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The treatment of infected chronic wounds has been hampered by development of bacterial biofilms and the low
penetration of antibacterial compounds delivered by conventional dosage forms. Numerous bacterial biofilm
formers have shown resistance to synthetic antibacterial agents. In this study, we explore the potential of silver

E{zgﬁi nanoparticles (NPs) synthesized using green tea extract as antibiofilm agents against Staphylococcus aureus (SA)
Microneedles and Pseudomonas aeruginosa (PA) biofilms. Due to the toxicity of silver NPs, for the first time, silver NPs were

incorporated into bacteria-responsive microparticles (MPs) prepared from poly (€-caprolactone) decorated with
chitosan. The in vitro release of silver NPs from MPs increased up to 9-times in the presence of SA and PA,
showing the selectivity of this approach. Incorporation of the MPs into dissolving microneedles (DMNs) could
enhance the dermatokinetic profiles of silver NPs compared to DMNs containing silver NPs without MP for-
mulations and conventional cream formulations. Furthermore, 100% of bacterial bioburdens were eradicated on
ex vivo biofilm model in rat skin following 60 h of the administration of this system. The findings revealed here
confirmed the feasibility of the loading of silver NPs into responsive MPs for improved antibiofilm activities
when delivered using DMNs. Following on from these promising results, toxicity and in vivo pharmacodynamic
studies should now be carried out in an appropriate model.

Staphylococcus aureus
Pseudomonas aeruginosa

1. Introduction

The management of burns and chronic wounds is hampered by
several clinical complications, resulting in difficulty in healing and the
requirement of prolonged therapy [1-3]. In an attempt to overcome this
health issue, about $50 billion have been spent annually on chronic
wounds therapy [4]. Surgical debridement, including removal of
necrotic and infected tissue has become the main option for the wound
managements. Antimicrobial agents systemically and/or topically have
also been utilized for wound treatment. However, prolonged use of
antimicrobial agents could potentially lead to undesired systemic
adverse effects [5,6]. Moreover, more than 80% of chronic wounds in

humans involve bacterial biofilm formation [7]. Although it has been
reported that biofilms are able to be formed by several bacteria, the most
commonly bacteria found are Staphylococcus aureus (SA) and Pseudo-
monas aeruginosa (PA) [8,9].

Bacterial biofilms are formed by immobile bacteria surrounded in-
side a protective environment, consisting of polysaccharides, nucleic
acids, extracellular DNA, proteins, and lipids, therefore established a
compact structure of hydrated extracellular polymeric substances (EPS).
The presence of EPS in a biofilm limits the penetration of antimicrobial
therapeutics into biofilms. Accordingly, the wound treatment using
conventional antibiotic is frequently ineffective [10,11]. Biofilms are,
therefore, a significant obstacle to wound healing [7]. To sterilize the
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wound, existing process of biofilm removal employs bleach or other
erosive agents [12], causing poor compliance of patients and excessive
health care management [13]. As previously stated, surgical debride-
ment of infected wounds is able to remove biofilm formed in the wound.
However, 2 days after removal, the biofilms are found to be formed
again [14]. To overcome this, long-term antibiotic use has been
employed. Unfortunately, this can lead to development of antibiotic-
resistant bacteria [15]. As a result, a new drug delivery system which
is potentially able to disturb and destroy the bacteria forming biofilms is
required as an alternative management strategy for treatment of chronic
wound.

Metal nanoparticles (NPs), particularly silver NPs, have shown
excellent antibacterial and antibiofilm activities against several bacte-
rial pathogens, including SA and PA [16,17]. There are numerous
studies on the green synthesis and antimicrobial activity of silver NPs
[18,19]. Several methods have been developed to prepare silver NPs.
Among them, the application of a natural compound from plant extracts
as a reducing agent for silver NPs has been preferred because it is eco-
friendly, simple, fast and cheap [20,21]. Green tea (Camellia sinensis)
is a natural product that has been reported to possess high content of
polyphenolic compounds. Importantly, it has been extensively used in
silver NPs synthesis [22]. Generally, green tea contains
epigallocatechin-3-gallate (EGCG), epigallocatechin, epicatechin-3-
gallate and epicatechin [23], which have capacity as reducing and
capping compounds in silver NPs synthesis [23]. Despite the effective-
ness of silver NPs, it has been reported that silver NPs could potentially
result in toxicity to human cells [24,25]. Therefore, it is required to
develop a selective drug delivery system which can avoid the exposure
of silver NPs to non-desired site.

Our previous study has shown that incorporation of doxycycline into
poly (€-caprolactone) (PCL) NPs decorated with chitosan has success-
fully delivered doxycycline into infection sites without being degraded
in normal tissue in ex vivo studies [26]. Lipolytic esterase produced by
SA and PA has been found to initiate the biocatalytic hydrolysis of poly
(E-caprolactone) (PCL) in nanogel formulations [27]. Moreover, while
the surface of chitosan NPs are positive, the biofilm EPS and bacterial
cell walls possess negative charges. Therefore, chitosan is likely to
demonstrate a high attraction to infected sites [28]. Considering these
characteristics, these polymers can be used as appropriate materials to
specifically deliver antimicrobial compounds to the infected tissues
only. Therefore, this approach could potentially avoid the exposure to
healthy tissues, resulting in a safe therapy approach. Moreover, to
further localize the particles in the skin, microparticles (MPs) have been
considered to show higher drug retentions compared to NPs [29].
Accordingly, the formulation of silver NPs into PCL MPs decorated with
chitosan could potentially improve the effectiveness of biofilm targeting
in skin wound infections.

It must be considered that to deliver the antimicrobial agents to the
infected area, the dense physical obstacle presented by biofilms, must be
overcome. Antimicrobial agents administered systemically are not able
to effectively reach the infected areas [30]. In addition to the presence of
biofilms, in infected wounds, the necrotic tissue covering the wound bed
is another issue to consider in the treatment process [31]. Antimicrobial
agents delivered from conventional topical dosage forms, including
dressings, creams and gels, have been found to display poor penetration
due to this obstruction, leading to low concentrations of the antimi-
crobial agents in the infected area [32,33]. Although it has been re-
ported that silver NPs can penetrate both damaged or intact human skin
[23], the incorporation into MPs could potentially decrease the skin
penetration ability. Accordingly, a suitable device which can improve
the penetrability of silver nanoparticles-loaded microparticles through
the biofilm and the necrotic tissue is necessary, as this would circumvent
the requirement of the removal of necrotic tissue. Dissolving micro-
needles (DMNs) can by-pass the major skin barrier [34], and, is able to
penetrate the necrotic tissue and biofilms in the infected skins [26,31].
Importantly, a localized, painless, rapid delivery and patient-compliant

Materials Science & Engineering C 120 (2021) 111786

are the significant advantages of DMNs administration [35]. DMNs are
made from biocompatible and biodegradable polymers, they are self-
dissolvable and their utilization does not generate any biohazardous
sharps waste [36]. Bearing in mind the potential benefits of this
approach, the incorporation of MPs laden with silver NPs into DMNs
could potentially increase the amount of silver NPs penetrating the
biofilm and necrotic tissue of infected skin and, therefore, could hypo-
thetically improve the management of burns and chronic wounds.

Herein, we present, for the first time, the development of MPs
decorated with chitosan laden with silver NPs produced from green tea
extract, incorporated into DMNs as an innovative delivery system for
prospective enhanced management of chronic wounds with the presence
of bacterial biofilms. Silver NPs were evaluated for their size, zeta po-
tential, polydispersity index, UV spectra, shape, FTIR, XRD, antibacte-
rial activities and antibiofilm activities against SA and PA. Furthermore,
in the MPs formulation, PCL was selected as the responsive polymer
matrix, and decorated with chitosan to create positively charged MPs.
Importantly, the release profiles of silver NPs from MPs were determined
with and without the presence of SA and PA. The MPs were further
incorporated into DMNs, which were characterized for their mechanical
and insertion properties. Ex vivo dermatokinetic profiles of silver NPs
were investigated in normal porcine skin and in an ex vivo biofilm model
in excised rat skin. Finally, to assess the potential efficacy of this inno-
vative approach, the capability to penetrate and eradicate the bacterial
biofilms were carried out in ex vivo skin biofilm model.

2. Materials and methods
2.1. Materials

Silver nitrate (AgNO3) was purchased from Merck KGaA (Darmstadt,
Germany). Dichloromethane (DCM), poly (vinyl alcohol) (PVA) (9-10
kDa), poly (E-caprolactone) (PCL) (45 kDa) and chitosan were obtained
from Sigma-Aldrich (Dorset, UK). Poly(vinylpyrrolidone) PVP (58 kDa)
was provided by Ashland (Kidderminster, UK). All other reagents were
of analytical grade and purchased from standard commercial suppliers.

2.2. Synthesis silver NPs using green tea extract

Silver NPs were synthesized through biological reduction of AgNO3
using green tea extract [23]. Green tea extract was obtained from our
previous study [37]. Briefly, coarse powder of green tea was extracted
with water (1:10 ratio of green tea:water) using a high-pressured
extraction (PT. IFI, Makassar, Indonesia) with a pressure of 700 Bar.
The resultant water extract was then lyophilized using a freeze drier
(Lyovac GT2, GEA, Diisseldorf, Germany) to obtain the dried extracts.

Initially, the stock solution of tea extract was prepared at the con-
centration of 1% w/v in distilled water and 0.1 mM of AgNO3 was
prepared in distilled water. To prepare silver NPs, AgNOs solution was
added to green tea extract solution and the mixture was stirred at 200
rpm at 25 °C. The proportions of AgNOs3 solution and green tea extract
solution were varied at 1:1, 1:2, 1:4 and 1:8 to synthesize of silver NPs.
Furthermore, in order to optimize the synthesis duration, different re-
action times were evaluated as follows: 0.5h, 1 h,2h,3h,4h,5hand 6
h. Silver NPs were collected by centrifugation for 60 min at 14,000 rpm.
The precipitated NPs were washed three times with distilled water. To
produce the uniform dispersion for the further studies, after final
centrifugation, 1 mL of distilled water was added to each 0.5 g of
precipitated silver NPs.

2.3. Characterization of silver NPs

The formation of silver NPs was observed by using UV-vis spectro-
photometer (Model UV-2500, Shimadzu Co., Ltd., Tokyo, Japan). The
scanning was performed between 200 and 800 nm. Additionally, the
absorbance of silver NPs at 410 nm was determined to further
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investigate the successful formation of silver NPs.

The diameter, polydispersity index (PDI) and zeta potential of silver
NPs were determined using the Zetasizer Nano ZS (Malvern Instruments
Co, UK). The determinations were carried at 25 °C using a fixed angle of
173°. To visualize the morphology of silver NPs, scanning electron mi-
croscope (SEM) (JEM-1400Plus; JEOL, Tokyo, Japan) was used.

A Fourier transform infrared (FTIR) spectrometer (Accutrac FT/IR-
4100™™ Series, Perkin Elmer, USA) was used to investigate the functional
groups involved in the synthesis of silver NPs. Additionally, X-ray
powder diffraction of silver NPs was observed using an X-ray diffrac-
tometer (Rigaku Corporation, Kent, England).

2.4. In vitro antibacterial activities

2.4.1. Culture of bacterial strains

Staphylococcus aureus (ATCC® 25923) (SA) and Pseudomonas aeru-
ginosa (ATCC® 9027) (PA) were used in this study and were obtained
from Thermo Fisher Scientific, Waltham, MA, USA. The bacterial cul-
tures were preserved at 4 °C and sub-cultured on fresh media at routine
interval times. Before every antibacterial experiment, the bacterial
cultures were grown in tryptic soy broth (TSB) 37 °C overnight. After
cultivation, the bacterial suspensions were centrifuged at 3000 rpm for
25 min to obtain the pellet. The pellet obtained was suspended in fresh
TSB and optical density of bacterial suspension was set at 550 nm to
attain an equal to 1.5 x 10 CFU/mL.

2.4.2. Determination of minimum inhibitory concentration and minimum
bactericidal concentration

The protocol of the Clinical and Laboratory Standards Institute was
applied to determine the minimal inhibitory concentrations (MIC) and
minimal bactericidal concentrations (MBC) of silver NPs [38]. This
study was carried out using a microtiter broth dilution technique in 96-
well bottom-plate. Initially, 100 pL of silver NPs with different con-
centrations were mixed with 100 pL bacteria suspension (1.5 x 10°
CFU/mL) in a 96-well plate in their respective medium to achieve in 2 x
10° CFU/mL of bacteria. The mixtures were incubated for 24 h at 37 °C.
For MIC determination, each plate was observed, and the MIC was
expressed as the lowest concentration of silver NPs showing no visible
growth of the bacterial. To determine MBC, 10 pL from wells containing
silver NPs with the concentrations at MIC values and all concentrations
above the MIC values were cultivated to TSA plates and were incubated
at 37 °C for 24 h. The number of bacterial colonies growing was totaled.
Finally, the MBC was expressed as the smallest silver NPs concentration
that eradicated 99.9% of the bacterial growth.

2.4.3. Time kill assay

Time-killing kinetics of silver NPs against SA and PA were investi-
gated according to the technique published previously [26,39,40].
Briefly, the bacterial suspensions were mixed with different concentra-
tions of silver NPs corresponding to MIC, 2 x MICs and 4 x MICs to
achieve 2 x 10° CFU/mL of bacteria. These mixtures were incubated at
37 °C. At predefined time intervals, aliquots of 20 pL from the cultures
were taken and cultivated aseptically to TSA plates media. The TSA
plates were further incubated for 24h at 37 °C and the number of bac-
terial colonies growing were counted, expressed as colony forming unit
(CFU/mL). Finally, a curve of the log CFU/mL versus time-kill was
constructed.

2.5. In vitro antibiofilm activities

2.5.1. 96-well microtiter plate (MTP) biofilm study

The crystal violet method was applied to investigate the in vitro
antibiofilm activity of silver NPs against biofilm-grown SA and PA [41].
Initially, the bacterial cultures were grown in TSB enriched with NaCl
(3% w/v) and glucose (0.5% w/v) (TSB-NG) and were diluted to attain 2
x 10° CFU/mL of bacteria. To create preformed biofilms, 200 uL of the
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Table 1
Formula of silver NPs-loaded MPs.
MP1 MP2 MP3 MP4 MP5
PCL (g/5 ml DCM) 0.75 1 1.25 1.5 1.75
Silver NPs dispersion (mL) 1 1 1 1 1
Chitosan (g/5 mL) 1 1 1 1 1
PVP 2% (mL) 10 10 10 10 10

bacterial suspensions were incubated at 37 °C for 24 h in a 96-well plate.
Subsequently, the liquid media containing non-adherent cells was
removed from the wells. The wells were cautiously washed with sterile
PBS three times in order to detach any non-adherent bacteria and the
biofilms were observed to be attached in the wells. Aliquots of 200 pL of
silver NPs with the concentrations corresponding to MIC, 2 x MICs and
4 x MICs of silver NPs were then added to the preformed biofilms. TSB-
NG was added as control and the microplates were incubated at 37 °C for
24 h. Afterwards, the non-adherent bacterial cells were detached from
the wells. The remaining biofilms in the wells were washed with 200 pL
of sterile PBS three times. The microplates were left for 1 h at 25 °C to
dry. Following this, 200 pL of crystal violet (1% w/v) was added to stain
the persisted biofilms in the wells. The plates were incubated at room
temperature for 15 min. The wells were rinsed with sterile distilled
water three times to remove free crystal violet. To dissolve the crystal
violets absorbed by bacterial cells, 200 pL of ethanol was added into
each well. The absorbance of ethanol solutions containing absorbed
crystal violet, presenting the amount of biofilm, was measured at 595
nm using UV-vis spectrophotometer. Finally, to calculate the killing
percentage of silver NPs, Eq. (1) was used.

Absmmml - Absrxpm‘imemal
Abscamml

Killing percentage = x 100% (@9)]

2.5.2. Colony biofilm model (CBM)

The antibiofilm activities of silver NPs were also studied in the CBM
[2], with minor changes. Initially, sterile 10 mm poly(carbonate) discs
were located on the TSA media plates in Petri dishes and 50 pL of the
diluted bacterial with colony counted of 2 x 10° CFU/mL were added
onto the discs. To allow the formation of biofilm, the dishes were
incubated at 37 °C for 72 h. Every 4 days, the discs were placed to fresh
TSA plates. Following this, 100 pL of silver NPs with the concentrations
equivalent to MIC, 2 x MICs and 4 x MICs were added into the biofilm
formed on the surface of the discs. The Petri dishes were further placed
in an incubator for 24 h at 37 °C. After incubation, 5 mL of TSB was
mixed with each disc in a tube. The tube was vortexed for 5 min to
disturb the biofilms and to detach the bacteria from the discs. The
bacterial suspensions were subsequently diluted and 20 pL of bacterial
suspensions were cultured into TSA plates. The dishes were placed in the
incubator for 24 h at 37 °C and the viable CFU were observed. The
biofilms growing on the discs without any treatments were utilized as
controls. Finally, to determine the killing percentage, Eq. (2) was
applied.

CFU conrot — CFU experimental

x 100% (2)
CFUL‘(H‘IU‘()]

Killing percentage =

2.6. Formulation of PCL MPs loaded with silver NPs

Microparticles (MPs) containing silver NPs were prepared using a
solvent/non-solvent technique [42], with minor modification. The
composition of each formulation is depicted in Table 1. Initially, PCL
was dissolved in acetone and silver NPs were dispersed in water. Both
solutions were then homogenized using an Ultra Turrax homogenizer
(IKA, model T25, impeller 10 G, Germany) at 5000 rpm for 30 min. The
mixture was further precipitated using ethanol containing PVP by
continuing the homogenization process for 30 min. In order to evaporate
the organic phase, the MPs were stirred at room temperature for 6 h. The
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Fig. 1. Schematic of DMNs preparation.

formed MPs were washed three times with distilled water by centrifu-
gation at 3000 rpm for 30 min. After the final washing, the pellets were
dispersed in 5 mL of chitosan solution (in 0.5% v/v acetic acid) [26]. The
dispersions were stirred for 2 h to form MPs-coated with chitosan. The
coated MPs were washed using the same protocol.

2.7. Characterization of PCL MPs

The particle sizes and size distribution were determined using a
Mastersizer 2000 size analyzer (Malvern Instruments, Malvern, UK). The
size distribution was presented as SPAN value. The zeta potential was
determined using a Zetasizer Nano ZS (Malvern Instruments, Malvern,
UK).

The efficiency of encapsulation (EE) of silver NPs in MP formulations
was determined using an indirect method. After the first centrifugation
in the washing process, the supernatant was collected and the amount of
unencapsulated silver NPs was quantified using atomic absorption
spectroscopy (AAS) (Varian SpectrAA-300 AAS). It is important to note
that the washing centrifugation did not precipitate the silver NPs. The
EE was calculated using Eq. (3).

Silver NPs total — Silver NPs free

EE (%) =
(%) Silver NPs total

x 100% 3

The determination of loading capacity (LC) of silver NPs in MP for-
mulations was performed by initially drying the washed MPs in the oven
for 24 h at 37 °C, forming dry MPs. Following this, 10 mg of dry MPs was
suspended in 10 mL of distilled water. Afterwards, 10 mL of acetone was
added into the dispersion and sonicated for 2 h in a bath sonicator. The
mixtures were finally centrifuged at 3000 rpm for 15 min and the su-
pernatant collected was analyzed using AAS. The DL was calculated
using Eq. (4).

_ Amount of encapsulated silver NPs

LC (%) x 100% )]

Total weight

The morphologies of the silver NPs loaded with MPs were observed
using a scanning electron microscope (SEM).

2.8. Invitro release study of silver NPs from MPs in bacterial cultures

To evaluate the selectivity of the release profile of silver NPs from
MPs, the studies were conducted with or without the bacterial cultures
[27]. In brief, MPs corresponding to 5 mg of silver NPs were dispersed in
10 mL of release media. For the release media containing bacterial
cultures, the optical density of cultures was set to 0.1 at 550 nm. The
release study was carried out in an orbital shaker at 37 °C at 100 rpm.
Aliquots of 0.5 mL of sample were taken at predetermined time intervals
and the amount of silver NPs release was finally quantified using AAS.

2.9. Fabrication of two-layered dissolving MNs

Two-layered DMNs containing silver NPs loaded MPs were prepared
using silicone moulds by a two-step casting technique [40]. The moulds
used in this study had needle density of 16 x 16, height of needles of
850 pm [600 pm pyramidal tip, 250 pm base column] and 300 pm width
at base and 300 pm interspacing. Five different formulations were pre-
pared using an aqueous blend comprised of 20% w/w of PVA (9-10 kDa)
and 20% w/w of PVP (58 kDa), namely F1 (10% w/w of dry MPs: 90%
w/w of MN matrix), F2 (20% w/w of dry MPs: 80% w/w of MN matrix),
F3 (30% w/w of dry MPs: 70% w/w of MN matrix), F4 (40% w/w of dry
MPs: 60% w/w of MN matrix) and F5 (50% w/w of dry MPs: 60% w/w of
MN matrix). To prepare the first layer of DMNSs, an excess amount of
each formulation was dispensed onto the moulds and placed in a positive
pressure chamber with pressure of 5 bar for 2 min. Following this, a
spatula was used to remove the excess formulation on the moulds. The
formulations were placed at room temperature for 6 h. The second layer
was prepared from an aqueous blend of PVP (90 kDa) 30% w/w and
glycerol 1.5% w/w. The aqueous gel was poured onto the first layer
formulation with the application of a silicone ring with external diam-
eter of 23 mm, internal diameter of 18 mm, thickness of 3 mm connected
to the MN moulds. Subsequently, the two-layered DMNs in the moulds
were centrifuged for 15 min at 3500 rpm. Finally, the DMNs were again
placed at room temperature for 48 h and at 37 °C for 12 h. DMNs con-
taining silver NPs without MP formulation were also prepared using the
same procedure. The DMNs were visually observed using a Leica EZ4D
light microscope (Leica Microscope, Milton Keynes, UK) and scanning
electron microscope (SEM) TM3030 (Hitachi, Krefeld, Germany). Fig. 1
shows schematic of DMNs preparation.

2.10. Evaluation of mechanical and insertion properties of dissolving MNs

To evaluate the performance of DMNSs, several characterizations
were performed. A TA-TX2 Texture Analyzer (Stable Microsystem,
Haslmere, UK) was applied to investigate the mechanical strength of
DMNs, as described in our previous study [43]. Importantly, Paraf-
ilm®M as a validated artificial skin-simulant was used to evaluate the
insertion ability of the DMNs, as previously described [44]. In addition,
an optical coherence tomography (OCT) microscope (Michelson Diag-
nostics Ltd., Kent, UK) was also applied to observe the insertion depth
of selected DMN formulations in Parafilm® M and full-thickness porcine
skin.
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Fig. 2. Schematic representation of Ag" reduction by the polyphenol compound in green tea (cathechin), resulting in the formation of silver NPs. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

2.11. Dissolution study, ex vivo dermatokinetic studies and antibiofilm
activity in ex vivo model of biofilm on rat skin

2.11.1. Preparation of ex vivo model of biofilm on rat skin

Abdominal skins of Wistar rat were shaved and equilibrated in PBS
(pH 7.4) prior to the experiment. The rat skins were decontaminated in
70% ethanol for 1 h. Prior to the use, the skins were placed in a biosafety
cabinet for 20 min to evaporate the ethanol. In brief, wound was created
in the surface of the skin using biopsy punch (Stiefel, Middlesex, UK).
Following this, ex vivo models of biofilm on rat skin were generated
using the procedures described earlier [2], with minor modifications.
The skins were p laced on TSA plates and 50 pL of the diluted bacterial
suspensions 2 x 10° CFU/mL were dropped to the wound of the skin and
spread homogeneously. To allow the formation of the biofilm on the
wounded skin, the plates were incubated at 37 °C with the skins were
moved to new TSA plates every day for 5 days.

2.11.2. Ex vivo dermatokinetic studies

Ex vivo dermatokinetic studies of DMNs containing silver NPs and
silver NPS loaded MPs were performed in normal skins and ex vivo
biofilm model in rat skins, using the method described in our previous
studies [34,36]. Briefly, the DMNs were manually inserted for 30 s into
the skins which were previously attached to the donor compartment of
the Franz cell diffusion cells. The donor compartment was further
attached to the receiver compartment filled with PBS (pH 7.4). To avoid
the movement of DMNs during the study, 5 g of mass made from
stainless-steel was employed on top of the DMNs. The study was carried
out at 37 £+ 1 °C at 600 rpm. To evaluate the amount of silver NPs in the
skins at different predetermined time intervals, the DMNs were detached
from the skins. The skins were washed three times, placed into glass vials
and 2.5 mL water was added into the skins. The mixtures were vortexed
for 30 min and centrifuged at 3000 rpm for 15 min. The amount of silver
in the supernatant was quantified using AAS. The dermatokinetic pro-
files were calculated using PKSolver (China Pharmaceutical University,
Nanjing, China) [45].

2.11.3. Antibiofilm activity in ex vivo model of biofilm on rat skins

Ex vivo antibiofilm activities of DMNs containing silver NPs and sil-
ver NPS loaded MPs were studied using the technique published previ-
ously [2,46], with minor modifications. To investigate the antibiofilm
activity of DMNSs, the supernatants obtained from dermatokinetic
studies (20 pL) following 12 h, 24 h, 48 h and 60 h application time were
taken and dropped into TSA plates. The plates were placed in a 37 °C
incubator for 24 h. In addition, as a comparison, the conventional
creams containing silver NPs and silver NPs loaded MPs were prepared
and evaluated for their ex vivo antibiofilm activities using the same
method. Infected skins without any treatments were employed as a
positive control. The numbers of viable CFU were finally calculated.

2.12. Statistical analysis

All data in this study were presented as means + standard deviation
(SD) of the mean and were calculated using Microsoft Excel® 2016
(Microsoft Corporation, Redmond, USA). GraphPad Prism® version 6
(GraphPad Software, San Diego, California, USA) was used to statisti-
cally analyzed the data. A value p < 0.05 was noted as a statistical
significance.

3. Results and discussion
3.1. Synthesis and characterization of silver NPs using green tea extract

In this study, silver NPs were prepared and synthesized using a
biogenic way. In this method, the use of plant extract offers numerous
benefits compared to other synthesis methods, including low-cost,
simplicity, and, importantly, this method does not use of organic sol-
vents and hazardous materials [23,47]. Among several plants that can
be used in the biogenic synthesis of silver NPs, green tea (Camellia
sinensis) was selected due to its rich content of polyphenolic compounds
(mainly catechin), which act as reducing and capping agents [23].
During the synthesis process, the interaction of AgNO3 with the green
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Fig. 3. The green tea extract solution (a) and the formation of silver NPs, indicated by the suspension changing to a dark color (b). UV-Vis spectra of the silver NPs
synthesized with the ratio of AgNOs3 solution and green tea extract solution at 1:1 (c) 1:2 (d) 1:4 (e) and 1:8 (f) with different synthesis times. SEM images of selected
silver NPs at a magnification power of 30,000x. (The black scale bar represents a length of 200 nm) (g). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

tea extract led to the reduction of Ag" to Ag. The predicted mechanism
of reduction of Ag™ by the green tea polyphenols is depicted in Fig. 2.
Based on present result, a possible mechanism was proposed to the
reduction of Ag" ions with catechin, the main compound of green tea
extract. Fig. 2 shows first a nucleation reaction, representing the
reduction of Ag" ions into metallic Ag® with —OH ring B present in the
catechin structure [48]. The formation of the silver NPs was implied by
the suspension changing color to dark color [22,49], as shown in Fig. 3a

and b.

The silver NPs formation was confirmed using UV-vis spectroscopy.
This spectroscopy is able to detect the surface plasmon resonance (SPR)
absorption band at 410 nm in the UV-vis region [50]. The SPR forma-
tion occurred on the surface of the silver NPs, induced by the resonant
oscillation of conducting electrons present which was produced from an
interaction with electromagnetic waves [23,50]. In this study, two op-
timizations were performed, namely the ratio of AgNO3 solution and
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Table 2
The absorption of the silver NPs synthesized with the various ratio of AgNO3
solution and green tea extract solution at 410 nm (means + SD, n = 3).

Ratio Synthesis time
AgNOs 0.5h 1h 2h 3h 4h 5h 6h
and extract
1:1 0 0.13 0.27 0.37 0.52 0.54 0.56
+ + + + + +
0.02 0.03 0.04 0.08 0.07 0.06
1:2 0 0.16 0.27 0.41 0.58 0.61 0.62
+ + + + + +
0.02 0.03 0.04 0.09 0.09 0.08
1:4 0.35 0.45 0.66 0.77 0.91 0.94 0.95
+ + + + + + +
0.04 0.07 0.08 0.09 0.09 0.08 0.07
1:8 0.39 0.48 0.71 0.80 0.97 0.98 0.98
+ + + + + + +

0.06 0.05 0.09 0.10 0.20 0.09 0.10

green tea extract solution, as well as the synthesis time. Fig. 3c-f show
the UV-Vis absorption spectrums of silver NPs prepared from the
different treatment process.

The increases on the green tea extract concentration and the syn-
thesis time led to an improved formation of silver NPs, indicated by the
high absorption in UV-Vis spectra. To further investigate the effect of
the green tea extract solution and the synthesis time, the absorptions of
silver NPs at 410 nm were determined, as shown in Table 2. It was found
that the absorptions of silver NPs prepared from the ratios 1:4 and 1:8
were significantly higher (p < 0.05) than other ratios. Moreover, several
studies have shown that the increase of reducing agents concentration
and synthesis time could potentially affect the formation of silver NPs
[23,51,52]. Accordingly, these ratios were selected for further.

The mean hydrodynamic sizes of silver NPs were in the range of
28.76 + 3.12 nm-35.71 + 5.23 nm with the mean PDI of between 0.21
+ 0.01 and 0.26 + 0.02. SEM images of silver NPs shoed that the size
obtained was around 30 nm (Fig. 1g). The zeta potentials were found to
be in the range of —33.4 + 3.18 mV to —38.1 + 3.13 mV. Our results
were similar to the characteristics of silver NPs reported by Rolim et al.,
showing that the silver NPs showed the average hydrodynamic size of
34.68 + 4.95 nm, the average PDI of 0.28 + 0.01 and the average zeta
potential of - 35.5 + 3.32 mV [23]. In this study, the negative zeta po-
tentials were obtained due to the presence of polyphenol contained in
the green tea, showing the negative charge [53].

T AR
2000 1000

Wavenumber (cm™)
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FTIR spectroscopy study was performed to identify the functional
groups of chemical composition of the silver NPs surface. The FTIR
spectra of green tea extract and silver NPs are depicted in Fig. 4a. The
strong signals were observed in both spectra at 3400-3350 cm™?,
2930-2925 cm™?, 1380-1360 cm ™!, and 1050-1040 cm ™" due to N—H
stretching (amides), C—H stretching (alkanes), hydroxyl groups
(phenolic hydroxyl) and C-stretching (ether groups). Furthermore, other
peaks at 919 em™Y, 1239 em™!, 1460 em™! and 1705 cm™! were
observed in silver NPs, attributed to alkene groups (C—H stretching)
alkene groups (C—=C stretching), aliphatic amines (C—N stretching vi-
brations), and tertiary ammonium ions, polyphenols, aliphatic amines
(C—N stretching vibrations), respectively. This study implied that
several compounds, namely amides, carboxyl, amino groups and poly-
phenols from green tea, could involve in the synthesis of silver NPs. It
has been reported that polyphenols, protein, and amino acid are the
main compounds in green tea [23]. These compounds, mainly poly-
phenols, could play important role in the reduction of AgNO3 and the
stabilization of silver NPs [54]. The XRD diffractogram of silver NPs is
presented in Fig. 4b. The result depicted that silver NPs exhibited sharp
characteristics peaks at 38.19°, 45.97°, 63.98°, and 78.02° due to the
(111), (200), (220), and (311) of faced center cubic (FCC) planes lattice
of metallic silver [23,55]. The sharp peak at 38.19° could be due to the

Table 3
MIC and MBC values of the silver NPs synthesized with different ratio of AgNO3
solution and green tea extract solution (n = 3).

Ratio of AgNO3 and
extract

MIC values (pg/mL) of silver NPs in different synthesis
time against SA

0.5h 1h 2h 3h 4h 5h 6h

1:4 5 5 2.5 2.5 1.25 1.25 1.25
1:8 5 5 2.5 2.5 1.25 1.25 1.25
MIC values (ug/mL) of silver NPs in different synthesis time against PA
1:4 10 10 5 5 2.5 2.5 2.5
1:8 10 10 5 5 2.5 2.5 2.5
MBC values (pg/mL) of silver NPs in different synthesis time against SA
1:4 10 10 5 5 2.5 2.5 2.5
1:8 10 10 5 5 2.5 2.5 2.5
MBC values (pg/mL) of silver NPs in different synthesis time against SA
1:4 20 20 10 10 5 5 5
1:8 20 20 10 10 5 5 5
b

20 40 60 80

20 (Degree)

Fig. 4. FTIR spectra of green tea extract (1) and silver NPs (2) (a). X-ray diffractogram of silver NPs (b). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 5. Time kill assay of silver NPs against SA (b) and PA (b) (means + SD, n = 3). Antibiofilm activity of silver NPs in 96-well microtiter against biofilms produced
by SA (c) and PA (d) (means + SD, n = 3). Antibiofilm activity of silver NPs in CBM models produced by SA (e) and PA (f) (means + SD, n = 3).

presence of crystalline Ag [48]. Accordingly, it showed that the NPs
obtained were comprised of crystalline Ag.

3.2. In vitro antibacterial activities

3.2.1. Determination of minimum inhibitory concentration and minimum
bactericidal concentration

The antibacterial activities of silver NPs were further evaluated. The
MIC and MBC values of silver NPs prepared using different synthesis
times are shown in Table 3. The lowest MIC, indicating strong anti-
bacterial activity, was shown by silver NPs prepared from the ratios 1:4
and 1:8. Moreover, MIC values were lower than corresponding MBC
values. Accordingly, in order to kill the bacteria, the higher concentra-
tion of silver NPs was required. The ratio of MBC to MIC was less than 4,

indicating that the silver NPs formed in this study possessed bactericidal
ability. It has been reported that a ratio of >4 indicates bacteriostatic
activity and a ratio of <4 indicates bactericidal activity [56]. The
mechanism of action of silver NPs as antibacterial agents has been
proposed to be mainly due to their ability to disturb membrane
permeability. The disruption of cell membrane leads to leakage of
intracellular content, resulting in damage of DNA and death of bacterial
cells [57]. In this study, to minimize the use of green tea extract, as the
MIC and MBC values of silver NPs prepared from the ratios 1:4 and 1:8
were found to be similar, the ratio of AgNO3 and extract of 1: 4 was
selected for further studies. Moreover, considering the MIC values, the
synthesis times of 4 h, 5 h and 6 h were also used in the further studies.
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3.2.2. Time kill assay

Following MIC and MBC determination, it was also crucial to
investigate the time required by silver NPs to completely kill the bac-
terial cultures. Therefore, a time kill assay was conducted. Fig. 5a and b
show the curves presenting the time required by silver NPs to kill SA and
PA. The viable bacterial counts increased by approximately 7.1 log CFU
in the untreated cohort following 1-day incubation time. In all cases,
silver NPs with MIC values could not kill 99.99% of bacterial culture
following 24 h incubation time. On the other hand, around 100% bac-
terial cultures were killed following the incubation with silver NPs at the
concentration of twice of the MIC values after 18 h. Furthermore, within
only 8 h, all bacteria were killed after incubation with 4 times the MIC
values of silver NPs in all cases. Therefore, this evaluation indicated that
the ability of silver NPs in killing the bacterial cultures was concentra-
tion dependent.

3.3. Invitro antibiofilm activities

3.3.1. 96-Well microtiter plate (MTP) biofilm study

Bacterial biofilms are able to reduce susceptibility of bacteria to
antibacterial compounds [58]. To further evaluate the capability of
silver NPs to eradicate the biofilms, in vitro antibiofilm was performed in
96-Well microtiter plate. Fig. 5¢ and d exhibit the percentages of
reduction of bacterial biofilm after the application of silver NPs. With
MIC values, silver NPs synthesized for 4 h, 5 h and 6 h were only able to
eradicate 46.28 4 5.13%, 47.98 + 6.19% and 49.62 + 4.98% of biofilms
formed by SA and 32.91 + 4.19%, 34.71 + 4.87% and 35.87 + 5.19% of
biofilms formed by PA, respectively. Furthermore, 56.87 + 6.28%,
58.77 + 5.98% and 60.61 + 8.39% of biofilms formed by SA, and 48.76
+ 5.87%, 50.98 + 6.53% and 51.87 + 7.87% of biofilms formed by PA
were killed following incubation in the concentration of two times of
MIC of silver NPs. Interestingly, in the case of silver NPs with the con-
centrations of four times of MIC, more than 95% of bacterial biofilms
were killed after incubation with these NPs. Analyzed statistically, there
were no significant different (p > 0.05) in antibiofilm activity of silver
NPs synthesized for 4 h, 5 h and 6 h. Therefore, silver NPs synthesized in
this study possessed antibiofilm activity in vitro.

3.3.2. Colony biofilm model (CBM)

In addition to antibiofilm evaluation in MTP, antibiofilm activities of
silver NPs were also evaluated in a colony biofilm model (CBM). CBM
model represents biofilm of bacteria prepared from a poly(carbonate)
membrane as a substrate for the development of bacterial biofilms. The
biofilm developing in this membrane resembles biofilm growth in a
wound [2,59]. In addition, the environment of wounds could be easily
imitated due to the small fluid shear and the nearness to an air boundary
created by this system [60]. The agar media used contained carbon and
nitrogen which are similar to the nutrients present in biofilms of a
wound [2]. The viable bacteria can be easily counted in this model. After
antibiofilm studies, the membrane can be detached from the agar and
bacteria can be resuspended in the broth medium for viable bacterial
count determination. The results of this evaluation are depicted in
Fig. 5e and f. In this study, in MIC values, silver NPs synthesized for 4 h,
5 h and 6 h were only able to kill 41.21 + 4.19%, 43.91 + 5.21% and
46.76 + 4.87% of CBMs formed by SA and 30.12 + 3.92%, 31.43 +
3.94% and 34.32 £ 4.54% of CBMs formed by PA, respectively.
Furthermore, following incubation in the concentration of two times of
MIC of silver NPs, more than 50% of biofilms formed by SA and PA in
CBM were killed. Interestingly, more than 85% of bacterial biofilms in
CBM were eradicated after incubation with the concentrations of four
times of MIC of silver NPs. These results showed the effectiveness silver
NPs in killing the mature bacterial biofilms. When analyzed statistically,
there was no significant difference (p > 0.05) in antibiofilm activity in
CBM of silver NPs synthesized for 4 h, 5 h and 6 h. Accordingly, for the
efficiency, 4 h was selected as the optimum synthesis time of silver NPs.
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Table 4

Particle size, SPAN value, zeta potential, encapsulation efficiency and drug
loading capacity of different formulations of silver NPs loaded MPs (means + SD,
n=3).

Formulations Particle size SPAN Zeta EE (%) LC (%)
(pm) potential

MP1 1.76 + 0.11 0.81 + 17.32 + 18.21 + 8.65 +
0.05 1.87 1.98 0.92

MP2 2.18 £ 0.26 0.83 £ 23.61 + 32.76 + 11.76 +
0.07 2.32 3.19 1.19

MP3 2.65 + 0.31 0.86 + 31.21 + 38.32 + 16.19 +
0.07 2.71 4.32 1.59

MP4 2.81 +0.27 0.89 + 35.73 + 52.76 + 16.46 +
0.09 3.11 4.98 1.71

MP5 5.32 £ 0.61 0.95 + 36.19 + 59.17 + 15.03 +
0.12 4.01 5.14 1.48

3.4. Formulation and characterization of PCL MPs loaded with silver NPs

Silver NPs loaded MPs were prepared using a solvent/non-solvent
technique with PVP as stabilizer. In this study, PCL was used as MP
matrix, coated with chitosan. In our previous study, we have shown that,
compared to non-coated PCL nanoparticles, PCL nanoparticles coated
with chitosan resulted in higher antibiofilm activity [26]. The surface of
biofilm EPS and cell walls of bacteria have been found to be negatively
charged. Therefore, the decoration using chitosan, having positive sur-
face charge, could increase the attraction to infected sites [28]. The
characteristics of MPs are depicted in Table 4. The results show that the
increase on PCL amounts increased the particle size of MPs. The particle
sizes obtained were found to be 1.76 £+ 0.11 pm for MP1, 2.18 £ 0.26 ym
for MP2, 2.65 £ 0.31 pm for MP3, 2.81 + 0.27 pm for MP4 and 5.32 +
0.61 pm for MP5. There was significant difference (p < 0.05) in particle
size of MP1 compared to all other formulations. Specifically, there was
no significant different (p > 0.05) in particle size between MP3 and MP4.
The SPAN values were in the range of 0.81 + 0.05 and 0.95 + 0.12,
indicating narrow distribution of MPs obtained. Analyzed statistically,
there was no significant difference (p > 0.05) in SPAN values of all
formulations. For zeta potential, the values were 17.32 + 1.87 mV for
MP1, 23.61 + 2.32 mV for MP2, 31.21 + 2.71 mV for MP3, 35.73 + 3.11
mV for MP4 and 36.19 + 4.01 mV for MP5. In all cases, the zeta po-
tentials were found to be positive. The positive zeta potentials may be
caused by the presence of positive amine groups in the chitosan [61],
Interestingly, MP3, MP4 and MP5 showed zeta potential values of >30
mV. These values could potentially maintain the physical stability and
avoid the agglomeration of MPs during the storage [54].

With respect to the EE of silver NPs into PCL MPs, it was found that
the EE values were between 18.21 + 1.98% and 69.17 + 7.14%. The EE
of MP1 (18.21 + 1.98%) was significantly lower (p < 0.05) compared to
other formulations. The increase of PCL concentration in the formula-
tions also increased the EE values. The EE value of MP4 (52.76 4 4.98%)
was found to be significant higher (p < 0.05) than MP3 (38.32 + 4.32%)
and MP2 (32.76 + 3.19%). However, the increase of PCL amount in MP5
did not significantly increase (p > 0.05) the EE value (59.17 + 5.14%) of
silver NPs into MPs. Regarding the LC, the values were between 8.65 +
0.92% and 16.46 + 1.71%. MP4 showed the highest LC value (16.46 +
1.71%) in comparison with other formulations.

SEM images showing the morphologies of silver NPs loaded MPs are
presented in Fig. 6a—e. The results showed that the sizes of all formu-
lations were in close agreement with the results obtained from particle
sizes measurement. Particles were approximately spherical in shape.

3.5. In-vitro release study of silver NPs from MPs in bacterial cultures

The primary aim of this study was to specifically develop bacterially
responsive MPs to selectively deliver silver NPs to infected sites.
Accordingly, the release profiles of silver NPs from MPs were evaluated
with and without the presence the SA and PA cultures as biofilm former
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Fig. 6. SEM images of MP1 (a), MP2 (b), MP3 (c), MP4 (d) and MP5 (e) at a magnification power of 30,000x. (The black scale bar represents a length of 10 pm in
each case). In-vitro release of silver NPs from MPs in the absence of bacterial culture (f) and presence of SA (g) and PA (h) (mean + S.D., n = 3).

bacterial. Without bacterial cultures, all MP formulations were only able
to release less than 15% of silver. After 24 h, only 10.27 + 1.21%, 9.65
+1.11%, 8.54 + 1.13%, 8.32 + 1.18% and 7.19 + 0.87% of silver were
released from MP1, MP2, MP3, MP4 and MP5, respectively (Fig. 6f). On
the other hand, around 100% of silver were released from all MPs in the
presence of SA and PA. Specifically, following 24 h, the releases of silver
were found to be 99.88 + 14.32% from MP1, 96.76 + 13.21% from MP2,
95.68 + 14.33 from MP3, 93.65 + 12.98% from MP4 and 92.95 +
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13.94% from MP5 in the presence of SA (Fig. 6g). With respect to the
releases of silver in PA cultures, the total release percentages were 99.18
+ 13.54%, 97.53 + 14.65%, 95.62 + 12.11%, 94.91 + 14.21% and
92.63 + 12.87% from MP1, MP2, MP3, MP4 and MP5, respectively
(Fig. 6h). Analyzed statistically, there was no significant difference (p >
0.05) in the release of silver from all MP formulations in both bacterial
cultures.

The findings attained in these studies revealed that the incorporation
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Fig. 7. Light microscope images of the DMN formulations containing 10% w/w of dry MPs: 90% w/w of MN matrix (F1) (a), 20% w/w of dry MPs: 80% w/w of MN
matrix (F2) (b), 30% w/w of dry MPs: 70% w/w of MN matrix (F3) (c), 40% w/w of dry MPs: 60% w/w of MN matrix (F4) (d) and 50% w/w of dry MPs: 60% w/w of
MN matrix (F5) (e). Free DOX (1), NP-1 (2), NP-2 (3), NP-3 (4) and NP-4 (5) and NP-5 (6). SEM images of the DMN formulations containing 10% w/w of dry MPs:
90% w/w of MN matrix (F1) (f), 20% w/w of dry MPs: 80% w/w of MN matrix (F2) (g), 30% w/w of dry MPs: 70% w/w of MN matrix (F3) (h), 40% w/w of dry MPs:
60% w/w of MN matrix (F4) (i) and 50% w/w of dry MPs: 60% w/w of MN matrix (F5) ().

of silver NPs into PCL MPs led to the selective release of silver NPs in the
presence of biofilm-forming bacterial cultures. Accordingly, this de-
livery system could possibly be favorable for enabling delivery only at
the infection site, circumventing the non-specific exposure to uninfected
areas. The selective release from MPs might be due to the use of poly-
mers in this study. PCL used in this study has been reported to be
degraded by lipase enzymes produced by SA and PA. Xiang et al. (2012)
found the rapid release of vancomycin from PCL nanogels in the pres-
ence of this bacteria. Importantly, the release of vancomycin was
significantly lower without the bacterial culture [27]. Our previous
study has also shown that the releases of DOX from non-decorated PCL
formulations and PCL formulations coated with chitosan in the presence
of bacterial cultures were significantly higher compared to those
without bacterial cultures [26]. The same approach was also used to
develop responsive NPs of carvacrol [62]. Moreover, the coating agent
used, chitosan, has been also found to be degraded by the lipase enzyme
[63]. Therefore, we successfully developed silver NPs loaded PCL MPs
coated with chitosan for bacteria sensitive release. Considering our
result in the characterization step, MP4 was selected for further studies.

3.6. Fabrication of two-layered DMNs

In skin infection associated with biofilm formation, the delivery of
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antibacterial compounds has been hindered by the formation of an
extracellular polymeric substance. Therefore, to improve the penetra-
tion of the antibacterial agents and disturb the biofilm matrix, the silver
NPs loaded MPs were further formulated into DMN arrays. The mixture
of two water soluble polymers, namely PVA and PVP were used to
prepare the DMNSs. In our previous studies, the use of single polymer was
not able to produce DMNs with sufficient mechanical properties
[34,36]. On the other hand, when combined, C=0 groups of PVP and
-OH groups of PVA form the hydrogen bond, increasing the mechanical
strength of DMNs [36]. In this study, to attain the maximum possible
drug loading, a plethora of numerous DMN formulations were prepared
with different MPs concentrations. The morphologies of all DMN for-
mulations observed by light microscope and SEM are shown in Fig. 7,
revealing that all DMNs obtained formed sharp needles. Hence, all for-
mulations were characterized in further experiments.

3.7. Evaluation of mechanical and insertion properties of DMNs

The incorporation of other compounds has been found to affect,
either in strengthening or weaking, the DMN formulations [64]. The
initial characterization for DMNs was the mechanical strength evalua-
tion. This study was performed to evaluate the ability of DMNs in
resisting compression. The mechanical property was assessed by
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Fig. 8. The percentage height reduction of needles on the various DMN arrays (means + SD, n = 3) (a). Percentage of holes created in Parafilm®M layers, using an
insertion force of 32N/array for the various DMN arrays (means + SD, n = 3) (b). Representative OCT images of F3 after insertion into Parafilm®M film (¢) and full-

thickness porcine skin (d). The scale bar represents a length of 1mm in each case.

calculating the height reduction following the compression with a force
of 32 N/DMN array. This pressure was reported to be equal to human
manual pressure [44]. The percentage of height reduction of all for-
mulations, representing the mechanical properties is depicted in Fig. 8a.
The reductions in MN height were 4.06 + 1.03% for F1, 5.60 + 2.89%
for F2,15.64 + 3.11% for F3, 15.25 + 1.26% for F4 and 17.22 + 2.80%
for F5. There was no significant difference (p > 0.05) in height reduction
between F1 and F2. These values were significantly higher (p < 0.05)
compared to those values in F3, F4 and F5. Furthermore, there were no
significant (p > 0.05) differences in height reduction between F3, F4 and
F5. Although the percentage of height reduction of F3 and F4 were found
to be higher than F2 and F3, some studies showed that a percentage of
height reduction of around 25% was acceptable in DMN formulations
[65].

The ability of a DMN array to be successfully inserted into the skin is
crucial to its utility. Therefore, the insertion property evaluation was
performed, using eight-layers of Parafilm®M. Fig. 8b presents the
insertion properties of all DMN formulations in Parafilm®M, presented
as the percentage of holes created in Parafilm®M. The trend of the
insertion properties evaluation was similar to the mechanical properties,
showing that the higher concentration of MPs loaded into DMNs
decreased the insertion ability of DMNs. However, all formulations
penetrated three layers of Parafilm®M. The mean thickness of each layer
of Parafilm®M is 126 pm. Therefore, the DMNs were inserted up to 378
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pm. In the third layer, 72.12 + 25.88%, 55.47 + 3.40%, 46.62 + 3.16%,
30.21 + 5.48% and 9.38 + 4.51% of holes created by F1, F2, F3, F4 and
F5, respectively. Analyzed statistically, the holes created by F4 and F5
were significantly lower (p < 0.05) than those by F1, F2 and F3.
Furthermore, there were no significant differences (p > 0.05) in the
holes created by F1, F2 and F3. Therefore, as F3 contained higher con-
centration of MPs, this formulation was selected for further evaluations.
To support these results, the insertion profile of F3 in the Parafilm®M
and the full-thickness neonatal porcine skin models was then evaluated
using optical coherence tomography (OCT). Several studies have shown
the effectiveness of this technique to observe the insertion ability of
various MN formulations [43,66-70]. The OCT images of insertion of F3
into the Parafilm®M and the full-thickness neonatal porcine skin are
depicted in Fig. 8c and d, respectively, showing that this formulation
was successfully inserted in both models.

3.8. Ex vivo dermatokinetic studies

A dermatokinetic study was then carried out to investigate the
release kinetic of silver NPs from MPs following DMN applications. This
study was performed in non-infected skin and ex vivo model of biofilms
in rat skins. To confirm that the release of silvers in the skin was only
influenced by the presence of bacterial biofilms former, only silvers
released from MPs were quantified. To achieve this, the skin samples
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Fig. 9. The ex vivo concentrations and time profiles of silver NPs in non-infected rat skin (a), as well as ex vivo biofilm models formed by SA (b) and PA (c) following
the application of DMN-Silver NPs, DMN-MPs, cream-Silver NPs and cream-MPs. (means + S.D., n = 3).

Table 5

Dermatokinetic parameters of silver NPs in non-infected rat skin, as well as ex vivo biofilm models formed by SA and PA following the application of DMN-Silver NPs,

DMN-MPs, cream-Silver NPs and cream-MPs. (means + S.D., n = 3).

Condition Formulation Cax (pg/cms) Tmax (h) T1/2 (h) AUC (h- pg/cms) MRT (h)
Normal skin DMN-Silver NPs 503 + 64.32 0.89 + 0.12 1.38 + 0.01 1687.83 + 343.56 2.99 + 0.39
DMN-MPs 8.42 +1.43 72.18 +10.32 60.54 + 6.89 499.65 + 99.82 159.72 + 29.53
Cream-Silver NPs 110.31 + 21.32 8.32 £1.98 24.69 + 2.83 879.32 + 106.26 138.16 + 20.12
Cream-MPs 4.32 + 0.87 69.20 + 9.32 58.47 + 7.53 277.54 + 59.98 129.85 + 17.98
Biofilm model by SA DMN-Silver NPs 499.87 + 53.41 0.76 + 0.09 1.32 + 0.02 1765.62 + 299.88 3.11 + 0.42
DMN-MPs 423.98 + 58.65 3.87 £0.21 36.19 £+ 5.31 23,468.71 + 3198.75 65.65 + 7.33
Cream-Silver NPs 164.31 + 31.23 4.98 +0.71 29.54 + 4.85 647.25 + 99.08 31.30 + 4.42
Cream-MPs 69.32 + 7.98 28.32 £ 5.12 31.98 + 5.24 196.37 + 23.21 44.21 £5.21
Biofilm model by PA DMN-Silver NPs 491.76 + 62.31 0.82 £ 0.18 1.43 £ 0.02 1698.37 + 388.76 2.34£0.33
DMN-MPs 403.13 + 49.29 3.76 + 0.28 38.65 + 5.54 21,988.29 + 3069.32 64.61 + 6.32
Cream-Silver NPs 159.17 + 28.45 4.71 + 0.69 27.87 + 3.65 607.88 + 110.43 30.21 + 4.99
Cream-MPs 64.32 + 4.32 27.13 + 3.43 33.86 + 5.67 189.47 + 28.76 42.21 £ 6.15

were vortexed with water at each time interval. Moreover, this tech-
nique was employed to silver NPs loaded MP dispersions to assess
whether this technique could disturb the MPs. Our findings displayed
that there was no silver found in the supernatant of MP dispersions.
Therefore, this technique could only extract silvers released from MPs.

In this study, the dermatokinetic profile of our approach was
compared to DMNs containing silver NPs without MP formulation
(DMN-silver NPs). Additionally, the dermatokinetic profiles of a con-
ventional cream containing silver NPs (cream-silver NPs) and silver NPs
loaded MPs (cream-MPs) were also evaluated. The kinetic profiles of
silver NPs in the normal skin and the ex vivo biofilm models, illustrated
as the concentration of silvers released from MPs in the skin versus the
application time, after the application of the DMNs and conventional
cream of silver NPs and silver NPs loaded MPs are presented in Fig. 9.
The dermatokinetic profiles, including Cpax, Tmax, T1/2, AUC and MRT,
of silvers after the application of the DMNs and conventional cream of
silver NPs and silver NPs loaded MPs are presented in Table 5. As
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depicted, without the presence of bacterial culture in the normal skin,
the release of silvers from DMNs-MPs and cream-MPs was significantly
lower (p < 0.05) compared to DMN-silver NPs and cream-silver NPs.
This indicated that the non-specific release of silver NPs could be
potentially circumvented by the incorporation of silver NPs into MPs. On
the other hand, in ex vivo biofilm models generated from SA and PA, the
release of silver NPs from DMN-MPs was significantly enhanced (p <
0.05) in comparison with DMN-silver NPs, cream-silver NPs and cream-
MPs.

With respect to AUC, the AUC values of silver NPs from DMN-MPs in
the both ex vivo biofilm models were found to be significantly higher (p
< 0.05) compared to other formulations, indicating an excellent ex vivo
skin bioavailability of our approach. In the case of the retention time in
the skin, it was found that the MRT values of silver Ns from DMN-MPs
were significantly greater (p < 0.05) than those of DMN-silver NPs,
DMN-MPs, cream-silver NPs and cream-MPs. The higher MRT could be
favorable to decrease the application time of silver NPs in treatment of
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Fig. 10. Bacterial viability (log CFU/mL) on in ex vivo biofilm models formed
by SA (a) and PA (b) following the application of DMN-Silver NPs, DMN-MPs,
cream-Silver NPs and cream-MPs. (means + S.D., n = 3).

skin infection associated with biofilm formation. Hence, it could result
in patient acceptability of this approach. From our results, it was
concluded that the combination approach of responsive MPs and DMNs
could lead to the successful delivery of silver NPs into ex vivo biofilm
model.

3.9. Antibiofilm activity in ex vivo model of biofilm on rat skin

In an attempt to assess the efficacy of this approach, the decrease of
bacterial bioburdens in an ex vivo biofilm models produced from SA and
PA were investigated by counting the viable cell counts. The results of
this study are shown in Fig. 10. In both ex vivo biofilm models, the lowest
antibiofilm activity was achieved after the application of cream-silver
NPs, with only around 50% of bacterial bioburden reduction after 48 h.
The incorporation of silver NPs into MPs, which were formulated into
cream conventional, was able to improve the ex vivo antibiofilm activity
by around 10% to approximately 60% of bacterial bioburden reduction
after 24 h application. This result was in a good agreement with the
dermatokinetic studies, showing that cream-MPs exhibited better der-
matokinetics than cream-silver NPs. Furthermore, following the incor-
poration into DMNs, the application of silver NPs to the ex vivo biofilm
models in both bacterial resulted in more than 75% reduction of bac-
terial bioburden after 60 h treatment. This implied that DMNs could
potentially increase the efficacy of silver NPs as antibiofilm agents.
Several studies have shown that the incorporation of antibacterial
agents into MNs led to an increase in antibacterial activity [26,40,71].
Essentially, because DMN-MPs exhibited the highest ex vivo skin
bioavailability in the dermatokinetic studies, the application of this
approach was able to eradicate 100% of the biofilms of SA and PA.
Hence, the administration of silver NPs loaded with PCL-chitosan MPs
delivered by DMNs led to two main benefits. Firstly, this approach was
able to enhance and control the dermatokinetic profiles of silver NPs.
Also, this approach could improve the efficacy of silver NPs in ex vivo
biofilm model in rat skin formed by SA and PA, in comparison with
DMNs without MP formulations, as well as conventional cream formu-
lation containing silver NPs and silver NPs loaded with MPs.
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The promising results of this study have proven the concept of the
study that the responsive MPs laden with silver NPs can be effectively
delivered into the skin using DMNs and, afterwards, NPs can display
their antimicrobial activity at the area of infection. The overriding
benefits of the selective delivery system we have developed here, in
comparison with conventional cream dosage form, lies in the capability
for site-selective delivery and long retention time in the area of infection
in the skin which could potentially enhance the efficacy of antibacterial
therapy of burns and chronic wounds. DMNs could, hence, be used for
the delivery of antimicrobial agents topically to wounds, and their
combination with selective MPs could be a feasible alternative to the
current antimicrobial managements.

4. Conclusion

This extensive study has shown the feasibility to encapsulate silver
NPs into responsive MPs prepared from PCL and chitosan. Delivered by
DMN approach, this combination could be an alternative choice to
overcome the problem in the therapy of skin infection associated with
bacterial biofilms. Leading on from this, several further studies are
highly recommended. As one of the reasons of the development of this
approach was due to the toxicity issue of silver NPs, toxicity studies must
be performed. Importantly, the ability to eradicate biofilm should be
performed in in vivo study using an appropriate animal model. Addi-
tionally, before this combination delivery system can achieve clinical
application and reach patient benefit, the studies regarding usability and
acceptability of this device should be performed to confirm maximum
effect of the work.
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