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A B S T R A C T   

Bacteroides fragilis is one of the most common causative group of microorganisms that is associated with skin and 
soft tissue infections (SSTI). Metronidazole (MTZ) is the drug of choice used in the treatment of SSTI caused by 
the bacterium. However, owing to its physiochemical properties, MTZ have limited skin permeation, which 
render the drug unsuitable for the treatment of deep-rooted SSTIs. One strategy to overcome this limitation is to 
reformulate MTZ into nanosuspension which will then be loaded into dissolving microarray patches (MAPs) for 
the treatment of SSTIs caused by B. fragilis. Herein, we report for the first time on the preparation and optimi-
sation of MAP loaded with MTZ nanosuspension (MTZ-NS). After screening a range of polymeric surfactants, we 
identified that Soluplus® resulted in the formation of MTZ-NS with the smallest particle size (115 nm) and a 
narrow PDI of 0.27. Next, the MTZ-NS was further optimised using a design of experiments (DoE) approach. The 
optimised MTZ-NS was then loaded into dissolving MAPs with varying MTZ-NS content. Furthermore, 3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) and cell proliferation assays along with LIVE/ 
DEAD™ staining on the 3T3L1 cell line showed that the MTZ-NS loaded dissolving MAPs displayed minimal 
toxicity and acceptable biocompatibility. In vitro dermatokinetic studies showed that the MTZ-NS loaded MAPs 
were able to deliver the nitroimidazole antibiotic across all strata of the skin resulting in a delivery efficiency of 
95 % after a 24-hour permeation study. Lastly, agar plating assay using bacterial cultures of B. fragilis demon-
strated that MTZ-NS loaded MAP resulted in complete bacterial inhibition in the entire plate relative to the 
control group. Should this formulation be translated into clinical practice, this pharmaceutical approach may 
provide a minimally invasive strategy to treat SSTIs caused by B. fragilis.   

1. Introduction 

Skin and soft tissue infections (SSTIs) impose a substantial financial 
burden to health care systems, accounting for approximately 10 % of all 
hospitalized patients [1,2]. This group of infections are caused by in-
vasion of bacteria and other microorganisms into the skin and under-
lying tissue. The condition may range from mild localised superficial 
infection, such as erysipelas, to more deep-rooted tissue infection, such 

as cellulitis [3]. The exact etiology of SSTI is multifaceted and may be 
caused by several microorganisms, ranging from virus, fungi and para-
site with bacterial infection being the most prevalent cause [3–5]. One of 
the most common causative group of microorganisms associated with 
SSTIs is Bacteroides fragilis [6]. Transmission of B. fragilis and closely 
related bacteria general from normal mucosal location may arise as a 
result of trauma such as animal/human bites, burns, cuts, or penetration 
of foreign objects, including nosocomial infections which may arise 
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post-surgery [7]. 
One of the drugs that is frequently used in the treatment of skin and 

soft tissue infection caused by B. fragilis is metronidazole (MTZ). The 
drug is a nitroimidazole derivate which exerts its antimicrobial effect 
through the reduction of the nitro group on the drug by the bacterium 
which leads to the formation of toxic metabolites. Such metabolites 
exert their bactericidal activity via molecular DNA destabilisation, as 
well as inhibiting DNA repair mechanisms, thus further exacerbating the 
DNA damage imposed [8]. The DNA damage imposed by the nitro-
imidazole metabolite ultimately results in bacterial cell death. The drug 
is typically applied to the skin either as a gels, lotions or cream for the 
management of superficial infection such as erysipelas. However, for 
more deep-rooted skin infections, such as cellulitis, the drug is admin-
istered via the oral route as tablets or via intravenous infusion [9]. 
Although delivering antibiotic via the oral route may prove to be 
convenient, the oral administration of MTZ is associated with gastro-
intestinal side effect such nausea and vomiting, in addition to the bitter 
metallic aftertaste [10]. In addition, the enteral delivery of MTZ poses 
the potential risk of inducing dysbiosis within the gut microbiome. This 
may give rise to rapid enrichment of antimicrobial resistance genes 
(ARGs), which can be passed on within the faeces, thus further pro-
moting the antibiotic resistance to other environments [11]. On the 
other hand, intravenous administration of MTZ may prove to be both 
invasive and painful which may not be ideal for patients especially those 
with needle phobia. Indeed, there is a need to reformulate MTZ using an 
alternative drug delivery strategy which offers a more targeted delivery 
of the antibiotic for the treatment of SSTIs in a minimally invasive 
manner. 

One pharmaceutical strategy that could be investigated to improve 
the delivery of MTZ into the skin for the treatment of SSTI are micro-
needles which are also known as microarray patches (MAPs). Unlike the 
conventional transdermal patch which is reliant on passive diffusion of 
actives into the skin, MAPs circumvent the protective barrier of the 
stratum corneum by physically piercing this outermost layer of the skin 
with microprojections. The application of MAPs to the skin will then 
result in the formation of water-filled channels within the skin strata 
which can then be exploited for the delivery of therapeutics such MTZ 
into the skin [12]. Recent studies have shown that reformulating anti-
biotics such as MTZ into nanocarrier may prove to be a viable strategy to 
improve the efficacy of the compound due to its solubility properties 
which slightly soluble in water [13]. For instance, a clinical comparative 
study by Badawi reformulating MTZ into solid lipid nanocarrier 
improved the efficacy of the drug relative to commercial benchmark 
Metron® for the treatment of bacterial vaginosis [14]. 

It is worth pointing out that the delivery of MTZ via the use of 
nanosuspension (NS) or MAPs has indeed been demonstrated before. For 
instance, Latha et al. [13] demonstrated that formulating MTZ as 
magnetite nanosuspension offered enhanced anthelmintic activity 
against Pheretima poi relative to the vehicle and control formulation. The 
work by Latha and co-workers highlighted the value of reformulating 
the MTZ into nanocarriers as a means to enhance the antimicrobial effect 
of the drug. Even though formulating MTZ as NS offered enhanced ef-
ficacy, due to the size of the NS coupled with the barrier properties of the 
stratum corneum, the use of NS alone would not suffice to deliver the drug 
into the deeper layers of the skin strata. On the other hand, Garland et al. 
[15] demonstrated for the first time that the use of dissolving MAPs 
fabricated from poly (methyl vinyl ether co maleic acid) (PMVE/MA) 
offered a viable strategy to deliver MTZ across the skin resulting in an 
overall delivery efficiency of ≈ 40 %. However, there is no work to date 
that have attempted to combine both technologies as a means to 
enhance the overall delivery of MTZ into the skin, which we have 
attempted in the current work. 

The combination of these two technologies may however offer a 
viable strategy to enhance the overall delivery efficiency of the MTZ into 
the skin. Therefore, it is postulated that formulating MTZ into nano-
carriers such NS that are loaded into dissolving MAPs may prove to be a 

viable strategy to deliver the antibiotic into the skin for SSTIs. In the 
current work, we present the development, characterisation of MTZ-NSs 
loaded dissolving MAPs as a composite pharmaceutical system for the 
delivery of the antibiotic into the skin. First, MTZ-NSs were developed 
via wet media milling. The properties of MTZ NSs were investigated and 
optimised using a composite central design (CCD) software. Upon 
characterising the NS, the antibiotic was loaded into dissolving MAPs. 
Upon manufacturing the MAPs, the mechanical and insertion properties 
of the needles were evaluated in order to understand if the patches were 
capable of piercing the skin. Following physical and mechanical char-
acterisation of the MAPs, the drug deposition from the formulation 
across different strata of the skin was also evaluated in order to elucidate 
the delivery kinetics of the drug from the MAP formulations. This was 
also complemented with an in vitro antibacterial study which was con-
ducted in order to evaluate the effectiveness of the formulation in 
eradicating cultures of B. fragilis. It is hoped that this formulation may 
serve as a patient-friendly and painless delivery approach of MTZ to 
treat deep rooted SSTI caused by B. fragilis. 

2. Materials and methods 

2.1. Materials 

2-Methyl-5-nitroimidazole-1-ethanol (purity, >99 %) was purchased 
from Alfa Aesar (Lancashire, UK). Tween® 80 was procured from Tokyo 
Chemical Industry (Oxford, UK). Soluplus®, Lutrol® F108 and Plur-
onic® F88 Pastille were kindly supplied by BASF (Ludwigshafen, Ger-
many). PVP 90 kDa was supplied by Ashland (Kidderminster, UK). 
Ultrapure water used in the work was obtained from Elga PURELAB DV 
25 purification system, (Veolia Water Systems, Dublin, Ireland). The 
remaining materials were of analytical grade and procured from Sigma- 
Aldrich (Dorset, UK) or Fisher Scientific (Loughborough, UK). Bacter-
oides fragilis NCTC 9343 (National Collection of Type Cultures, Salis-
bury, UK) was maintained in Brain Heart Infusion (BHI) broth with 15 % 
glycerol at − 80 ◦C and cultivated in BHI broth at 37 ◦C for 48 h when 
required for the microbiological assessments. Full-thickness neonatal 
porcine skins were obtained from stillborn piglets within 24 h post- 
mortem and stored at − 20 ◦C until use. 

2.2. Preparation and optimisation of MTZ-NS 

In the present work, the following surfactants- poly(vinyl alcohol) 
(PVA) 9–10 kDa, Tween®, Pluronic™ F88, Lutrol® F108 and Soluplus® 
were screened as potential excipients in the preparation of MTZ-NS. The 
MTZ-NS formulations were optimised in systematic fashion using a 
design of experiments (DoE) approach. This was achieved using surface 
responses, composite central design (CCD) with Design Express Software 
version 11 (State-ease, Minneapolis, USA). In conducting the DoE study 
for the MTZ-NS, the surfactant and MTZ concentration in tandem with 
agitation time were used as variables factors to optimise the final 
formulation. In addition, particle size and PDI were selected as critical 
outcomes for the DoE study in order to obtain MTZ in homogenous and 
narrowly distributed particle size [16]. 

A modified media milling approach was adopted in fabricating the 
NS, as previously reported [16]. In brief, 0.2 mg of MTZ were added to 
12 mL glass vial containing 6 mL of surfactant solution. Four magnetic 
bars (8 × 4 mm) along with 8 g of zirconia beads (particle size of 0.1 
mm) were added to the vial in order to an enclosed micromilling system. 
Prior to micromilling, the content of the vials was vortexed at 2500 rpm 
for 30 s. The milling process was instigated by fixing the system to an 
IKA RCT Basic Magnetic Stirrer (IKA, Staufen, Germany), and agitated at 
1500 rpm over the course of 24 h. Upon milling, the NS was separated 
from the slurry by filtering the mixture through a 200 mesh sieve. The 
NS was frozen at − 80 ◦C for 3 h prior to lyophilisation for 24 h (Fig. 1). 
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2.3. Characterisation of metronidazole nanosuspension 

Quasi Elastic Light Scattering was performed on MTZ-NS using a 
NanoBrook Omni® analyzer (Brookhaven, New York, USA). The NS 
were evaluated in terms of the size and polydispersity index (PDI) which 
gives an indicator on the size distribution of the nanoparticles. Prior to 
sample analysis, the sample was dispersed and diluted (x200 dilution) in 
an Eppendorf® tube containing 2 mL of distilled water. The NS was then 
vortexed at 2500 rpm for 60 s before being transferred into a disposable 
cuvette (length 12 mm, height 45 mm, width 12 mm). Prior to analysis, 
the sample was subjected to a 3 min equilibration time after which 
sample analysis was conducted at 25 ◦C. All measurement made for the 
NS were done in triplicates, n = 3. 

Scanning electron microscopy (SEM) TM3030 microscope (Hitachi, 
Krefeld, Germany) was employed to elucidate the morphology of pure 
MTZ, pure Soluplus® and PM. The samples were applied onto adhesive 
carbon tape prior to analysis. Transmission electron microscope (TEM) 
JEOL JEM 1400-plus transmission electron microscope (JEOL UK, 
Welwyn Garden City UK) with an accelerating voltage of 120 kV was 
used to visualise the morphology of MTZ-NS. For TEM analysis, diluted 
sample was dropped on a copper grid coated with Formvar film and 
dried at room temperature for 24 h prior to analysis. The chemical 
interaction between MTZ and surfactant from the optimised formula-
tions was gauged using a Fourier transform infrared (FTIR) spectrometer 
(Accutrac FT/IR-4100™ Series, Perkin Elmer, USA). The crystallinity of 
pure MTZ, physical mixture (PM) and optimised MTZ-NS formulations 
were evaluated using a differential scanning calorimeter, DSC Q100 (TA 
Instruments, Elstree, Hertfordshire, UK) in tandem with XRPD, X-ray 
diffractometer (Rigaku Corporation, Kent, England). 

2.4. In vitro release study of MTZ-NS 

In order to understand the release profile of MTZ from the optimised 
NS, a side-by-side diffusion cell (Permergear, Hellertown PA, USA) 
diffusion study was conducted across the SnakeSkin™, 7000 MWCO 
dialysis membrane (Thermo Fisher Scientific, Altrincham, UK) [17,18] 
(Fig. 2). The membranes were initially trimmed into 15 mm × 15 mm 
film and secured to the donor compartment using cyanoacrylate glue. 
The dialysis membrane was clamped between the donor and receptor 
compartment followed by the addition of 3 ml PBS pH 7.4 into both 
compartments. Pure MTZ (10 mg) and MTZ-NSs that corresponded to 
10 mg MTZ were individually added and dispersed into the donor 
compartment. The receptor solution was sampled at predetermined time 
points and replenished with the same volume of fresh PBS. All samples 
were then analysed using a validated of high-performance liquid chro-
matography (HPLC) method, as detailed in Section 2.11. 

2.5. Fabrication of dissolving MAPs 

Optimised MTZ-NS formulation fabricated from Soluplus® was 
selected in the manufacture of dissolving MAPs as shown in Fig. 3. In 
brief, the MTZ-NSs, along with appropriate proportions of deionised 
water, as detailed in Table 1, was mixed and pipetted (50 mg) into a 
silicone mould (16 × 16 pyramidal needle density, 850 μm height, 300 
μm width at base, 300 μm interspacing and 0.36 cm2 patch area) to form 
the needle matrix. The moulds were subjected to a positive pressure of 4 
bar for 5 min, followed by the removal of excess of the first layer 
formulation from the moulds. The needle layers were dried for 30 min 
under a positive pressure chamber of 4 bars. Flexible elastomer rings 
(external diameter 23 mm, internal diameter 18 mm, thickness 3 mm) 
were secured on top of the silicone moulds using a thin layer of aqueous 
40 % of w/w PVA (9–10 kDa). Upon drying the moulds under ambient 
condition for 6 h, 850 μL of an aqueous blend of 30 % w/w of PVP (90 
kDa) and 1.5 % w/w of glycerol was added followed by centrifugation at 
3500 rpm for 10 min. Upon drying the moulds at ambient condition for 
24 h, excess sidewalls that were formed during manufacture were 
meticulously removed using a pair of scissors. Finally, the MAPs were 
transferred and dried at 37 ◦C for 24 h before the formulations were 
subjected to characterisation. 

Fig. 1. Schematic representation of MTZ-NS preparation.  

Fig. 2. Side-by-side dialysis setup for in vitro release studies of pure MTZ and 
MTZ-NS. 
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2.6. Microneedle compressive resistance and insertion evaluation 

The structure of the MAPs was imaged using a digital light micro-
scope (Leica EZ4 D, Leica Microsystems, Milton Keynes, UK). The 
physical traits and thermal transition of the neat drugs and MAPs for-
mulations were evaluated via differential scanning calorimetry (DSC 
Q20, TA Instruments, Elstree, Hertfordshire, UK). This was performed in 
order to gauge if formulating the drug into MAPs may result in any 
changes to the solid state of the drug. 

The resistance of the MAPs to a compressive force of 32 N was 
investigated using a TA-TX2 Texture Analyser (TA) (Stable Micro-
systems, Haslemere, UK) as previously described [19,20]. A force of 32 
N was chosen as the target compressive force as this is normally the force 
encountered by the patch during skin application. The resistance of the 
MAPs to the force was evaluated as a change in height of the needles 
after being compressed. This was calculated using Eq. (1). 

Change in needle height (%) =
Δneedle height

original needle height
x 100

=
Ha − Hb

Ha
× 100% (1)  

where Ha is the original needle height and Hb the height of the needle 
after being compressed for 30s under 32 N. 

As one of the cardinal features of MAPs is the ability of the patch to 
puncture the skin upon application, the insertion profile of the formu-
lations was also investigated. Firstly, the insertion of the MAP into eight 
stacks of Parafilm® M layer was done in order to gauge the insertion 
efficiency of the formulation with each layer. Parafilm® M was chosen 
as a skin simulant in this instance. Complementary to Parafilm® M 
insertion study, the ability of the MAP to puncture ex vivo full thickness 
neonatal porcine skin was also conducted. When conducting this 
experiment, EX-101 optical coherence tomography (OCT) microscope 
(Michelson Diagnostics Ltd., Kent, UK) was used to see the needle 
insertion into the skin under real-time [21]. The images collected from 
OCT analysis was then processed and analysed using ImageJ® (National 
Institutes of Health, Bethesda MD, USA) in order to gauge the length of 
the needles that have been inserted into the skin [22]. On top of that, 
OCT was also used to visualise and evaluate how the MAPs dissolve 
within the skin in situ over the course of 60 mins. 

2.7. Drug content localised in the needles 

MAPs were individually placed in a glass vial containing 4 mL of 
deionised water and sonicated for 30 min to dissolve them. The mixture 
was diluted by the addition of 4 mL of acetonitrile and sonicated for a 
further 30 min. The final drug containing solution was centrifuged at 
14,500 rpm for 15 mins prior to HPLC analysis. 

2.8. In situ dissolution studies 

In order to evaluate the time taken for the needles on the MAPs to 
dissolve in the skin, an in situ ex vivo skin dissolution study was con-
ducted. Briefly, excised full-thickness neonatal porcine skin was 
immersed in PBS (pH 7.4) for 30 min and allowed to equilibrate to 
ambient temperature prior to the experiment. MAPs from F1–F3 were 
inserted to the skin using manual thumb pressure for 30 s. In order to 
mitigate the propensity of the patch to dislodge from the skin, stainless- 
steel cylindrical weights (15.0 g) were secured on top of the MAP [23]. 
The samples were then incubated at 37 ◦C in a thermostatically 
controlled oven. At predetermined time, the MAPs were meticulously 
peeled from the skin and the morphology of MAPs were visualised and 
captured under a digital microscope. 

2.9. Biocompatibility study 

MTZ-NS biocompatibility on fibroblast like cells (3T3L1) was eval-
uated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 
(MTT), LIVE/DEAD™ and cell proliferation assays. Initially, all MAPs 
were sterilised using UV light at 253 nm for 7 mins. Fibroblast-3T3L1 
cells were plated and incubated on MAPs cultured with complete 
DMEM culture medium (DMEM-F12-GlutaMAX-I, Gibco, New York, NY, 
USA) for 72 h at 37 ◦C with 5 % CO2. MTT assay was conducted as 
previously described [24]. The culture medium was replaced MTT so-
lution (0.5 mg/mL) in DMEM. After 5 h, the supernatant was removed, 
DMSO was added (200 μL), and the sample was gently shaken for 15 min 
to allow the dissolution of the formazan crystals. Optical absorbance was 
measured using a Synergy H1 microplate reader (Biotek, Winooski, VT, 
USA) at 570 nm. DMEM F12 medium was used as a negative control, and 
Triton X-100 (1 %) was used as a positive control. In order to confirm 
cell viability, live/dead staining was conducted. Firstly, MTZ-NS and 
Soluplus® samples were added to 3T3L1 cell culture for 72 h. The cells 
were then stained for 5 min at room temperature in 5 μg/ml calcein AM 
and 5 μg/ml ethidium homodimer-1 (Molecular probes, Eugene, Ore-
gon). In addition, cell proliferation was also evaluated via DNA content 
assay. The nucleic acid concentration, DNA, from the cells that have 
adhered to the samples (MTZ-NS and Soluplus®) was assayed using 
Quant-iT™ PicoGreen® dsDNA Reagent and Kits (Molecular Probes, Life 
Technologies Corp.). This was done based instructions provided by the 
kit. In brief, the cells were meticulously rinsed with PBS (pH 7.4) for a 
total of three times before being treated with 1mL of lysis buffer that 

Fig. 3. Schematic representation of fabrication of MTZ-NS loaded dissolving MAPs.  

Table 1 
Formulations for first layer of dissolving MAP preparation.  

MAP formulation code MTZ-NS powder (%) Deionised water (%) 

F1  50  50 
F2  33  67 
F3  25  75  
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consist of 10mM Tris (pH 8), 1mM EDTA, and 0.2 % (v/v) Triton X-100. 
Next the samples were vortexed for 10s after an interval of 5min for a 
total of 30min. During this step, the cells were kept on ice throughout 
the entire process. This step was done in order to promote the release of 
nucleic acid from the cells. Next, the cells were carefully thawed on ice 
before being homogenised for 10–15 min. 100μL of DNA-binding fluo-
rescent dye solution was pipetted into the samples to promote the 
binding of the fluorophore to the DNA that has been release. The fluo-
rescence intensity was measured at an excitation wavelength of 480nm 
and an emission wavelength of 520nm. A standard curve was con-
structed using Lambda DNA order to quantify the amount of DNA that is 
being assayed. Sample analysis were done in triplicates (n = 3). 

2.10. Dermatokinetic study 

Dematokinetic studies using a Franz cell (Permergear, Hellertown 
PA, USA) set up were implemented in order to evaluate the delivery of 
MTZ from the composite MAP system across the full thickness neonatal 
porcine skin. Briefly, full thickness ex vivo neonatal porcine skin was 
trimmed and carefully glued to the donor compartment using cyano-
acrylate glue. The MAP insertion into the ex vivo neonatal porcine skin 
was performed under manual thumb compression for 30 s. On the other 
hand, PBS (pH 7.4) which had been warmed to 37 ◦C and degassed was 
added to the receiver compartment of the Franz cells. The solution was 
maintained at 37 ± 1 ◦C and stirred at 600 rpm. The donor compartment 
was then attached to the receiver compartment. The MAP was secured in 
place by the addition of a stainless-steel cylindrical weight (15.0 g) as 
previously reported, in order to prevent MAP expulsion from the skin 
[23]. The evaporation of receiver solution was mitigated by sealing the 
sampling arm using Parafilm® M. At pre-determined intervals, the Franz 
cells were dissembled, and 1 mL of receiver media and the porcine skin 
was collected and analysed. The release media was centrifuged at 
14,500 rpm for 15 mins and then filtered using 0.45 μm PTFE filter prior 
to HPLC analysis. The skin samples that were collected at pre- 
determined time were heated treated at 60 ◦C using hotplate for 5 
mins. This was done to induce the separation of the epidermis and 
dermis [25]. The separated epidermis samples were placed in an 
Eppendorf tube contained 2 mL of acetonitrile, homogenised using 
thermal mixer (ThermoMixer™F2.0, Eppendorf, Hamburg, Germany) 
for 30 min. In contrast, the separated dermis was placed in an Eppendorf 
tube contained 0.5 mL deionised water and then homogenised using a 
Tissue Lyser LT (Qiagen Ltd., Manchester, UK) at 50 Hz for 15 min to 
dissolve the hydrophilic polymer. Next, 1 mL acetonitrile was added to 
the Eppendorf tube followed by a further homogenisation step for 15 
min. Lastly, all samples were centrifuged at 14,000 rpm for 15 mins 
followed by the injection of the supernatant into the HPLC column. 
Where necessary, samples and external standards were diluted in PBS 
(pH 7.4). 

2.11. In vitro antibacterial activity of MTZ-NS loaded microneedle arrays 

MAPs loaded with MTZ-NS were tested for inhibitory effects on 
bacterial cultures of Bacteroides fragilis NCTC 9343, which is an obligate 
anaerobic gram-negative bacillus associated with SSTIs [6]. For this 
purpose, B. fragilis was incubated under anaerobic conditions on BHI 
broth at 37 ◦C for 48 h. Subsequently, the inoculum (20 mL) was 
centrifuged at 3500 rpm for 15 min and the pellet was re-suspended in 5 
mL of the same broth in order to concentrate it. Then, 100 μL of this 
concentrated inoculum was poured and plated on the BHI agar plate by 
using a cotton swap in order to obtain a bacterial lawn. After that, the 
plates were allowed to dry for 15 min and the MAPs were then placed on 
the top of the BHI agar plates and incubated under anaerobic conditions 
at 37 ◦C for 48 h. Further, inoculated plates with B. fragilis alone and 
containing MAPs with no MTZ-NS were also incubated as positive and 
negative controls, respectively (n = ≥ 4). 

2.12. High performance liquid chromatography analysis 

The concentrations of MTZ were measured via HPLC (Agilent Tech-
nologies 1220 Infinity UK Ltd., Stockport, UK). HPLC analysis was done 
using Phenomenex® Luna C18 (ODS1) column (150 mm × 4.6 mm i.d. 
with 5 μm particle size). A flow rate of 1 mL/min was chosen for sample 
analysis and this was done at 25 ◦C. The mobile phase consisted of 
methanol as the organic phase while the aqueous phase consisted of 
water with 0.1 % triethylamine (40:60 v/v) adjusted to a of pH 6.8. 
Sample detection was conducted at a wavelength, λ of 322 nm. The 
injection volume of the sample was 20 μl. The HPLC assay used in the 
current work has been validated as per International Council on Har-
monisation (ICH) 2005 guideline. 

2.13. Statistical analysis 

Data collection and interpretation was conducted using GraphPad 
Prism® version 8.0 (GraphPad Software, San Diego, California, USA). 
The data presented in the current work are displayed as means ± stan-
dard deviation (SD), unless stated otherwise. When two treatment 
groups are compared, a Student's t-test was done. In contrast, when the 
analysis entails the comparison of multiple groups, One-way analysis of 
variance (ANOVA) was opted instead. Statistical significance was 
deemed at p < 0.05. Besides that, additional level of statistical signifi-
cances was denoted using the following convention 0.033(*), 0.002(**), 
<0.001(***) and < 0.0001 (****). 

3. Results and discussion 

In the current work, we developed a composite pharmaceutical 
system consisting of MAPs loaded with MTZ-NS in an attempt to 
improve the treatment of localised skin infections caused by Bacteroides 
fragilis spp. This composite pharmaceutical system utilises a NS strategy 
to reduce the particle size and convert MTZ into an amorphous state 
which would improve the solubility and thus the drug loading of the 
antibiotic into the patch. In addition, this formulation also capitalises on 
the penetration capability conferred by MAPs to improve the intrader-
mal deposition of the antibiotic. 

3.1. Preparation of MTZ-NS 

In order to develop this composite formulation system, a series of 
surfactants were first screened in the development of MTZ-NS in order to 
identify which surfactant would be capable of forming a NS with the 
smallest particle size (nm) and narrow size distribution (PDI). 

During the preliminary screening study, a surfactant concentration 
of 2 % w/w was selected. This concentration was selected based on 
previous study which showed that this concentration was sufficient to 
produced NS with small particle size and low PDI [16]. Fig. 4 shows the 
particle size and PDI of MTZ-NS when the drug was nano-milled with 
different surfactants over the course of 24 h. 

It is apparent that without the addition of surfactant (control), the 
nano-milling process resulted in MTZ with a particle size of ≈200 nm. 
During the milling procedure, the formation of NS is a result of two 
competing processes that are occurring simultaneously: particle 
breakage and aggregation [26]. Particle attrition that contributes to 
MTZ size reduction is attributed to the physical and mechanical grinding 
between the drug particle with the milling media, in this case the zir-
conia beads. In contrast, upon undergoing particle size reduction, the 
resulting drug particles have a tendency to aggregate due to inherent 
attractive forces arising from inter-particle forces such as van der Waals 
and even hydrophobic-hydrophilic attraction [27]. Therefore, in order 
to mitigate the particle aggregation, the manufacture of NSs typically 
includes the addition of polymeric stabilizers or surfactants during the 
milling step. The surfactant stabilizes the newly formed nanosized drug 
particles' surfaces, which mitigates particle aggregation post- 
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manufacture. It can be seen that the addition of Tween, Lutrol and 
Pluronic resulted in drug particle sizes roughly the same size as the 
control. In contrast, we observed that the use of PVA resulted in a NS 
displaying the highest drug particle size. We also observed that the use 
of Soluplus®, a grafted copolymeric solubilizer, resulted in MTZ-NS with 
the smallest drug particle size, ≈100 nm. Such enhanced drug particle 
size reduction in this instance may be attributed to the combination of 
physical attrition of drug particle size due to media-milling along with 
the enhancement in drug solubilizing effect of the Soluplus® [28]. In the 
current work, we observed that the choice of surfactant used in the 
manufacture of NS plays a critical role in determining drug particle size. 
Such a finding echoes with the findings of other researches, who have 
shown that the choice of stabiliser plays a critical role in the overall 
particle size of the NS [29–31]. In the current work, we have screened 
and chosen the surfactant that resulted in the formation of MTZ NS with 
the smallest particle size. This is based on the findings from several 
publications to date that have shown that the size of the nanocarriers has 
an impact on the overall antimicrobial properties of the formulation, 
with smaller nanoparticles conferring the greatest bacteriostatic and 
bactericidal activities. For instance, Dong et al. [32] have demonstrated 
that the use silver nanoparticles with a size of 10 nm conferred superior 
bactericidal activity relative to larger nanoparticles used in their work. 
This work echoed the earlier work by Inam et al. [33] who demonstrated 
that methyl-quaternized nanoparticles displaying a size of less than <1 
μm exhibited enhanced antibacterial activity against seven different 
strains of bacteria relative to the larger methyl-quaternized nano-
particles. Upon identifying the surfactant which offers the smallest 
particle size and the lowest PDI during media-milling, a design of 
experiment (DoE) study was conducted in order to optimise the NS 
formulation. 

The optimisation of NSs was carried out using CCD which entailed 
the use of 15 formulations that were suggested by the software. Particle 
size and PDI were recorded before and after freeze drying as the re-
sponses for all NS formulations, presented in Table S2 and Table S3. The 
representative 3D surface graphs describing the effect of parameter on 
the particle size and PDI before and after freeze drying are presented in 
Fig. 5. The optimum formulation was selected based on the highest 
desirability factor for minimum particle size and PDI, as generated by 
the software. This is presented in Table 2 as the predicted and observed 
values of particle size and PDI for the optimised NS formulation. The 
optimised formulation consisted of 10 % w/v Soluplus® solution, 800 
mg MTZ that was nano-milled with an agitation time of 30 min. As bias 
value of optimised formulations in all cases were <15 %, this indicated 
that the optimisation process of NS formulation was indeed successful 

[34,35]. 

3.2. Characterisation of MTZ-NS 

Fig. 6A-C show the SEM images of pure MTZ, pure Soluplus® and 
PM, respectively. Fig. 6D displays the TEM image of MTZ-NS. The size of 
NC in this experiment was found to be <100 μm, which is similar to that 
observed in DLS analysis. Fig. 6E shows the FTIR spectra of pure MTZ, 
pure Soluplus®, PM and MTZ-NS. All the characteristic peaks in pure 
MTZ spectra were also found in the PM and NS formulation, indicating 
no interaction between MTZ and Soluplus®. Furthermore, XRD and DSC 
thermal analysis were performed to evaluate the crystallinity state of 
MTZ during the milling process, which are shown in Fig. 6F and Fig. 6G, 
respectively. The diffractogram of pure MTZ displayed several sharp 
peaks at the following diffraction angles (2θ) of 12.94◦, 19.24◦, 25.29◦, 
and 29.46◦, which indicates that MTZ is present in a crystalline form. 
These characteristic peaks were also observed in the PM but were absent 
in the MTZ-NS, which shows suggest the drug was in an amorphous 
state. Moreover, DSC thermal analysis was performed to verify the XRD 
results. All endothermic peaks remained sharp at 162 ◦C, representing 
melting point and crystallinity of MTZ in the diffractograms of pure drug 
and PM. However, this peak was not found in the MTZ-NS thermogram, 
confirming that the optimised NS formulation is presented as amorphous 
structure [36–38]. These results suggest that wet-bead milling technique 
used to prepare MTZ-NS also resulted in the amorphization of the drug. 
These results are consistent with previous findings for other drugs such 
as dexamethasone and tacrolimus [39]. It has been reported that me-
chanical pressure during the milling process generates lattice vibrations 
contributing to the amorphisation of the sample [40]. However, it is 
important to note that amorphization does not always happen during 
wet-bead milling as in multiple cases the resulting NSs obtained using 
this technique still remain crystalline [41,42]. The formation of amor-
phous NSs is linked to the properties of the drug/stabiliser and the 
process parameters [40]. 

3.3. In vitro release study 

In vitro release profiles of pure MTZ and MTZ-NS formulation are 
presented in Fig. 6H. The results show that, by formulating the drug into 
an NS formulation, the release percentage of MTZ was significantly 
enhanced (p < 0.0003) up to 72 % over 24 h. Conversely, the drug 
released from pure MTZ was only 11 % after 24 h. In addition, we also 
observed that when the release study was done using pure MTZ in the 
presence of Soluplus® as a physical mixture (PM), the release profile 

Fig. 4. Metronidazole nanosuspension (MTZ-NS) characterisation. The NSs were fabricated using different surfactants (2 % w/v) via nanomilling. (A) particle size 
and (B) PDI. Data presented as mean + SD (n = 3). 
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Fig. 5. Response surface plots describing the effect of surfactant concentration, MTZ amount and agitation time to the (A,C) particle size and (B,D) PDI of MTZ-NS 
formulation prior and post freeze drying process. 
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obtained was similar to that of pure MTZ. This suggest that the presence 
of Soluplus® alone was insufficient to promote the release profile of 
unmodified MTZ but necessitate the reformulation of the pure drug into 
NS in order to achieve a more rapid and greater release profile. This is 
possibly due to the larger surface area of NS formulation, which leads to 
an increase in the dissolution rate and solubility [16,36,43]. In addition, 
the presence of poly(ethylene glycol) (PEG) on the structure of Sol-
uplus® endow the polymer with enhanced hydrophilicity. Thus, incor-
porating this polymer in the fabrication of MTZ nanoparticles will lead 
to formation of nanosuspension with enhanced hydrophilicity. This in 
tandem with the overall reduction in drug particle size will ultimately 
lead to a significant increase in the rate of drug dissolution thus pro-
moting the solubility and release of MTZ. 

3.4. Mechanical resistance, drug content and ex vivo skin insertion study 

Upon optimising the MTZ-NS, the formulation was then used to 
fabricated dissolving MAPs. The resulting MTZ-NS loaded dissolving 
polymeric MAPs are shown in Fig. 7. For all three MAP formulations 
evaluated, the digital microscope images revealed sharp obelisk needles 
on a clean and smooth baseplate when the MTZ-NS were casted and 
dried. The F1 MAPs manufactured from MTZ-NS appeared clear and 
transparent, while those with higher percentages of MTZ-NS appeared 
off-white in the tip of the needles, as shown in Fig. 7. 

It is also worth noting, we have attempted to fabricated MAPs using 
pure MTZ which has not been formulated into NS, however, this 
formulation had poor needle fidelity post-fabrication as shown in Fig. S1 
and was not viable to be used as a control formulation in the current 
work. 

Following visual inspection of the MAPs, a series of characterisation 
experiment were conducted in order to evaluate the mechanical prop-
erties and insertion capabilities of the needles. It can be seen from 
Fig. 8A that the dissolving MAPs fabricated displayed similar percentage 
height reduction of 4–5 % when the MAPs were subjected to a 
compressive force of 32 N [44]. It can also be seen from Fig. 8A, when 
the fabricated MAP was void of any drug, the overall formulation had a 
lower mechanical resistance against a compressive force of 32 N. This 
caused the blank MAP to experience an overall greater height reduction 
of ≈16 % relative to the drug loaded formulations. In this instance, drug 
loading did impact the mechanical properties of the formulation by 
enhancing the resistance the MAPs against compression. It is postulated 
that in this instance, the presence of MTZ within the MAP function as an 
external plasticiser which endowed the needles with greater resistance 
against mechanical compression. Such finding is corroborated by the 
findings of Siepmann et al. [45] that demonstrated the role of drug 
molecules as an external plasticiser within polymeric systems. It was 
apparent that, in this instance, the drug loading of MTZ-NS in the MAPs 
did not affect the overall mechanical properties of the needles. This 
resulted in the formation needles which displayed similar mechanical 
properties despite having varying drug loading as shown in Fig. 8B. The 
percentage height reductions observed were similar to the values that 
have been reported by other researchers in the fabrication of dissolving 
MAPs [46,47]. This would suggest that the fabricated MAPs would 
possess sufficient mechanical robustness to withstand the manual pres-
sure during MAP application into the skin. With respect to drug loading, 
we observed formulation F1 and F2 which had a higher ratio of MTZ-NS 

powder: deionised water displayed a lower drug loading to F3 which had 
the lowest MTZ-NS powder: deionised water ratio. Intuitively, it is 
postulated that MAP fabricated with the highest MTZ-NS powder: 
deionised water ratio, in this case F1, would exhibit the highest drug 
loading. Nevertheless, this was not the case as we observed formulations 
F1 and F2 which were fabricated at a higher percentage of MTZ-NS 
powder, resulted in expulsion of NS aqueous blend out of the mould, 
which were later removed via scrapping, after the formulation has been 
subjected to a positive pressure of 4 bar for 5 min. In contrast, this was 
not observed when F3 was fabricated at a lower percentage of MTZ-NS 
powder, resulting in higher drug loading into the needle layer. 

Next, an insertion study of the MAPs into a skin simulant consisting 
of eight layers of Parafilm® M was conducted in order to investigate the 
insertion profile of the MAPs. It can be seen from Fig. 8C that all three 
MAP formulations displayed similar insertion profiles, capable of being 
inserted all the way down into the third Parafilm® M layer. For all three 
formulations evaluated, we observed that all of the MAP formulations 
fabricated were capable of puncturing the first layer of Parafilm with 
100 % insertion efficiency in a consistent fashion, as evinced by the 
absence of any error bars in the first layer. Next, an insertion study 
utilising full thickness ex vivo neonatal porcine skin was conducted in 
order to evaluate further the insertion performance of the MAPs fabri-
cated. OCT was implemented to visualise the insertion of needles in situ 
into the skin, as shown in Fig. 8D. It can be seen that all three formu-
lations resulted in similar skin insertion depths of ≈ 600 μm, despite 
having varying drug loadings. Pathogenic bacteria which typically result 
in skin infection have been shown to be present not only on the surface 
of the skin but, in some instances, reside deep within the epidermis and 
dermis [48]. Therefore, all three MAPs loaded with MTZ-NS were shown 
to puncture the skin, resulting in intradermal deposition of drug loaded 
needles to a depth of 600 μm. This insertion depth was into the 400–700 
μm which is frequently cited as the region in which pathogenic bacteria 
typically reside during skin infection [49]. 

This is the first report that describes the use of MTZ-NS combined 
with MAPs. There are multiple examples of NSs loaded into MAPs 
described in the literature [41,50–54]. The MAPs described here have 
shown similar behaviour to those previously reported with respect to 
insertion and mechanical properties. Tekko et al. [51] prepared MAPs 
loaded with methotrexate nanocrystals showing equivalent insertion 
profiles and height reductions after compression (lower than 10 % 
original needle height) than the ones reported here [51]. It is important 
to note that the MAP systems prepared by Tekko et al. were similar in 
terms of needle length and needle spacing. Moreover, McCrudden et al. 
[52] prepared MAPs loaded with a commercial rilpivirine NS showed 
similar insertion profiles than the ones described here. In this case the 
patches contained a slightly lower needle density (14 × 14) than the 
ones described in the current work (16 × 16). On the other hand, 
Abdelghany et al. [54]prepared microneedles loaded with curcumin 
NSs. The resulting MAPs showed a better insertion capability than the 
ones described here. However, these curcumin-loaded MAPs was fabri-
cated with a lower needle density (11 × 11 vs. 16 × 16) which enabled 
higher insertions but decrease the amount of drug loaded into the nee-
dles per mm2. Recently a different needle tip geometry, cuboidal base 
with pyramidal tip, has been used for the delivery of NSs. These needles 
can be inserted to deeper layers of the skin due to its higher needle 
height (900 μm). Interestingly, the mechanical properties were similar 

Table 2 
Predicted and observed responses of the optimised MTZ-NS formulation.   

Factors Responses Predicted Observed (mean ± SD, n = 6) Bias (%) 

Surfactant concentration (% w/v) MTZ concentration (mg) Agitation time (min) 

Before FD  10  800  30 Particle size (nm)  42.26 46.70 ± 3.32  − 10.5 
PDI  0.09 0.09 ± 0.01  6.12 

After FD  10  800  30 Particle size (nm)  89.21 79.35 ± 3.87  11.06 
PDI  0.08 0.08 ± 0.01  2.74  
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Fig. 6. SEM images of (A) pure MTZ, (B) 
pure Soluplus® and (C) physical 
mixture. (D) TEM image of MTZ-NS. (E) 
Fourier transform infrared analysis of 
pure MTZ, pure Soluplus®, physical 
mixture and MTZ-NS. (F) Powder X-ray 
diffraction of pure MTZ, pure Soluplus®, 
physical mixture and MTZ-NS. (G) Dif-
ferential scanning calorimetry thermo-
gram of pure MTZ, pure Soluplus®, 
physical mixture and MTZ-NS. (H) In 
vitro release profile of pure MTZ, phys-
ical mixture and MTZ-NS in PBS (pH 
7.4). Data expressed as means ± SD, n =
3.   
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as the needle height reduction after compression was in line with the one 
reported in this work [55,56]. 

Following the in situ skin insertion study, we also evaluated the 
dissolution profile of the needles following patch application to the skin. 
As shown in Fig. 9, we observed that all three MAP formulations (F1–F3) 
displayed similar dissolution profile following skin insertion. After 15 
min, we observed that a majority of the needle lengths have dissolved 
and after 30 min we noticed that the whole needle shaft has completely 
dissolved following skin application for F1–F3. The rapid dissolution 
profile for all three formulations may be attributed to the hydrophilic 
nature of the needles which arises due the presence of Soluplus® which 
function a surface active polymeric solubiliser to accelerate the disso-
lution of MTZ when the needles are in contact with dermal interstitial 
fluid [57]. 

In the current work it can be seen that we have successfully formu-
lated dissolving MAPs which has been loaded with an optimised NS of 
MTZ. These formulations have been shown to display acceptable me-
chanical properties enabling effective skin penetration as evinced from 
the Parafilm® M and ex vivo skin insertion study. In order to develop a 
MAP-based formulation for the management of SSTI, we have chosen 
the dissolving MAP approach relative to other variants of MAPs. With a 
dissolving MAP approach, we can easily administer the antibiotic in 
single-step application process. This is a significant advantage over solid 
microneedles which necessitate a two-step application process, MAP 
insertion followed by the topical application of a separate formulation 
containing the antibiotic. Not only does this introduce an additional step 
in administering the antibiotic which may cumbersome for patients but 
the duration by which the pores generated by solid MAPs can vary 
considerably which may lead dose inconsistencies [58,59]. Such 
inconsistency in dosing poses the risk of delivering sub-inhibitory con-
centrations of the antibiotic which may introduce an unwanted selective 
evolutionary pressure on the targeted bacteria that may ultimately give 
rise to antibiotic resistance. On the other hand, the use of dissolving 
MAPs overcome the issue associated with sharp waste post application 

as this MAP system is inherently self-disabling post application due to 
needle dissolution within the skin [60]. This is another prominent 
advantage of using dissolving MAPs over solid and hollow MAPs in order 
to deliver the NS. Alternatively, one might consider using hydrogel 
forming MAPs as another strategy to deliver the antibiotic as these 
variants of MAPs have been demonstrated to deliver high doses of 
antibiotic transdermally [61]. Although this approach offers the possi-
bility of delivering high doses of antibiotics, recent work has shown that 
this MAP strategy may in some circumstances result in low drug delivery 
efficiency due to the drug being trapped in the hydrogel network 
[34,62,63]. Therefore, due to the disadvantages observed by the other 
MAPs system, we have decided that a dissolving MAP approach would 
offer an elegant strategy to deliver MTZ intradermally to treat B. fragilis 
infection. 

3.5. Biocompatibility study 

It can be seen from Fig. 10A that we observed no reduction in 
viability when the cells were exposed to MAPs that were either fabri-
cated from Soluplus® alone (blank) or with MTZ-NS. This indicates that 
that the formulation does not exhibit any noticeable toxicity when tested 
using fibroblast dermal cell line. This observation are consistent with the 
findings by Alopaeus et al. [64] and Patnaik et al. [57] showing that 
Soluplus® did not result in any noticeable reduction in cell viability for 
HT29-MTX (goblet) and Caco-2 (epithelial) cell lines. Moreover, a 
PicoGreen assay was also conducted to elucidate the impact of the 
exposure to the formulation on the proliferation of healthy cells for a 72- 
hour period. It can be seen in Fig. 10B that exposure of the cells to 
Soluplus® did not affect the overall proliferation of the cells. On the 
other hand, exposure of the fibroblast cells to MTZ-NS resulted in a 
significant enhancement (p < 0.05) in cell proliferation. This result can 
be due to a direct effect of MTZ. Previous reports have confirmed that 
this drug promotes the proliferation of fibroblasts [65] and could help 
wound healing [66]. Additionally, these results agree with the results 

Fig. 7. Digital images of MTZ-NS dissolving MAPs prepared from different ratio of MTZ-NS powder: deionised water.  
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reported by El-Shanshory et al. which demonstrated that MTZ signifi-
cantly boost secondary intention wound healing when administered as 
nanofibrous scaffolds. The mechanism of action is thought to be related 
with the ability of MTZ to accelerate wound healing through modulating 
tissue angiogenesis and collagen production in second intention wounds 
[67]. On the other hand, the absence of any red fluorescence in Fig. 10C 
following Calcein/Ethidium Homodimer-1 staining indicated the 
absence of extracellular nucleic acid released from dead cells with 
damaged plasma membranes. The observation from Fig. 10C along with 

the results from Fig. 10A and Fig. 10B probes that the exposure of the 
cells to the formulation and the polymer did not compromise the 
viability or plasma membrane integrity of the cells. From a clinical 
standpoint, the data suggest that delivering MTZ-NS via MAP may not 
result in noticeable toxicity to the skin. In contrast, the ability of the 
MTZ-NS to promote cell proliferation may contribute to wound healing 
at the site of infection while the delivery of MTZ would simultaneously 
stop bacterial infection. 

Fig. 8. (A) MAP height reduction for needles loaded with metronidazole nanosuspension (MTZ-NS) following application of a force of 32 N (means + SD, n = 25). 
(B) Drug content for respective MAP formulations (means + SD, n = 3). (C) % of holes generated per Parafilm® M layer upon the insertion of MTZ-NS loaded 
dissolving MAPs (means ± SD., n = 3). (D) Insertion depth of MAPs into ex vivo skin as quantified from OCT images (means + SD., n = 20). (E) Insertion of MTZ-NS 
loaded dissolving MAPs into ex vivo neonatal porcine skin monitored using optical coherence tomography (OCT). Scale bar: 500 μm. 
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3.6. Dermatokinetic study 

Following the MAP characterisation and biocompatibility study, F3 
was selected for the dermatokinetic study as this formulation offered the 
highest drug loading while exhibiting similar mechanical and insertion 
profile relative to the other two formulations. During the dermatokinetic 
study, a MTZ-NS loaded film which was free-needle patch as control 
arm. It can be seen from Fig. 11 that the total MTZ that was delivered 
into and across the full thickness ex vivo neonatal porcine skin increased 
significantly over time from 1 h to 24 h for the MAP treatment arm. In 
contrast, when the skin was treated with the MTZ-NS film, we observed 
no delivery of the antibiotic either into or across the skin. Nevertheless, 
it can clearly be seen from Fig. 11, that MTZ-NS was loaded into MAPs 
resulted in significant intradermal and transdermal delivery of the 
antibiotic. This may be attributed to the ability of the MAP to puncture 
the lipophilic stratum corneum, resulting in the intradermal deposition of 
the drug loaded needles into the skin. This would enable needle disso-
lution that culminated in drug release into the skin [68]. 

With regards to amounts of MTZ delivered into the different skin 
strata, we observed that generally there was an increase in the amount of 
MTZ deposited within the epidermis and dermis layers, as shown in 
Fig. 11A and Fig. 11B from 1-hour to the 12-hour time point before the 
amount delivered plateaued. The highest amount of MTZ delivered into 
the epidermis and dermis was approximately, 100 μg and 50 μg 
respectively, and such deposition was achieved at approximately the 12- 
hour time point. In contrast, we observed that the amount of MTZ 
delivered into the receptor compartment continued to increase over the 
course of the skin deposition experiment as shown in Fig. 11C, resulting 

in 1.5 mg transdermal delivery of the antibiotic. This observation may 
be attributed to the properties of MTZ-NSs, which upon reaching the 
aqueous rich dermis would enable the drug traverse via diffusion across 
the skin tissue and into the receiver compartment over time [69]. 

When the amount of MTZ delivered was viewed from as delivery 
efficiency (%), it can be seen the MTZ-NS loaded MAPs resulted in an 
increase in delivery efficiency with application time, reaching a 95 % 
delivery efficiency after 24 h, as presented in Fig. 11D. It should be noted 
that when the MTZ-NS is formulated as film, which serves as a control 
relative to the MAP formulation, we observed no permeation of MTZ 
into and across the skin as evidenced from the absence of any delivery 
efficiency (0 %) for the film group in Fig. 11D. This shows that formu-
lating the drug as a NS alone was not sufficient to promote the perme-
ation of MTZ into and across the skin. In addition, this also showed the 
need to formulate the film into microneedle structure which would 
enable the formulation to breach the stratum corneum to enable effective 
deposition and delivery of the payload into the skin. 

In a previous study, Donnelly et al. [20] have investigated the utility 
of using hydrogel forming MAP in tandem with drug loaded adhesive 
patch. In their work, Donnelly and co-workers have shown that without 
the application of any microneedles, the researchers were only able to 
deliver 75 μg of MTZ across the skin, which amounts to 1.8 % delivery 
efficiency. However, the combination of drug loaded patch (4.2 mg) in 
combination of hydrogel forming MAP, fabricated from PMVE/MA 
crosslinked with PEG 10,000, resulted in enhanced transdermal delivery 
efficiency of MTZ across the skin by up to 30 % [20]. By comparing the 
finding of this previous study with our current work, we observed that 
reformulating MTZ into dissolving MAPs may be viable strategy to 

Fig. 9. Digital images of the dissolution of MAPs loaded with metronidazole nanosuspension (MTZ-NS) in F1, F2 and F3 following 0 min, 15 min and 30 min skin 
application. 
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improve the delivery of MTZ into the skin with exceptionally high de-
livery efficiency, 95 %. The 30 % delivery efficiency achieved in the 
previous study may be attributed to the entrapment of the antibiotic 
within in the PMVE/MA-PEG 10,000 hydrogel due to hydrogen and 
ionic bonding. Such observation by which drug molecules remain 
entrapped with the swollen polymeric network of hydrogel forming 
MAPs post permeation study has been documented in several of our 
previous work [21,70]. However, the results presented in the current 
work revealed that the combination of NS using Soluplus® and dis-
solving MAPs could potentially enhance the delivery of MTZ into the 
skin, resulting in high retention of the drug in epidermis and dermis 
layers, where mostly B. fragilis infects, indicated by higher drug 
extracted compared to MTZ-NS loaded film. The MAPs described here 
presented a high delivery efficiency. Previous works describing the use 
of MAPs for NS delivery achieved lower delivery efficiencies (between 7 
and 40 %) than the one described here [55,56]. However, it is important 
to note that these suspensions contained drugs with lower water solu-
bility than MTZ (nestorone and cabotegravir). Moreover, despite the 
lower drug deposition these MAPs showed clinically relevant plasma 
drug levels during in vivo experiments. 

3.7. In vitro antibacterial activity of MTZ-NS loaded MAP 

The antimicrobial effect of MAPs loaded with MTZ-NS was tested on 
cultures of B. fragilis. Although, this bacterial species is substantially 
surpassed by other Bacteroides species in the normal bowel microbiota, 
B. fragilis is typically associated with SSTIs [6]. Moreover, B. fragilis is 

one of the most common anaerobic microorganisms found in bacter-
aemia [71]. The results of the diffusion test are presented in the Fig. 12. 
MTZ-NS-loaded MAPs displayed a clear and noticeable zone of inhibi-
tion which is evidenced from the absence of any B. fragilis growth in the 
entire plate with a zone area of 56.7 ± 0.0 cm2 (n ≥ 4), which equates to 
a circle with a diameter of 8.5 ± 0.0 cm (n ≥ 4), as can be observed in the 
Fig. 12. However, as might be expected, the blank MAPs containing only 
Soluplus® had no zones of inhibition. Moreover, as noted in the Fig. 12, 
this strain showed a normal bacterial growth. The shadow displayed in 
the plates containing both type of MAPs (with and without the MTZ-NS) 
is related to the MAP composition. The dissolving MAPs were fabricated 
from PVP, glycerol (baseplate) and Soluplus® (tips), thus, when these 
polymers come into contact with plates, the components of the formu-
lation will start to dissolve forming the transparent zone observed on the 
top of the plates which contain MAPs. However, these zones should not 
be confused with a zone of inhibition, since the bacterial growth 
observed in the plates containing blank MAPs was quite obvious, and 
different to the polymer dissolution zones. The drug content of each 
MAP is around 1.85 mg; however, the minimum inhibitory concentra-
tions (MICs) to MTZ among bacteria belonging to the B. fragilis group 
have been reported to range from ≤8μg/ml to ≥16μg/ml for sensitive 
and resistant strains, respectively [72]. Therefore, it can be postulated 
that the amount of drug loaded into the MAPs, and the previous reported 
MICs values would explain the high inhibition exhibited by the MTZ-NS- 
loaded MAPs. 

Fig. 10. (A) MTT assay results show the percentage of viable cells after a culture period of 72 h. Fibroblast dermal cells cell viability and proliferation following 
treatment with MAPs that contained either MTZ-NS or Soluplus®. (B) PicoGreen assay results showing total DNA content of cells on control/coverslip, blank Sol-
uplus® MAPs and MTZ-NS loaded MAPs cultured for a time period of 72 h. A standard curve of known dsDNA (ng/mL) was used to calculate the DNA content from 
the samples. “**” denotes a statistically significant difference (p < 0.05) in cell number with respect to control (plate cells culture). Data points represent means + SD 
(n = 3). (C) Live/dead staining of fibroblastic dermal cells on control (plate cells culture), Soluplus® and MTZ-NS samples. (Green = FDA (live); red = PI (dead)); 
scale bar = 100 μm. (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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4. Conclusion 

The current work highlights the fabrication and evaluation of MTZ- 
NS loaded dissolving MAPs for the treatment of SSTI. MTT and cell 
proliferation assays along with LIVE/DEAD™ staining on 3T3L1 cell line 
showed that the NS was biocompatible with minimal cytotoxicity. 
Dermatokinetic studies using full thickness ex vivo neonatal porcine skin, 
showed that the MTZ-NS loaded MAPs were able to deliver the antibiotic 
across all the layers of the skin, resulting in a high delivery efficiency. 
Lastly, an agar plating assay using bacterial cultures of B. fragilis 
demonstrated that MTZ-NS loaded MAPs resulted in complete bacterial 
inhibition within the entire plate relative to the control group. Overall, 

the drug delivery system developed in the current work could provide 
minimally invasive delivery strategy for MTZ to manage deep rooted 
SSTIs caused by B. fragilis without the need of oral antibiotics therapy or 
invasive IV infusion. Based on this promising results, future works 
including in vivo efficacy studies must now be done to completely 
evaluate the therapeutic efficacy of this composite pharmaceutical sys-
tem in animal models of SSTIs. 
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A. Tekko, E. Larrañeta, L.K. Vora, D. Ramadon, R.F. Donnelly, Versatility of 
hydrogel-forming microneedles in in vitro transdermal delivery of tuberculosis 
drugs, Eur. J. Pharm. Biopharm. 294–312 (2021) 294–312, https://doi.org/ 
10.1016/j.ejpb.2020.12.003. 

[35] A.D. Permana, I.A. Tekko, M.T.C. McCrudden, Q.K. Anjani, D. Ramadon, H. 
O. McCarthy, R.F. Donnelly, Solid lipid nanoparticle-based dissolving 
microneedles: a promising intradermal lymph targeting drug delivery system with 
potential for enhanced treatment of lymphatic filariasis, J. Control. Release 316 
(2019) 34–52, https://doi.org/10.1016/j.jconrel.2019.10.004. 

[36] A. Karakucuk, N. Celebi, Investigation of formulation and process parameters of 
wet media milling to develop etodolac nanosuspensions, Pharm. Res. 37 (2020) 
1–18, https://doi.org/10.1007/S11095-020-02815-X/FIGURES/13. 

[37] M.H. Shariare, M.A. Altamimi, A.L. Marzan, R. Tabassum, B. Jahan, H.M. Reza, 
M. Rahman, G.U. Ahsan, M. Kazi, In Vitro Dissolution and Bioavailability Study of 

Q.K. Anjani et al.                                                                                                                                                                                                                               

https://doi.org/10.1016/j.bioadv.2022.213073
https://doi.org/10.1016/j.bioadv.2022.213073
https://doi.org/10.1186/s12879-015-1071-0
https://doi.org/10.4103/cmi.cmi_22_19
http://refhub.elsevier.com/S2772-9508(22)00350-8/rf202208080353106324
http://refhub.elsevier.com/S2772-9508(22)00350-8/rf202208080353106324
http://refhub.elsevier.com/S2772-9508(22)00350-8/rf202208080353106324
https://doi.org/10.1097/QCO.0000000000000252
https://doi.org/10.1097/QCO.0000000000000252
https://doi.org/10.1093/jac/dkq302
https://doi.org/10.1128/CMR.00008-07/ASSET/A8945CAF-EC58-4D08-BCA7-57F8DF57FB99/ASSETS/GRAPHIC/ZCM0040722230003.JPEG
https://doi.org/10.1128/CMR.00008-07/ASSET/A8945CAF-EC58-4D08-BCA7-57F8DF57FB99/ASSETS/GRAPHIC/ZCM0040722230003.JPEG
https://doi.org/10.1128/CMR.00008-07/ASSET/A8945CAF-EC58-4D08-BCA7-57F8DF57FB99/ASSETS/GRAPHIC/ZCM0040722230003.JPEG
https://doi.org/10.1016/b978-0-12-805351-5.00006-5
https://doi.org/10.1016/b978-0-12-805351-5.00006-5
https://doi.org/10.1136/sti.57.4.279
https://doi.org/10.1136/sti.57.4.279
https://doi.org/10.1016/j.ejogrb.2008.07.022
https://doi.org/10.1016/j.ejogrb.2008.07.022
https://doi.org/10.1016/j.tibtech.2019.10.008
https://doi.org/10.1016/j.ejpb.2007.01.014
https://doi.org/10.1016/J.JMMM.2009.02.089
https://doi.org/10.1016/J.JMMM.2009.02.089
https://doi.org/10.1080/10717544.2021.1912211
https://doi.org/10.1016/J.IJPHARM.2012.05.069
https://doi.org/10.1016/J.IJPHARM.2012.05.069
https://doi.org/10.1016/j.ejpb.2020.06.025
https://doi.org/10.1155/2014/304757
https://doi.org/10.1208/PS010311
https://doi.org/10.1208/PS010311
https://doi.org/10.1371/journal.pone.0111547
https://doi.org/10.1371/journal.pone.0111547
https://doi.org/10.1002/adfm.201200864
https://doi.org/10.1002/adfm.201200864
https://doi.org/10.1016/j.ejpb.2020.12.003
https://doi.org/10.1016/j.ejpb.2020.12.003
https://doi.org/10.1016/j.jconrel.2010.08.008
https://doi.org/10.1016/j.jconrel.2010.08.008
https://doi.org/10.1021/ACS.MOLPHARMACEUT.1C00988
https://doi.org/10.1021/ACS.MOLPHARMACEUT.1C00988
https://doi.org/10.3390/POLYM13142372
https://doi.org/10.1016/j.ijpharm.2020.120152
https://doi.org/10.1016/j.ijpharm.2020.120152
https://doi.org/10.1016/j.powtec.2009.05.007
https://doi.org/10.1016/j.powtec.2009.05.007
https://doi.org/10.3390/pharmaceutics10030104
https://doi.org/10.3390/pharmaceutics10030104
https://doi.org/10.1007/s12247-020-09500-x
https://doi.org/10.1111/j.2042-7158.2010.01022.x
https://doi.org/10.1111/j.2042-7158.2010.01022.x
https://doi.org/10.1007/s11095-014-1491-3
https://doi.org/10.1007/s11095-014-1491-3
https://doi.org/10.1016/j.ijpharm.2008.07.023
https://doi.org/10.1016/j.ijpharm.2008.07.023
https://doi.org/10.1371/JOURNAL.PONE.0222322
https://doi.org/10.1002/POLA.29195
https://doi.org/10.1016/j.ejpb.2020.12.003
https://doi.org/10.1016/j.ejpb.2020.12.003
https://doi.org/10.1016/j.jconrel.2019.10.004
https://doi.org/10.1007/S11095-020-02815-X/FIGURES/13


Biomaterials Advances 140 (2022) 213073

16

Furosemide Nanosuspension Prepared Using Design of Experiment (DoE), 2019, 
https://doi.org/10.1016/j.jsps.2018.09.002. 

[38] B.Y. Gajera, D.A. Shah, R.H. Dave, Development of an amorphous nanosuspension 
by sonoprecipitation-formulation and process optimization using design of 
experiment methodology, Int. J. Pharm. 559 (2019) 348–359, https://doi.org/ 
10.1016/J.IJPHARM.2019.01.054. 

[39] M. Colombo, S. Orthmann, M. Bellini, S. Staufenbiel, R. Bodmeier, Influence of 
drug brittleness, nanomilling time, and freeze-drying on the crystallinity of poorly 
water-soluble drugs and its implications for solubility enhancement, AAPS 
PharmSciTech 18 (2017) 2437–2445, https://doi.org/10.1208/S12249-017-0722- 
4/FIGURES/7. 

[40] L. Peltonen, J. Hirvonen, Pharmaceutical nanocrystals by nanomilling: critical 
process parameters, particle fracturing and stabilization methods, J. Pharm. 
Pharmacol. 62 (2010) 1569–1579, https://doi.org/10.1111/J.2042- 
7158.2010.01022.X. 

[41] A.D. Permana, A.J. Paredes, F.V. Zanutto, M.N. Amir, I. Ismail, M.A. Bahar, S. 
D. Sumarheni, R.F.Donnelly Palma, Albendazole nanocrystal-based dissolving 
microneedles with improved pharmacokinetic performance for enhanced 
treatment of cystic echinococcosis, ACS Appl. Mater. Interfaces 13 (2021) 
38745–38760, https://doi.org/10.1021/ACSAMI.1C11179/ASSET/IMAGES/ 
MEDIUM/AM1C11179_0012.GIF. 
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