Microneedle Patch-Mediated Treatment of Bacterial Biofilms
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Abstract: Current treatments of bacterial biofilms are limited by the poor penetration of
antibiotics through their physical barrier as well as significant off-target toxicity of antibiotics and
the induction of antibiotic resistance. Here we report a microneedle patch-mediated treatment for
the effective elimination of biofilms by penetrating the biofilm and specifically delivering
antibiotics to regions of active growth. We fabricated patches with self-dissolvable microneedles
and needle tips loaded with chloramphenicol (CAM)-bearing and gelatinase-sensitive gelatine
nanoparticles (CAM@GNPs). During the microneedle patch-mediated treatment, arrays of 225
microneedles simultaneously penetrates the biofilm matrix. Once inside, the microneedles dissolve
and uniformly release CAM@GNPs into the surrounding area. In response to the gelatinase
produced by the active bacterial community, the CAM@GNPs disassemble and release CAM into
these active regions of the biofilm. Moreover, CAM@GNPs exhibited minimal off-target toxicity
compared to direct CAM administration, which in turn favors wound healing. Importantly, we
found that our microneedle-mediated treatment is more effective in treating Vibrio vulnificus
biofilms than drug in free solution. We believe this new treatment strategy can be used to improve
the delivery of a wide range of antimicrobial agents to biofilm-contaminated sites.
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1. Introduction

Chronic wounds, such as diabetic foot ulcers, pressure ulcers, venous leg ulcers, and non-healing
surgical-site infections, are a severe, worldwide problem. In the United States, around 6.5 million
patients are affected by chronic wounds®2. The annual treatment cost in 2010 was more than $25
billion, and the burden is growing rapidly due to an aging population, increasing health care costs,
and increased rates of obesity, diabetes, hypertension and cardiac arrhythmia®®. Bacterial biofilms
have been identified as a major cause of chronic wounds®’. Biofilms are an assemblage of bacteria
that attach to the surface of wounded tissues and cannot be removed by gentle rinsing. E. coli, S.
aureus, and P. aeruginosa are the most prevalent bacterial species isolated from biofilm-
contaminated wounds, and each biofilm has its own distinct phenotype®. Biofilm bacteria are
enclosed in a self-synthesized matrix of hydrated extracellular polymeric substances (EPS) which
are composed of polysaccharides, proteins, nucleic acids, and lipids. Biofilms exhibit increased
resistance (up to a 1000-fold) to antimicrobial agents compared to planktonic bacteria cells®. The
lack of antimicrobial effectiveness may be related to inefficient penetration into the biofilm, since
matrix components can form a dense barrier that limits the penetration of antimicrobial agents &
10, The net negative charge of EPS can sequester positively charged antimicrobial agents or repel
negatively charged antimicrobial agents. Some bacteria can also produce enzymes such as j3-
lactamases that accumulate within biofilms and promote bacterial survival by inactivating target
antibiotic molecules®?.

Although many antimicrobial strategies are effective against planktonic bacteria, most
antimicrobials are not capable of treating biofilms!2. Current anti-biofilm approaches use bleach
or other caustic agents to disinfect the wound*3, which incur high health care costs and relatively
low patient compliance'®. Surgical debridement of infected tissues can effectively remove biofilm
from the wound bed. However, biofilms are found to appear again within two days of the initial
debridement®® and the long-term antibiotic therapy further exacerbates the rise of antibiotic-
resistant bacteria'®. Thus, there is an urgent need to develop novel approaches to treat biofilms.
The use of nanotechnology such as nanoparticles (e.g. metallic nanoparticles’-18, liposomes!®-2°,
and polymer nanoparticles?!) or nanosensors??-23 is considered a promising antimicrobial strategy
for rapid diagnosis and effective therapeutic treatment of infection?. The nanoscale drug carriers
can protect antibiotics against degrading enzymes and increase contact time between the bacteria
and the antibiotic?®. To further enhance therapeutic agent performance, the nanoscale drug carriers
have been tailored by improving targeting ability or responding to surrounding stimuli (pH,
enzyme or temperature)?®. Although the efficacy of antimicrobial drug delivery nanocarriers has
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been extensively studied, relatively few studies exist that address the transport and penetration of
nanoparticles within the biofilm itself?>. Most anti-biofilm therapies target one bacterial species
without considering that most infections in chronic wounds are due to the existence of
polymicrobial biofilms. Thus, the ideal therapy is to apply the antibiotic agents to the biofilm, and

meanwhile disrupt the biofilm’s structure?’.

To penetrate the compact physical barrier that biofilms present, the microneedle patch, a device
engineered with microscale needle tips for transdermal drug delivery?8, could be a sound approach.
Unlike hypodermic needle injections, microneedle patches are generally positively viewed by the
public and healthcare professions because they provide a localized, painless, low-cost, and patient-
compliant administration method?®-3!. By engineering the material and dimension of the
microneedles, and tuning the applied force to the microneedle patch, one can selectively penetrate
stratum corneum3? or reach capillary® with microneedle tips. This technology has been widely
explored during the past decade for vaccination®-%’, anti-diabetic3°, anti-obesity*-*3, anti-
inflammatory*4, local anaesthesia*>-*¢, contraception*’, and anti-tumor therapies*®-°°. For example,
a cancer vaccine microneedle patch has been developed, and this patch consisted of whole tumor
lysate as well as the adjuvant granulocyte-macrophage colony stimulating factor (GM-CSF). By
applying this to mouse skin, the microneedle patch facilitates dendritic cells recruitment and
promotes immune activation to enhance survival®®. So far, microneedle patches have previously
been utilized for these various therapeutic purposes, to our knowledge, but not been reported in
treating local biofilm infections yet.

Herein, we report a microneedle patch-assisted antimicrobial therapy consisting of drug-loaded
nanoparticles and polymeric matrix (Figure 1). The gelatine supramolecules can self-assemble and
encapsulate the antibiotics chloramphenicol (CAM) to form antibiotic-encapsulated nanoparticles
(CAM@GNPSs), which are further integrated with a microneedle patch. Once applied to the
infection site, the microneedles penetrate the EPS and physically disrupt the biofilm structure.
Upon rapid dissolution of the polymer microneedles, the GNPs are exposed to gelatinase produced
by resident microbial and disassociate, leading to the trigged release of the encapsulated CAM into
the biofilm matrix. Compared to traditional topical use of CAM, the smart antimicrobial patch
with its novel enzyme-sensing mechanism presents a promising approach for closed-loop
regulation and prevention of antibiotic resistance development.



2. Experimental section

Materials and cells. All chemicals were purchased from Sigma-Aldrich. Vibrio vulnificus were
grown overnight in Luria-Bertani (LB) growth medium at 37 °C. 10 pL of the diluted cell
suspension was inoculated in each well of a 12-well plate and cultured for 1 day. PBS was added
to wash off the planktonic or loosely adhered cells before the medium was changed to a fresh
growth medium before the application of the microneedle patch.

GNP and CAM@GNP preparation. GNPs were prepared using the two-step desolation method
according to our previously reported procedure®->2, Briefly, 1.25 g of gelatine (type B) was
dissolved in 25ml of distilled water then 25 ml of acetone was added dropwise. The solution’s
supernatants were then discarded, and the gelatine was re-dissolved in 25 ml of distilled water.
The pH of the solution was adjusted to 11 by adding NaOH solution (2M). Next, 75 ml of acetone
was added dropwise to form the GNPs. Finally, 150 pL of 25% glutaraldehyde was added and the
solution was left to stir overnight. The obtained GNPs were collected by centrifugation and washed
three times with deionized water. The morphology and size of GNPs were examined on a
JEM1010 transmission electron microscope at an acceleration voltage of 200 kV. The particle size
distribution and zeta potential of GNPs were measured using a Zeta-sizer (Malvern Instrument,
U.K.) at 25 °C.

Drug loading and releasing tests. To encapsulate the CAM into GNPs to form CAM@GNPs, the
GNP solution was first lyophilized and then added to the CAM ethanol solution to a final
concentration of 15 mg/mL with a weight ratio of 0.2, 0.5,1.0, and 1.5, respectively. After swelling
and loading of CAM into GNPs for 24 hours at room temperature, the nanoparticles were washed
by centrifugation three times. Drug loading capacity and encapsulation efficiency were determined
by measuring the unencapsulated CAM in the supernatant with high performance liquid
chromatography (HPLC). The release profile of CAM from CAM@GNPs exposed to gelatinase
was determined by introducing CAM@GNPs into HEPES buffer (50 mM HEPES, 2 mM CaClz,
pH 7.4) with gelatinase concentrations ranging from 0-1000 pg/mL in a Slide-A-Lyzer™ MINI
dialysis device. The released CAM at predetermined intervals was analyzed with HPLC.

Cytotoxicity test. NIH 3T3 fibroblast cells were cultured as described above. The cytotoxicity of
CAM, GNPs, and CAM@GNPs was assessed by the CCK-8 (cell counting kit-8) assay. Cells were
seeded and pre-incubated for 24 hours in 96-well plates before the assay. Then, the medium was
replaced with fresh medium containing CAM (20 pg/mL) or CAM@GNPs that have equivalent



CAM concentration. After 24 or 48 hours of incubation, 10 puL of CCK-8 solution was added to
the wells, followed by a 4-hour incubation. Finally, the absorbance values of the cells per well
were determined with a microplate reader at 450 nm to analyze cell viability.

Gelatine liquefaction. V. vulnificus was inoculated by stabbing a tube containing LB growth
medium with 3% w/w gelatine 4-5 times. The inoculated tubes, along with uninoculated tubes,
were incubated at 37 °C. After 24 hours, the tubes were placed in a refrigerator (4 °C) for 30 minutes
and tilted to observe if the medium had been hydrolyzed.

Microneedle patch preparation. The microneedle patch was prepared by a well-established
solvent-casting method®® %3, Briefly, the GNP ethanol suspension was first deposited onto the
microneedle patch. Then, the covered molds were centrifuged at 2000 g and left drying under air
flow. The process was repeated three times. Afterward, PVVP solution (3g of PVP dissolved in 1
mL of deionized water, with or without 1 mg/mL sulforhodamine B) was cast onto the microneedle
molds. The molds were centrifuged at 2200 g for 15 min. After drying in an oven at 37 °C for 48
hours, the microneedle patches were carefully peeled off. The resulting microneedle patches were
stored in a sealed 12-well plate for further study. The morphology of the microneedles was
evaluated with a Leica M205FA stereomicroscope (Leica, Germany) or with a FEI Teneo scanning
electron microscope (SEM). Biofilm sections were observed with an 1X83 microscope (Olympus,
Japan).

Bacterial cell viability assay. Numbers of colony forming units (CFU) were used to determine
the number of viable bacteria in biofilms. The microneedle patch was applied on the biofilm for
30 seconds then the undissolved substrate was removed. The same dose of free drug solution was
applied after impregnated with a 1 cm x 1 cm nitrocellulose membrane filter (Millipore, Ireland)
that has same area of a microneedle patch. After 12 hours of treatment under indicated conditions,
the filter paper that the biofilm was grown on was transferred to a 1.5 mL centrifuge tube and
dispersed thoroughly in TSB by vortexing. Each sample was serially diluted in TSB, and 10 pL of
dilution was spot-plated onto TSB agar plates. CFU was imaged and counted after overnight
incubation at 37 °C.

3. Results and discussion
Nanoparticle preparation and characterization. We chose gelatine nanoparticles (GNPs) as a
drug delivery system for this study. Gelatine has been widely used in the food and pharmaceutical
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industries due to its biocompatibility, low immunogenicity and biodegradability without the
generation of toxic degradation products®*. Gelatine is also classified as a “Generally Recognized
as Safe” (GRAS) excipient by the US Food and Drug Administration (FDA). In the present work,
GNPs were prepared using our previously described 2-step desolvation method®->2, To make the
GNPs monodisperse, reduce aggregation and enhance stability, the low molecular weight gelatine
fraction in the supernatant was discarded during the first-step desolvation. The high molecular
weight gelatine fraction was then re-dissolved to form GNPs for the second desolvation step. The
prepared GNPs demonstrated a discrete and uniform spherical morphology (Figure 2a) with an
average diameter of 131.6 +23.7 nm (data generated from measurement of 200 particles). The
GNPs showed a narrow size distribution (PD1=0.154) with a hydrodynamic size of 197.6 nm
(Figure 2b) according to dynamic light scattering (DLS) results. The surface charge of GNPs was
determined by zeta potential measurements to be -12.6 mV, indicating good stability. The stability
of GNPs was verified via storage at room temperature for 3 days. As shown in Figure 2b, there
was no significant size change after storage, suggesting GNP stability over time.

Drug loading and triggered release. To efficiently encapsulate the antibiotic chloramphenicol
(CAM) into GNPs, the GNP suspension was first lyophilized and then suspended in a CAM
ethanol solution (c = 15 mg/mL) for 24 hours with gentle agitation. Unencapsulated CAM was
removed by washing with ethanol once and then washing with water three times. The nanoparticles
were resuspended in water to obtain the CAM-encapsulated GNPs (CAM@GNPs). The drug
encapsulation efficiency (EE) and drug loading capacity (LC) were determined by measuring
unencapsulated CAM using high performance liquid chromatography (HPLC, Figure 2c). The
optimal feeding ratio is 1.0(CAM weight/GNP weight) due to the EE being 41.6% and LC being
41.6%. The following experiments use this formulation.

Ideally, a drug delivery system should stay inert at physiological conditions but immediately start
to release drugs in the presence of viable bacterial cells. Elevated levels of proteases, including
gelatinase, have been found at active infection sites®. Therefore, we explored the possibility of
utilizing the gelatinase-rich microenvironments as a trigger for drug release in situ. To demonstrate
that the release of CAM from CAM@GNPs can be triggered by gelatinase, the release profiles of
CAM@GNPs were monitored by HPLC (Figure 2d). The CAM@GNPs (3 mg/mL) were
incubated in the presence of 0 to 1000 pug/mL gelatinase in HEPES buffer (50 mM, pH 7.4) for 48
hours. As shown in Figure 2d, ~90% of the CAM was released within the first 16 hours following
treatment with 1000 pg/mL gelatinase. The release process slowed down plateaued after 24 hours



when the concentration of gelatinase was reduced to 7.5 or 300 pg/mL. Total drug release
increased with increasing gelatinase concentration (7.5 pg/mL: 61.8%, 300 pg/mL: 81.6%, 1000
pg/mL: 91.9%). In contrast, only 29.4% of CAM was released from CAM@GNPs after 48 hours
in the absence of gelatinase. The results were similar (34.3%) to the control group when the
gelatinase was denatured via heating. These results demonstrated that CAM was released from
CAM@GNPs by gelatinase in a controlled manner.

On-target cytotoxicity. Here, we choose V. vulnificus as an in vitro biofilm wound infection
model. V. vulnificus is best known for causing devastating wound and septicemic infections. The
fatality rate of septicemic patients is greater than 50% and V. vulnificus carries the highest death
rate of any food-borne disease agent®®. The ability of bacteria V. vulnificus to produce extracellular
enzyme(gelatinase) was demonstrated by gelatine liquefaction tests. V. vulnificus was inoculated
to gelatine medium and incubated for 24 hours. Afterwards, the tubes were chilled to determine
the liquefaction of the gelatine. A positive gelatine liquefaction result was observed (Figure 3a).
The concentration of gelatinase produced by active V. vulnificus ranges from 1.25 unit/mL to 4.08
unit/mL according to previous studies®’. Hence, the ability to liquefy gelatine by V. vulnificus was
demonstrated. Collectively, these results suggested that the CAM@GNPs constituted a gelatinase
concentration/time-dependent delivery system for the targeted release of antibiotics within
biofilms with minimal toxicity towards normal tissue.

One major limitation for the use of the antibiotics is their systemic toxicities. Numerous case
reports in the IARC review have shown that CAM may induce aplastic anemia due to its
cytogenetic effects in mammalian cells®®. To verify that the toxicity of CAM against mammalian
cells can be reduced via encapsulation into GNPs, we tested its toxicity with or without GNP
encapsulation against NIH 3T3 fibroblast cells. Fibroblast cells play a vital role in wound healing
where extensive cytotoxicity of CAM may affect their viability, thus hindering healing of biofilm-
contaminated wounds. To test this, we incubated the cells with free CAM, empty GNPs and
CAM@GNPs, respectively, for 4 hours. The concentration of CAM used in this study was 20
pg/mL because the clinical dosage of chloramphenicol normally used against infectious diseases
is 15-30 pug/mL%. The incubation was followed by PBS washes and incubation in fresh media for
24 or 48 hours. Viable cell number was then determined using the CCK-8 assay. As shown in
Figure 3b, the viable 3T3 cell number for the free CAM treated group was only 77.3% (24 hours)
and 57.2% (48 hours) compared to the control group. However, the toxicity of CAM was
significantly reduced after encapsulation into GNPs to form CAM@GNPSs. This reduced toxicity
can be attributed to the fact that 3T3 cells have relatively low gelatinase expression®® and low
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endocytosis of GNPs according to our previous studies®. Furthermore, since the gelatine is a well-
known natural material for its excellent biocompatibility, the GNPs and CAM@GNPs groups
promoted cell proliferation due to the presence of gelatine, which is in accordance with previous
reports®1-62, Therefore, CAM’s cytotoxicity toward fibroblast cells was reduced by encapsulation
in GNPs.

Microneedle patch mediated treatment. Biofilms produce an extracellular polymeric substance
that hinders the effective delivery of therapeutics. To achieve biofilm disruption and improve
antibiotics penetration while maintaining painless administration, the CAM@GNPs were further
integrated into a microneedle array patch device. The microneedle patches were manufactured
with water-soluble and biocompatible polyvinylpyrrolidone (PVVP) via a micro-molding approach.
The resulting microneedles were arranged in a 15*15 array with 500 pm tip-to-tip spacing. Each
needle was of a pyramid shape with 200 pum base and 600 um height (Figure 4 a-c). Since most of
the microvasculature in the papillary dermis is 1-2 mm below the epidermal surface, each
microneedle tip will penetrate into biofilms but will not have access to capillary bed®. The
schematic in Figure 4b represents the nanoparticle-loaded microneedle patch fabrication process.
The fluorescence images in Figure 4c represent a sulforhnodamine-labeled microneedle patch with
FITC-labeled GNPs, indicating GNPs were well distributed in the tip region of each tip.

Having confirmed that the microneedle patches have sharp-shaped microneedle array
morphologies and that the CAM@GNPs can be successfully incorporated into the tips, we
inspected whether these microneedles could effectively overcome the penetrative barrier that
biofilms present. We loaded fluorescent sulforhodamine B into the microneedles to mimic the
antibiotic and treated biofilms of V. vulnificus that expressed green fluorescent protein (GFP). The
biofilm samples after microneedle patch application were bisected perpendicular to the biofilm
plane. As shown in Figure 5, upon application of the microneedle patch, the integrity of the biofilm
was disrupted, and the dye from the microneedle patch effectively diffused into the biofilm matrix.
In contrast, the dye in free solution displayed negligible penetration and diffusion. The optical
image of the microneedle patch revealed that the tips had disappeared after application (Figure 6),
further verifying the complete release of the surrogate drug. This data indicates that the
microneedle patch facilitates the delivery of the payload into biofilm in an efficient manner.



Finally, we investigated the therapeutic efficacy of the CAM@GNPs-loaded patch against
established bacterial biofilms (Figure 7). CAM@GNPs-loaded patches and empty patches were
applied topically for 30 seconds on the biofilm, which were then returned to culture in 37 °C to
evaluate viability after treatment. Equivalent free CAM concentrations were applied as a control.
After incubation for the indicated time, viable V. vulnificus from biofilms were recovered and
counted. We observed a significant decrease of 55.6% (4 hours) and 63.2% (8 hours) respectively,
in colony forming unit (CFU) per milliliter in the CAM@GNPs patch compared to free drug in
solution. The lower efficacy of the free drug solution is consistent with previous reports suggesting
insufficient penetration of the free drug following topical application to exert an antibiofilm
effect®®64, The enhanced antibiofilm activity of CAM@GNPs microneedle patch is achieved
through a better distribution of CAM, a more disrupted EPS matrix, and a specific enzyme-
triggered drug release.

4. Conclusion

In summary, we report a microneedle patch-based drug delivery platform for local and specific
drug release within biofilms. By combining the advantages of the biofilm-disrupting microneedle
patch and infection microenvironment-responsive GNPs, our GNP-loaded microneedle patch
exhibited a notably enhanced therapeutic outcome. Due to the flexibility and ease of preparation,
this platform can be designed not only for chloramphenicol but also for other antibiofilm agents
with similar penetration/toxicity issues. These microneedle patches have potential as a general
surface disinfectant as well as an antiseptic to promote wound healing. Future studies will explore
microneedle patch performance in combating in vivo biofilms. It is envisioned that this novel
microneedle patch drug delivery system might serve as an enhanced treatment protocol for biofilm
infections to facilitate clearance and wound healing in clinical settings.
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Figure 1. Schematic of the microneedle mediated bioflim treatmen. The microneedles penetrate
through and dissove into the bioflim to transdermally release gelatine nanoparticles(GNPs) loaded
with antibiotics (chloramphenicol, CAM). In response to gelatinase produced by active bacteria,
the GNPs specifically release antibitoics to elminate the pathogenic bacteria within the bioflim

without off-target toxicity.
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Figure 2. (a) TEM image of a gelatine nanoparticle (GNP). (b) Hydrodynamic size distribution of
GNPs determined by dynamic light scatering. The black curve represents the freshly prepared
sample and the red curve represents samples in storage for 3 days. (c) Drug loading capacity (LC)
and encapsulation efficiency (EE) of GNPs with a weight ratio of chloramphenicol(CAM) to GNP
of 0.2, 0.5, 1.0, and 1.5, respectively (d) Time-dependent CAM release curve of CAM@GNPs
under different concentrations of gelatinase up to 48 hours. (scale bar: 50 nm).
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Figure 3. (a) Gelatine liquefaction test demonstrating the generation of gelatinase by bacteria(V.
vulnificus). (b) Relative viable cell counts of NIH 3T3 fibroblasts after treatment with
chloramphenicol  soluion(CAM), gelatin  nanoparticles(GNPs), or CAM-encapsulated
GNPs(CAM@GNPs), respectively(control as 1.0). (n=6).
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Figure 4. (a) SEM image of a microneedle patch. Right: Dimension of a single microneedle. (b)
Schematic of nanoparticle-loaded microneedle patch fabrication process. (c) Fluorescence
microscopy images of rhodamine B(Rho)-labeled microneedle patch loading FITC-labeled GNPs.
Scale bar: 100 pm.
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Figure 5. Schematics of (a) applying dye solution to biofilm or (b) microneedle patch inserting
and releasing dye into biofilm. (c and d)Fluorescence microscopy images showing the spatial
distribution of fluorescent molucules in GFP-labled biofilm from (c)solution or from (d) the
microneedle patch. The biofilm on penetration site was dissected and prepared on glass slides.
Scale bar: 200 pm.
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Figure 6. Microneedle patch inserting and releasing process. Bottom: optical images of
microneedle patch before(left) and after(right) insertion into biofilm. Scale bar: 500 pum.
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Figure 7. Viability of V. vulnificus biofilms after treatment with empty microneedle patch (Patch),
CAM solution (CAM), and CAM@GNP-loaded microneedle patch (CAM@GNP Patch) for
different treatment duration (CAM:20 pg/mL). Insert: image of Petri dish showing zone of
inhibition. ***P < 0.001 compared with the empty microneedle patch. Scale bar: 3 mm.
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