strongly interacted to affect particle size.
Although CHL:PCL ratio and stirring speed are clearly
correlated to particle size, these relationships are not statistically
significant (p > 0.05) based the positive coefficient value for
stirring time (X3). As seen in Figure 4A, two and three-
dimensional surface plots vividly demonstrate how numerous
independent factors affect particle size. The intensity of the red
hue indicates an increase in particle size with corresponding
changes CHL:PCL ratio, stirring speed, and stirring time

3.2.2. Effect of Independent Variables on Polydispersity
Index. The polydispersity index (PDI) is a value that describes
sample heterogeneity by size distribution. Polydispersity can
occur due to size distribution in the sample or agglomeration
and aggregation of samples during the synthesis and analysis
process. Size heterogeneity will cause fluctuations in the amount
of drug that penetrates and is retained in the skin. In this study,
the average PDI value is below 0.05, which indicates a
monodispersed system. Based on the results of the analysis,
there is no mathematical model that follows the trend of good
PDI values. The ANOVA test results also showed a data trend
that was not significant (p > 0.05). This suggests that none of the
independent variables—polymer ratio (X1), stirring speed
(X2), or stirring time (X3)—significantly affected the PDI
values.

3.2.3. Effect of Independent Variables on EE Percentage.
To achieve the necessary bactericidal activity, MPs must have
the capacity to encapsulate a sizable quantity of CHL. Table 1
shows the EE percentage achieved for CHL, which ranged from
32.74 to 55.70%. A linear model with R-squared of 0.8589 and
adjusted R-squared of 0.8204 was determined to be the best
match for response Y2 when compared to quadratic and two-
factor models. The linear model is significant according to the
ANOVA test (p < 0.0001), and the model’s F-value is 22.32,
meaning that there is only a 0.01% possibility of mistake.
Additionally, a low CV value of 5.96% clearly indicated a high
level of accuracy and dependability of the experimental data.
The Adeq precision number (15.850) showed the effectiveness
of the anticipated model for navigating the design space. Based
on data analysis, the EE equation is presented below.

Entrapment Efficiency (%) Y3 = +47.09142
+ 0.832379X1 — 0.005147X2 — 0.464984X3 (13)

According to the ANOVA results, the linear coefficients (X1, X2,
and X3) with p-values 0.0S substantially impacted the EE
percentage. The positive coefficient for X1 in eq 13
demonstrates that as the concentration of hydrophobic polymer
increases, EE increases (p < 0.05), which may be explained by
the hydrophobicity of CHL and its higher miscibility in the
organic phase. Previous research has noted this pattern for
hydrophobic medicines, indicating that enhanced interactions
with polymeric solutions and increased organic phase
consistency diminish drug partitioning in the aqueous phase,
leading to higher MP encapsulation.*'

Regarding the other parameter coefficient, the negative
coeflicient for X2 and X3 indicated that entrapment efficiency
significantly increased with decreased parameter speed and time
of Stirring (p < 0.05). This may be due to the higher speed and
longer time of homogenization; more energy is released in the
process that leads to a rapid dispersion of polymeric organic
phase. As a result, the entrapment process becomes shorter, and

more drug is released in the polymer matrix, thereby reducing
the entrapment efficiency. Surface graphs in two and three
dimensions clearly show how different independent factors
affect the EE% (Figure 4B). The intensity of the red hue
corresponds to an increase in the EE% with the corresponding
changes in changes of the CHL:PCL ratio, stirring speed, and
stirring time.

3.2.4. Effect of Independent Variables on DL Percentage.
DL is the process of incorporation of a drug into a carrier system.
The DL percentage for CHL, which varied from 2.84 to 22.77%,
is shown in Table 1. In comparison to linear and two-factor
models, a quadratic model with an R-squared value of 0.9971
and an adjusted R-squared value of 0.9918 was found to be the
best fit for answer Y4 (DL). According to the ANOVA test, the
quadratic model is significant (p < 0.05), and the model’s F-
value is 190.29, implying that there is only a 0.01% chance of
error. Additionally, a low CV value of 5.37% made it abundantly
evident that the experimental results had a high degree of
dependability and accuracy. Adeq Precision is parameter that
measures the signal-to-noise ratio. A ratio greater than 4 is
desirable. This study obtained a ratio of 36.367, indicating
adequate signal and showing that the expected model was very
useful for traversing the design space. Based on data analysis, the
final equation is shown below.

1
Drug Loading (%) T +0.000729 + 0.021958X1

+ 0.000104X2 — 0, 005387X3 — 0.000402X1° (14)

According to the ANOVA results, the CHL:PCL ratio (X1),
stirring speed (X2), and stirring time (X3), and the polynomial
models of CHL:PCL ratio (X1*) were significant (p < 0.05).
However, the remaining term coefficients were not significant ( p
> 0.05). Based on eq 14, the positive coefficient for X1 is
associated with the 1/Y4 value indicating that the drug loading
decreased significantly with increasing CHL:PCL ratio (p <
0.05). this phenomenon is the same as previously described
regarding the entrapment efficiency by the hydrophobicity of
CHL and higher miscibility in the organic phase. Thus, the
enhanced interaction with the polymer solution and the
increased consistency of the organic phase reduced drug
partitioning in the aqueous phase, leading to higher MP
encapsulation. However, the increase in the CHL:PCL ratio will
increase the weight of the microparticles, thereby also decreasing
the DL value.

The positive coeflicient for X2 when associated with variable
1/Y4 values indicates that drug loading decreases significantly
with increasing stirring speed (p < 0.05). This phenomenon is
similar to the one previously described. This may be due to the
higher speed and longer homogenization time; more energy is
released in the process, which leads to the fast dispersion of the
polymer organic phase. As a result, the entrapment process
becomes shorter, and more drug is released into the polymer
matrix, thereby reducing the entrapment efficiency and resulting
in a reduced DL value. However, this is different from the X3
parameter. The negative coefficient for X3 when associated with
variable values indicates that drug loading increases significantly
with longer stirring time (p < 0.05). Surface graphs in two and
three dimensions clearly show how different independent factors
affect the DL% (Figure 4C). The intensity of the red hue
corresponds to an increase in the DL% with the corresponding
changes in CHL:PCL ratio, stirring speed, and stirring time.
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3.3. Optimization and Validation. Following analysis of
polynomial equations with independent and dependent
variables, additional optimization and validation were per-
formed. The optimal formula solution for CHL-loaded MPs
creation with desired properties was obtained for this purpose by
using design expert software (minimum for particle size and PDI
and maximum for EE and DL). The improved formulation had a
1:1 of CHL to PCL, a stirring speed of 500 rpm, and S min of
stirring time. The projected values of particle size (Y1),
polydispersity index (PDI) (Y2), entrapment efficiency (EE%)
(Y3), and drug loading (DL%) (Y4) at these levels were 29.697,
0.012, 42.955, and 23.283, respectively. These values had a
desirability of 0.647 (i.e., having a 64.7% chance of producing
the predicted results in terms of dependent variable). CHL—
loaded MPs were then created using the recommended ideal
values, and the projected model’s accuracy was checked. The
validity of the CCD used to generate the necessary CHL-loaded
MPs formulation was proven by the minimal variance between
theoretical predictions and actual outcomes.

3.4. Physicochemical Characterization of Optimized
MP CHL-PCL Formulation. The breadth of the size
distribution and subsequent medication penetration through
the skin are determined by both particle size and PDI. The
predicted and observed response variables of the optimal
manufacturing CHL-loaded MPs can be seen in Table 3. The

Table 3. Predicted and Observed Response Variables of the
Optimal Manufacturing CHL-Loaded MPs

Y1 Y2 Y3 Y4
predicted 28.59 0.011 42.61 21.53
observed 24.33 0.010 40.96 19.12
predicted error (%) 14.89 8.727 3.87 11.19

24.33 pum particle size of the optimized CHL-loaded MP
formulation was consistent with the expected value (28.595
um). The 0.010 PDI value obtained was also consistent with the
expected value (0.011), showing that the formulations were
monodisperse and homogeneous. Figure SD shows the
morphologies of CHL-loaded MPs as seen by SEM. SEM
scans revealed that all formulations had spherical shapes.
Regarding the other parameters, the most crucial factors
affecting MPs’ desired therapeutic action were entrapment
efficiency and drug loading. EE and DL percentages of 40.96 and
20.48%, respectively, were displayed by optimized CHL-loaded
MPs, which were close to the expected values of 42.61 (EE) and
21.53% (DL). Based on the validation findings, the results align
with the predicted value with a bias level below of 15%.

The zeta potential measurement for microparticles (MPs) was
—7.54 £+ 0.65 mV. The presence of the ionized carboxylic groups
of PCL was the cause of the negative zeta potentials observed for
MPs.** The amount of MPs adhering to the bacterial cell surface
of SA corresponds closely with the values of zeta potential
difference.”’ Tt has been previouslzr reported that the zeta
potential value of SA was —35.6 mV.*" As a result, it is possible to
infer that the higher of zeta potential difference between SA and
MPs as a straightforward and brief description of the good
adsorption mechanism in bacteria-MPs systems.

To confirm that there had been no chemical interactions
between CHL and the ingredients used to create MPs, FTIR
analysis was employed. Chloramphenicol’s characteristic infra-
red peaks show the existence of a free hydroxyl group, N—H
stretching, aromatic stretching, CH, asymmetric and symmetric

stretching, and C—O stretching.''Figure SA displays the FTIR
spectra CHL, and CHL-loaded MPs. The CHL spectrum
display had absorption peaks of 3487 OH stretching vibration,
3218 NH stretching vibration, 2978 aromatic C—H stretching
vibration, 1686 C=O0 stretching vibrations, and 1549 NO,
stretching peak. These peaks are similar to those reported in
previous investigations.”” It has been concluded there were no
chemical interactions between CHL and the components used
to generate CHL-loaded MPs, and all of the characteristic CHL
peaks were identical in the MPs, demonstrating the existence of
all key functional groups of CHL.

Figure SB displays the differential scanning calorimetry
(DSC) analysis findings for CHL and CHL-loaded MPs.
Because CHL crystals have melting temperatures around 148
°C, the data exhibited pronounced endothermic peaks.
However, with CHL-loaded MPs, this peak was not seen.
Figure SC shows the XRD diffractograms of the pure CHL and
its MP formulations. Due to the strong crystalline features of
CHL, sharp characteristics peaks of CHL were seen at 26 values
from 15 to 24. The spectra obtained are the same as the results
reported in previous studies.'' These peaks, however, were not
visible in MPs formulations, which is identical to the findings of
the DSC investigation. The total encapsulation of CHL in
amorphous or solution form in the MP polymers utilized in this
work may be the source of the lack of the CHL peak in the DSC
and XRD analyses. However, the lack of the CHL peak did not
affect the pharmacological activity of CHL, which is in
agreement with FTIR results that showed all of the characteristic
CHL peaks were identical in the MPs, demonstrating the
existence of all key functional groups of CHL.

3.5. Hemolytic Activity of CHL-Loaded MPs. Hemolytic
activity study in mammalian erythrocytes is used to assess
antimicrobials’ bacterial selectivity of toxicity. According to our
investigation, the hemolysis value for MPs was 0% through
measurements using the spectrophotometric method. It has also
seen by clearer and more translucent erythrocyte cells that have
been measured after MP therapy and compared to the positive
control (distilled water) (see Figure SE). Manufacturing CHL-
loaded MPs did not exhibit significant hemolysis (5%) in any of
the tested doses (S, 50, and 500 ppm). The results showed that
MP compositions are safe to use since hemolysis indices lower
than 5% are considered safe.”

3.6. In Vitro Release Kinetic Study of CHL-Loaded MPs.
Studies on kinetical drug release provide the information on how
long a drug substance stays in the system. The kinetical release
study of CHL and CHL-loaded MPs was conducted in both the
absence and presence of the bacteria in several media (see Figure
6). We chose PBS as the initial kinetics media for investigation
because it reflects typical skin fluid media. Regarding in CHL-
loaded MPs, the findings revealed in PBS media that 5.13 +
0.72%, was the percent CHL determined after 24 h in its media.
To evaluate drug release patterns and show that the release
profile was solely controlled by bacteria, we also looked at fluid
imitating illness (TSB) without bacteria. The findings revealed
the percentage of CHL released in TSB media was 5.34 + 1.06
after 24 h. It was discovered that both media had lower CHL
levels compared to pure chloramphenicol. This was because
there was no bacterial enzyme stimulus to lyse the poly-
caprolactone polymer, which would have allowed the medi-
cation to stay stable in the microparticle polymer matrix.
According to the statistical analysis, there was no statistically
significant difference between the release profiles of CHL-
loaded MPs and chloramphenicol when compared to PBS and
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Figure 5. (A) FTIR spectra of CHL and CHL-loaded MPs. (B) DSC thermogram of CHL and CHL-loaded MPs. (C) X-ray diffractogram of CHL and
CHL-loaded MPs. (D) SEM images of CHL-loaded MPs (the white scale bar represents a length of 100 ym in each case). (E) Determination of
hemolytic activity of CHL-loaded MPs at concentration ranges of 5 ug/mL, 50 ug/mL, and 500 pg/mL by comparing the color of the serum and

plasma with that of positive and negative controls.

TSB media (p > 0.05). This demonstrated that release in the
bacterial responsive microparticle system was unaffected by the
environment devoid of bacteria.

Regarding the in vitro release profile of CHL-loaded MPs on
TSB medium with presence of bacteria, the percentage of CHL
determined after 24 h in CHL-loaded MPs was 110.66 +
13.04%. The TSB Media that presence of bacteria demonstrated
higher drug release. This is due to bacteria culture in media
producing lipase enzymes that were used to lyse the MPs matrix
and detect chloramphenicol concentrations in the medium.*®

The statistical analysis revealed that the bacterial TSB media
with PBS and the absence of bacteria had noticeably different
release profiles. Figure 6 shows the levels of pure CHL in all test
medium reached close to 100% after 3 h of administration. The
MPs preparation in media that contained bacteria reached up to
100% after 8 h. It is suggested that microparticle production can
sustain the release of CHL, hence extending the period of
exposure to bacteria. This is a good strategy for the
administration of antibiotics.

The increased release of CHL from MPs in the presence of
bacteria is due to the fact that the presence of bacteria can
produce enzymes specifically to accelerate degraded PCL
matrix. This is supported by the fact that no drug release was
observed when the MPs were suspended in the sterile culture
media. This outcome aligned with that of Wu et al., who found

that the inclusion of an enzyme stimulate PCL degradation by a
factor of 1000 fold in comparison to degradation in an aqueous
medium alone.*” The suggested technique has the potential for
selective delivery at infection sites, as seen by the significant
difference in CHL release depending on the presence and
absence of the bacterium. These findings therefore show that
loading CHL into a flexible MPs system can prevent release at
nonspecific locations.

To explain the CHL release profile of CHL-loaded MPs, we
subsequently fitted the results from the in vitro release
investigations on bacterial growth medium to five mathematical
models. Table 4 displays the findings of the CHL-loaded MPs
and CHL release kinetics investigation.

According to in vitro release tests, CHL-loaded MPs and pure
chloramphenicol matched the kinetic models proposed by zero
order (ZO). The prospective use of ZO drug delivery systems
may make it possible to accurately control release kinetics and
extend therapeutic drug concentration windows. As a result,
these systems can increase therapeutic effectiveness, reduce
adverse effects, and decrease administration frequency, all of
which can lead to improved patient compliance and disease
management.*® This approach has been chosen to characterize
drug removal from the polymeric model dependent on polymer
response with stimulus bacteria and dispersion of MPs drugs.
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Figure 6. In vitro release profile of CHL-loaded MPs and CHL in several media (mean + SD, n = 3).

Table 4. Representative Kinetic Model of Drug Release MP-
CHL

kinetic model

Zero first Korsmeyer— Hixson—

formulation order order Higuchi Peppas Crowell
CHL 0.9851 0.8334 0.8167 0.9391 0.9226
CHL-loaded 0.9902 0.6800 0.7658 0.9132 0.7716

MPs

3.7. In Vitro Antibacterial Assays. 3.7.1. MIC and MBC.
Furthermore, investigation was conducted into the antibacterial
activity of formulations containing free CHL and CHL-loaded
MPs. Table S describes the comparisons of MIC and MBC

Table S. MIC of Free CHL and CHL-Loaded MPs

concentration (ppm)

antimicrobial
properties 200 100 S0 25 12.5 625 3.125

CHL = =) | ) =) @)
CHL-loaded MPs (=) (=) (= -) (=) (+) (+)

values between the CHL solution and their MP formulations.
The MIC value for CHL-loaded MPs against SA ATCC 25923
was 12.5 pg/mL, which same that of free CHL (12.5 pug/mL);
see Table 4. The MBC value of CHL-loaded MPs (25 ug/mL)
was equal to the MBC of free CHL (25 pg/mL).

Based on the findings, CHL and CHL-loaded MPs may be
classified as an intermediate category for the inhibition of SA
strains. According to the clinical and laboratory standards
institute criteria, MIC < 8 ig/mL was considered susceptible, <
16 ug/mL was considered intermediate, and >32 pg/mL was
considered resistant.*’

All MBC values in this investigation were greater than MIC
values, demonstrating that higher CHL concentrations were

necessary to inhibit the bacterial cultures. When comparing the
ratio of MBC to MIC, it was discovered that this ratio was always
4. Bacteriostatic is indicated by a ratio of less than 4 and
bactericidal by a ratio of 4.°° As a result, our research suggested
that CHL and CHL-loaded MPs both have bactericidal
properties.

3.8. In Vivo Investigation on a Drosophila Larval
Infection Model. The evaluation of antimicrobial activity of
CHL-loaded MPs against SA ATCC 25923 was carried out
using Drosophila larvae as the infection model. Drosophila
larvae have recently been used in the infection experiment to
demonstrate the virulence of three clinical strains of SA.>* From
previous research, it is evident that the larval model of infection
is easy-to-use and can serve as a suitable host for SA infection
and thus is beneficial for use as a rapid in vivo screening platform.
In our investigation, we employed the immunodeficient line. Psh
and ModSP, a mutant line lacking two important components in
the Toll pathway. The absence of these components thus
prevents the production of AMPs, which is necessary for the
activation of humoral innate immunity in response to SA
infection in Drosophila.”">* This results in a condition that
resembles immunodeficiency, facilitating the easy preparation of
an infection model. Such mutant flies have been demonstrated
to succumb to pathogens faster than their wild-type counter-
parts.””** Through this model of infection, we can rule out the
role of Toll-mediated innate immunity responses in Drosophila
that play a major role in SA infection, thereby confirming the
antibacterial effect of the drug candidates.

For the preliminary investigation, we tested dyed micro-
particles to examine if the microparticles created could be
delivered orally to a Drosophila larval model (see Figure 7D). If
the MPs entered orally, they were visible on the larvae abdomen.
Based on the findings, the MPs were successfully visible on the
larva abdomen under a microscope after concomitant oral
administration.
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Figure 7. (A) Time kill assay of CHL and CHL-loaded MPs against SA (means # SD, n = 3). (B) Anti-infection activity in 96 well microtiter plate of
CHL and CHL-loaded MPs against SA (means + SD, n = 3). (C) Survival of psh[1];;modSP[KO] Drosophila melanogaster larvae upon 30 min of oral
infection with SA in terms of pupae and adult flies’ parameters. (D) Trial study to observe coloring microparticles after concomitant oral administration

in a Drosophila larva model.

Infection parameters were assessed by counting the number of
pupae that have successfully formed, and how many pupae
succeeded in becoming adult flies. If the infected larvae grow to
form pupae, there are two chances that a pupa will not develop
into an adult fly, according to our hypothesis. The first
possibility is that an increase bacterial infection burden causes
larvae to die during the pupa stage. Another possibility is that the
infection causes the energy generated to focus on infection
recovery, leaving insufficient energy for the pupa to become an
adult fly. Based on Figure 7C, infected larvae without treatment
showed larval death; only a few survived to become pupae and
adult flies. According to several studies, the increased mortality
rate of the dying host has been connected to bacterial load,>”
since giving CHL-loaded MPs, which was mixed on fly food,
increased the survival rate of infected Drosophila larva. Because
this finding is not significantly different than in healthy controls
(p > 0.05), it is tempting to assume that this phenotype was

caused by the prevention of the bacterial growth in vivo model.
According to these results, there are two possible steps of the MP
system that could accelerate the killing of bacteria, thereby
preventing larvae death. The MPs were initially linked to the
infection by the outer layer of PCL. After that, the presence of
the bacterial strains lipase destroyed PCL layers, causing the
release of CHL from MPs, which then killed the bacteria. This
supports earlier researchers’ findings that Toll immunodeficient
flies were more susceptible to bacterial infection. Additionally,
similar outcomes were seen in psh[1];;modSP[KO] mutant flies
that lacked cellular innate immunity and have a lower survival
rate than healthy controls.’> This mutant fly might survive
longer in the presence of CHL-loaded MPs because it lacks the
cellular innate immunity that is known to defend against SA.
These findings revealed that the antibacterial activity of CHL-
loaded MPs against SA was not based on activation of cellular
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Figure 8. (A) Images taken under a light microscope of the MP-containing MN formulations. (B) Morphology of a dissolving microneedle containing
CHL-loaded MPs after skin administration. (C) The percentage height reduction of needles on the arrays formulated containing free CHL and CHL-
loaded MPs compared to blank MN arrays (means + SD, n = 3). (D) Percentage of holes created in Parafilm layers, using an insertion force of 32N/
array for MN formulations containing CHL-loaded MPs (means + SD, n = 3).

immunological responses, but rather by direct interactions
between chemicals present in the MPs and bacteria.

3.9. Fabrication of Two-Layered MNs. CHL is ineffective
for the topical treatment of skin infections due to its
hydrophobic chemical components, which limits effective
cutaneous penetration. Barriers to effective penetration include
thicker skin and the formation of biofilms that inhibit drug
penetration to the site of infection. Therefore, the CHL-loaded
MPs in this investigation were further formed into MN arrays to
enhance the penetration of the antibacterial agents and can
responsively disrupt contact with the bacterial infection site. The
dissolving MNs were created by combining PVA and PVP, two
water-soluble polymers. In our earlier research, dissolving MNs
with adequate mechanical characteristics could not be created
using a single polymer.”*”* In contrast, the C=0 groups of PVP
and the —OH groups of PVA interact to create a hydrogen bond,
increasing the mechanical strength of MNs.”’Figure 8A
illustrates the morphologies of MNs seen under a light
microscope, demonstrating that all DMN formulations created
sharp needles. In this investigation, two-layered MN formula-

tions with various polymer concentrations were created to find
the best mechanical properties.

3.10. Evaluation of Mechanical and Insertion Proper-
ties of Dissolving MNs. The mechanical toughness of the MN
arrays was assessed to ensure that MN arrays were strong
enough to resist compression. The ability of MNs to be inserted
into the skin is important since the needle must be able to break
through the stratum corneum in order to deliver the substance
drug into the normal skin layers.> In this study, we measured
how much the MN needle height was reduced following 32 N/
MN array, which is equivalent to the pressure of compression by
a human hand. A calculation was made to determine the
mechanical strength. The mechanical characteristics of each
formulation are shown in Figure 8C as a percentage reduction in
MNs and a comparison of the height of the needle before
pressure force was applied. For MNs-F1, MNs-F2, MNs-F3,
MNs-F4, and MNs-FS, the decreases in MN height were
determined to be 14.82 + 1.55%, 4.56 + 2.66%, 4.96 + 2.66%,
10.73 + 1.17%, and 11.97 + 0.89%, respectively. As a result, the
mechanical characteristics of the dissolving MN arrays were
unaffected by the formulation of CHL-loaded MPs. Despite the
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Table 6. Particle Size, PDI, Zeta Potential, EE, and DL of Formulations of CHL-Loaded MPs in MN Formulation (mean + SD, n

=3)
characteristics day 0 day 3 day 7 day 10
particle size (um) 2543 +1.32 24.65 + 1.54 25.65 + 1.31 25.87 + 1.45
PDI 0.054 + 0.003 0.043 + 0.004 0.051 £ 0.005 0.049 + 0.004
zeta potential (mV) —7.19 + 0.44 —7.09 £+ 0.36 —7.11 £ 0.52 —7.05 + 0.43
EE (%) 39.69 +2.76 39.54 + 2.65 38.56 + 3.01 38.44 + 2.41
DL (%) 18.43 + 1.34 18.31 + 1.17 18.16 + 1.37 18.14 £ 1.29
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Figure 9. (a) Ex vivo concentrations and time profiles of CHL following the application of DMN-MPs, DMN-CHL, cream-MPs, and cream-CHL in
noninfected rat skin, as well as (b) ex vivo infection models formed by SA (means + SD, n = 3).

Table 7. List of the Dermatokinetic Characteristics of Chloramphenicol in Uninfected Rat Skin As Well As Ex Infection Models
Created by SA after the Administration of DMN-MPs, DMN-CHL, Cream-MPs, and Cream-CHL (means SD, n = 3)

condition formulation  C,, (ug/cm®) Tonax () T, 5(h) AUC 0-t (ug/cm®h)  AUC 0-inf_obs (ug/cm® h) MRT (h)

normal skin DMN-MPs 0.58 + 0.11 6.33 + 1.15 12.30 + 8.87 6.33 +1.20 10.09 + 5.40 21.06 + 14.16
DMN-CHL 36.27 + 1.01 2.00 + 0.00 4.89 + 1.35 97.81 +2.62 99.41 + 3.44 3.87 +£0.76
cream-MPs 0.12 + 0.07 24.00 £ 0.00 N/A 1.41 +0.83 N/A N/A
cream-CHL 2.08 + 0.47 5.00 + 0.00 7.02 +2.14 7.99 + 1.50 9.59 + 1.62 13.06 + 491

infected skin By SA DMN-MPs 3573 +£1.43 6.00 + 0.00 19.79 + 6.03 375.38 £ 9.57 737.55 + 160.00 31.67 + 8.62
DMN-CHL 35.86 + 1.63 2.00 + 0.00 5.76 + 3.46 92.95 +1.93 94.06 + 2.48 3.48 +0.33
cream-MPs 2.67 +0.29 6.00 + 0.00 6.39 £ 2.05 9.58 + 1.24 10.52 + 1.77 9.81 + 1.94
cream-CHL  2.19 + 0.46 5.00 + 0.00 6.39 + 2.67 8.68 +2.98 9.64 + 3.43 10.03 + 2.44

fact that F4 and FS had larger percentages of height losses than
F2 and F3, several studies have indicated that DMN
formulations with a height decrease percentage of about 25%
were acceptable.*®

Eight layers of Parafilm were used as a skin stimulant for the
insertion qualities force. This model has been certified to mimic
human skin for MN insertion investigations.””> The study’s
results are shown in Figure 8D. The formulation of the MN
regarding different polymer concentrations (PVA and PVP), as
mentioned previously, had no effect on any of the MNs’
insertion qualities (p > 0.05), similar to how it had no effect on
the mechanical properties. Four layers of Parafilm were able to
be penetrated by the MN arrays. The typical thickness of each
layer of Parafilm is 126 ym. Thus, DMNs were placed up to a
height of 378 um. F1, F4, and FS produced holes in the third
layer that were responsible for 34.66 + 5.85%, 57.66 + 6.11%,
and 49.66 + 8.02%, respectively, of the total holes. F2 and F3
produced holes in four layers and were respectively responsible
for 75.33 4+ 12.01% and 26.66 + 5.13%, of the total holes. As a
result, F2 was chosen for further testing since it had a good
penetration layer and holes created compared to other formulas.

To estimate how long it would take for the needles to dissolve
in the skin after administration, we examined dissolution
experiments of MN formulations incorporating drug-loaded

MPs. According to Figure 8B, breakdown of MNs while in the
skin occurred after 15 min, with needle disintegration and a drop
in height being apparent after S min. This showed that the
formulation met acceptable criteria for MN formulations.

3.11. Calculation of Drug Content Localized to the
Needles. Upon drying the MN arrays, it was found that each
one contained 70.58 pg of CHL, with a percent recovery of
98.09 + 1.82%. The dose of CHL in one MN array in the
succeeding trials was thus reflected by these medication
quantities.

3.12. Stability Test of MP-CHL Loaded into Dissolving
Microneedle. The capacity of the formulations to preserve the
MPs’ stability, especially their sizes, PDIs, entrapment efliciency,
drugloading, and zeta potentials, is one of the essential criteria in
the formulation of MPs into dissolving MNs. Table 6 shows the
MP characteristics in the MN's formulations. These results imply
that the particle size, EE%, DL%, and zeta potential of CHL-
loaded MPs were not significantly (p > 0.05) affected by the
inclusion of MPs into MNs arrays. Regarding the PDI value, it
increased after being added to MNs but still produced a PDIs
below 0.0, indicating that the formulations are still homoge-
neous and monodisperse.

3.13. Ex Vivo Dermatokinetic Studies. The main goal in
this investigation was to determine the dermatokinetical profile
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Figure 10. (A) Bacterial viability (log CFU/mL) on in ex vivo infection models formed by SA following the application of dissolving MNs-CHL, MNs-
MPs, cream-CHL, and cream-MPs (means = SD, 1 = 3). (B) Images of culture plates showing the ex vivo removal of SA infection from wounds on rat

skin at interval times of 0 (above) and 24 h (below).

of CHL-loaded MPs in skin layers, where SA colonizes, infects,
and produces wound skin infection. In order to do this, a
dermatokinetic analysis was created and carried out to examine
the CHL release kinetics from MPs following MN application.
This study employed normal skin and infected model on rat skin
tissue to prove that the presence of a bacterial infection is the
only impact on the release of chloramphenicol in the skin, and
chloramphenicol secreted by MPs was assessed. This was done
in order to determine how much CHL was retained in the skin
by vortexing the skin samples with water at each interval. Our
findings demonstrated that this method would extract only CHL
produced by MPs because no CHL was discovered in the MP
dispersion’s supernatant after sample vortexing.

The dermatokinetic profile of our method in this investigation
was compared to MNs containing CHL-loaded MPs (MNs-
CHL MPs) and without MPs formulation (MNs-CHL). To
compare their effectiveness with the previously stated methods,
we also evaluated the dermatokinetic properties of a conven-
tional cream containing CHL (cream-CHL) and cream
containing CHL-loaded MPs (cream-CHL MPs). Figure 9a, b
shows the concentration of CHL released with another
approach delivery system in the skin vs application time
following its application. The dermatokinetic parameters of
CHLs, including C, .y Thaw T1/2 AUC, and MRT, were also
calculated as shown in Table 7. This result demonstrated, in the
absence of bacterial growth in normal skin, MNs-CHL MPs
produced CHL concentrations significantly lower than MNs-
CHL (p < 0.05). This phenomenon also occurs in the
application system for conventional cream preparations. Due
to the justifications given for the C,,, results, the T, values of
CHL from MNs-CHL MPs was also discovered to be
significantly lower (p < 0.05) than those from the other
formulations in normal skin. This suggested that the nonspecific
release (normal skin test) of CHL may be prevented by

incorporating CHL into MPs. The level of C,, of CHL in
conventional cream preparations was significantly lower than in
MN preparations (p < 0.05). This was due to the hydrophobic
chemical components of CHL and CHL-loaded MPs, which
limit effective cutaneous penetration. This is a proof of concept
that the application of the MN system can increase the
concentration drug penetration for dermal drug administration.

Regarding ex vivo infection models using SA, the release of
chloramphenicol from MNs-MPs was significantly enhanced (p
< 0.05) compared to that from MNs-CHL. According to the
findings of this study, CHL encapsulation in the PCL matrix may
boost CHL concentration through two separate methods. The
MPs’ initial adhesion to the colony infection was made easier by
the PCL outer layer. After that, the environment was exposed to
bacterial strains whose lipase broke down PCL layers, releasing
CHL from MPs.

Regarding AUC, it was discovered that the AUC values of
CHL from MNs-MPs in ex vivo infection models were
considerably greater (p > 0.05) than those of other formulations,
demonstrating the improved ex vivo skin bioavailability of our
strategy. To assess retention duration in the skin, we examined
the MRT parameter, which shows how long drug molecules stay
in skin tissue. It was discovered that the MRT values of CHL
from DMN-MPs were significantly higher (p < 0.05) than those
of MNs-CHL, cream-MPs, and cream-CHL, demonstrating a
longer retention period in the skin. Because of the enhanced
MRT, a shorter application period for CHL in the treatment of
skin infections may be feasible. As a result, it could influence
patients to adopt this approach. Our results suggest that
chloramphenicol may be effectively transferred into an ex vivo
infection model via a combination of responsive MPs and MNs.

3.14. Anti-infection Activity in Ex Vivo Model of
Infection on Rat Skin. The reduction of bacterial bioburdens
in ex vivo infection models made of SA was examined by
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measuring the viable cell counts to evaluate the effectiveness of
this strategy. In an ex vivo rat skin wound model, postinfection
CFU counts revealed a significant decrease in microbial load in
all various treated wounds compared to untreated wounds.
Figure 10A, B displays the study’s findings. Regarding
conventional cream preparations, only around 90.77 + 6.46%
of the bacterial bioburden was reduced after 24 h, while when
MPs-CHL was made into cream, it resulted in a 58.88 + 8.38%
decrease in bacterial bioburden, resulting in the lowest anti-
infection performance in ex vivo infection models

Regarding DMN preparation, CHLs were applied to both
bacterial ex vivo infection models, and the results showed a 96.38
+ 1.27% decrease in bacterial bioburden after 24 h of treatment.
DMNSs containing MPs-CHL showed a 99.99 + 0.01% decrease.
Although the C,, of MN-free CHL was greater than the MBC
of CHL to bacterial strain, the retention period of CHL after
application was less than the time required by CHL to totally kill
the bacteria. Consequently, only around 96.38% of the bacterial
loads of the strain decreased after the administration of MN-free
CHL. This suggested that DMNs could enhance the
effectiveness of CHL as anti-infection agents. A number of
studies have demonstrated that adding antibacterial drugs to
MNs increased their antibacterial activity.”””*>>% Essentially,
the adoption of this strategy was able to completely remove the
SA since DMN-MPs had the optimum ex vivo skin bioavailability
in the dermatokinetic testing. Consequently, there were two key
advantages of administering CHL that were loaded with PCL-
MPs and delivered via DMNSs.

The dermatokinetic profiles in this investigation show that
manufacturing CHL into MPs could be improved and
controlled using this method as opposed to conventional
cream formulation. This method may increase the effectiveness
of CHL in ex vivo infection models in rat skin generated by SA.

The study’s hypothesis that responsive MPs containing CHL
may be successfully delivered into the skin via dissolving MNs
and can then demonstrate their antibacterial action at the site of
infection has been supported by the study’s encouraging
preliminary findings. The ability for site-selective delivery and
long retention time in the area of infection in the skin, which may
potentially increase the efficacy of antibacterial therapy for burns
and chronic wounds, are the key advantages of the selective
delivery system we have developed here compared to conven-
tional cream dosage form. DMNs might therefore be employed
to deliver antimicrobial drugs topically to wounds, and their
combination with certain MPs could be a feasible substitute for
existing antimicrobial treatment strategies.

4. CONCLUSION

To improve the antibacterial capability of CHL, specifically for
the treatment of cellulitis, this study explored the novel
combination strategy of bacterially sensitive MPs with dissolving
MN arrays. The MPs had a diameter of about 24.33 ym and were
spherical in form. Additionally, the presence of bacterial cultures
had a significant impact on the release of CHL from the MPs,
demonstrating the effectiveness of this approach for targeted
delivery. The evaluation of the antibacterial activity of MPs in
vitro and in vivo on the mutant Drosophila larval infection model
was carried out. This result demonstrates antibacterial proper-
ties of CHL; after being made into a bacterial responsive
microparticle system, its efficacy did not decrease. It is significant
that adding these MPs to MN arrays made from PVP and PVA
combined with these MPs gave rise to MNs with adequate
mechanical characteristics and insertion capabilities. In infection

tissue models in full-thickness rat skin, dermatokinetic experi-
ments showed that the MNs improved the ability of MPs to
penetrate bacteria when compared to a needle-free patch.
Finally, the combined method of microparticle responsive
bacteria with dissolving MNs demonstrated a proof of principle
for successful anti-infection action in ex vivo infection models, as
evidenced by a reduction of bacterial bioburden up to 99.99%.
However, more thorough research is required, including toxicity
tests and in vivo pharmacodynamic research using appropriate
animal infection models. Acceptance and usability studies
should be carried out to confirm the work’s full potential before
integrating this delivery method into clinical practice and patient
treatment.
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