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Microneedles for Enhanced Bacterial Pathogen Inactivation
and Accelerated Wound Healing

Akshay Krishnakumar, Nicholas L.F. Gallina, Devendra Sarnaik, Robyn R McCain,
Christa Crain, Mason Tipton, Mohamed Seleem, Arun K. Bhunia, and Rahim Rahimi*

Bacterial wound infections are a significant socioeconomic concern in the
modern healthcare industry owing to increased morbidity, prolonged hospital
stay, and mortality. Bacterial infectious agents that colonize the wound
bed develop biofilms, acting as a physical barrier that prevents the effective
penetration of topical antimicrobials. Further, bacteria in such infectious
wounds express a wide range of virulence factors promoting intercellular
transmigration and host cell invasion complicating the treatment regimen.
To address this need, a water-dissolvable poly-vinyl pyrrolidine (PVP), calcium
peroxide (CPO) infused microneedle structure (denoted as PVP/CPO MN) for
effective transdermal delivery of antimicrobial payload deep into the tissues
is developed. Fluid exudate from the wound bed dissolves the PVP/CPO
MN enabling the release of CPO deep into the infected wound bed. A slow
catalytic decomposition of CPO results in the sustained release of reactive
oxygen species (ROS) deep within the infected wound inhibiting the inter- and
intracellular pathogens. Here, a systematic study of microneedle fabrication
and sterilization after complete packaging is conducted to ensure scalability
and safe applicability while maintaining mechanical and antibacterial
properties. In vitro, antibacterial efficacy of the microneedles is validated
against two common wound pathogens, Pseudomonas aeruginosa (P. aerug-
inosa) and Staphylococcus aureus (S. aureus). Moreover, the PVP/CPO MN
exhibited significant efficacy in eradicating both extracellular and intracellular
bacterial populations within an in vivo porcine wound model. Additionally, the
microneedle technology facilitated a faster wound healing, with ≈30% increase
compared to control and a 15% improvement over conventional silver dressing.
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1. Introduction

Chronically infected non-healing wounds
(CNHWs) pose a significant and es-
calating burden on healthcare systems
worldwide.[1] Among these, a stagger-
ing 10.5 million Medicare beneficiaries
are affected in the United States alone,
with the annual cost of managing such
wounds exceeding $96.8 billion USD.[2,3]

This number is projected to rise fur-
ther due to the aging population and
increasing prevalence of chronic dis-
eases such as diabetes and obesity.[4] The
physiological processes underlying CN-
HWs render them susceptible to infec-
tion, further exacerbating the challenges
in wound management.[5] The com-
promised immune response and struc-
tural abnormalities in the tissue cre-
ate an environment conducive to bac-
terial proliferation and colonization.[6]

CNHWs are frequently colonized by
a variety of bacteria, with Staphylococ-
cus aureus (S. aureus) and Pseudomonas
aeruginosa (P. aeruginosa) bacterium be-
ing particularly prevalent.[7] Studies have
shown that up to 60% of CNHWs are
infected with these bacteria, or often
in combination with other pathogens.
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These bacteria have a distinct advantage in chronic wounds
as they readily adhere to wound surfaces and secrete a slimy
substance called a biofilm.[8,9] This biofilm acts as a pro-
tective shield, hindering the penetration of immune cells
and topical antibiotics, making them extremely difficult to
eradicate.[10 ]

Standard-of-care procedures for CNHWs often involve de-
bridement to remove biofilm layers and necrotic tissue, fol-
lowed by topical antibiotic therapy.[11] However, clinical studies
have demonstrated limited effectiveness of these approaches,
highlighting the need for alternative treatment modalities. Re-
cent investigations have unveiled the role of virulence fac-
tors in facilitating invasion and dissemination within host
tissues in the form of intercellular transmigration and in-
tracellular invasion complicating the treatment regimen.[12–14]

Intercellular transmigration allows bacteria to infiltrate and
reside within the spaces between host cells, contributing
to chronic infections observed in skin surfaces and deeper
tissues.[15]

Furthermore, some bacteria can intracellularly invade and re-
side within host cells which allows them to replicate within the
cell, evade immune surveillance, and manipulate host cell func-
tions to their advantage.[16] Host cell invasion allows bacteria to
establish persistent infections, resist antibiotic treatment, and
cause tissue damage.[17] Such a phenomenon explains the dif-
ficulty in achieving complete inactivation of the bacterial infec-
tion with topical treatments and is linked to chronic infections
observed in various epithelial linings, including the skin, lungs,
and intestinal tract (e.g., cystic fibrosis, chronic rhinosinusitis,
inflammatory bowel disease).[18–23] Intercellular and intracellular
bacterial pathogenesis pose a significant challenge as they are dif-
ficult to reach with topical medications. In response to these chal-
lenges, various topical delivery technologies, such as ultrasonic-
assisted and electrophoresis-based wound therapy methods, have
been explored to enhance drug penetration into infected tis-
sues. However, these techniques often require the use of bulky
equipment and need for trained personnel, limiting their clinical
utility.[24,25]

Recently microneedle (MN) technologies have emerged as
a promising strategy for delivering therapeutics deep into tis-
sue layers, bypassing biofilm barriers, and targeting intercellu-
lar pathogens effectively.[26–28] These micron-scale needles, fabri-
cated from biocompatible polymers, offer a minimally invasive
and versatile platform for drug delivery. Soluble MN incorporat-
ing degradable polymer composites has garnered significant at-
tention for treating infected wounds with biofilm barriers.[29,30]

These MN dissolve upon insertion into the wound, releasing
the encapsulated therapeutic agent directly into the targeted tis-
sue layer, bypassing the biofilm barrier and potentially reach-
ing intercellular bacteria.[31] Over the past few years, numerous
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studies have investigated the use of MN loaded with various
biocompatible and degradable polymers (e.g., Polyvinylpyrroli-
done (PVP), Gelatin Methacrylate) in combination with differ-
ent therapeutic agents.[32,33] These studies have shown promis-
ing results in treating infected wounds with biofilm layers. For
example, a study by Ziesmer et al.[34] demonstrated the effec-
tiveness of MN loaded with vancomycin against MRSA biofilms
in a rat model. Such MN arrays provide an effective treatment
to eliminate MRSA-associated skin and soft tissue infections
(SSTIs) while reducing the emergence of VAN-resistant MRSA
strains in uninfected body parts. Another study by Abdelghany
et al.[35] showed that MN containing ciprofloxacin could effec-
tively treat S. aureus infections on different in vitro and ex vivo
wound models. Recent advancements in MN-based wound ther-
apy systems have also explored combined therapies using an-
tibiotics alongside growth-promoting agents to enhance wound
healing.[36]

However, a major concern with antibiotic-based therapies is
the rapid emergence of antibiotic-resistant bacterial strains.[37–39]

The constant exposure to antibiotics can induce changes in the
phenotype and genotype of the bacteria, leading to reduced sus-
ceptibility to antibiotics which can consequently reduce MN ef-
ficacy. In addition, while reported MN effectively bypasses the
biofilm and reaches intercellular bacteria, it currently lacks the
capability to target intracellular bacteria. The limited diffusion
of antibiotics within host cells hampers their ability to penetrate
and eradicate these deeply entrenched pathogens.[40] This high-
lights the need for alternative compounds that can target intra-
cellular and intercellular bacterial colonies. Researchers have ex-
plored the potential of antibacterial agents such as silver ions
and reactive oxygen species (ROS) for more effective eradica-
tion within intercellular and intracellular regions.[41,42] While sil-
ver ions have shown promising antibacterial properties and have
been incorporated into microneedle technologies, they face a sig-
nificant drawback of high toxicity. Silver ions can induce fur-
ther inflammation in the host tissue, potentially delaying wound
healing process.[41] In contrast, reactive oxygen species (ROS) at
specific concentrations exhibit unique bactericidal characteristics
without harming native cells.[43,44] Studies have shown that slow-
releasing ROS compounds, such as calcium peroxide (CPO), ef-
fectively eradicate various bacterial strains with minimal resis-
tance development through catalytic degradation upon exposure
to biofluids.[45,46] Integrating these compounds in the form of
nanoparticles or microparticles within dissolving microneedles
offers a compelling strategy for CNHW treatment. These mi-
croneedles can bypass the biofilm layer, deliver the payload deep
into the tissue, and target both intercellular and intracellular
bacteria.

To address this need here we have investigated the utiliza-
tion of a flexible microneedle array composed of PVP as the
water-soluble polymer that contains calcium peroxide as the ac-
tive ingredient for delivery into the skin tissue. Upon applica-
tion, the MN dissolves and releases the CPO particles deep into
the infected wound bed. Upon exposure to water, CPO produces
hydrogen peroxide (H2O2) at a slow rate, facilitating the pro-
longed release of reactive oxygen species (ROS) to the wound bed
(Figure 1).[47] Moreover, the slow production of ROS from CPO
decomposition can selectively target pathogen-infected weaker
host cells (Figure S1 (Supporting Information) provided in
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Figure 1. The impact of microneedle treatment on wounds with biofilm infection. a) Progression of a bacterial infection on a wound before microneedle
placement, showing biofilm formation, as well as intercellular and intracellular pathogenesis of the bacteria. b) Mechanism of action of microneedles
applied to the wound, bypassing the biofilm physical barrier with rapid dissolution and release of calcium peroxide (CPO) into the tissue, creating reactive
oxygen species to eradicate the infection and stimulate tissue regeneration.

Supporting Information). Such selectivity is achieved as most
of the predominant infectious bacterial pathogens[48] that colo-
nize the wound bed, produce exotoxins such as cytolysins,[49] al-
pha toxins,[50] cytotoxin, and endotoxin[51] that severely weaken
the host cell membrane. Additionally, these pathogens also scav-
enge iron from host sources thereby compromising the super-
oxide dismutase responsible for developing the natural ROS tol-
erance of the host.[52] While previous studies including efforts
from our lab have investigated the use of calcium peroxide in
nanofibers or microneedles for treating topical skin infections,
they have primarily focused on the bactericidal properties.[45]

These studies haven’t fully explored the potential for eradicating
both intercellular and intracellular pathogens and their impact
on wound healing. Additionally, most research has focused on
proof-of-concept, neglecting the crucial aspects of scalability and
practical implementation for clinical use. Furthermore, for any
technology to be of practical use it needs to undergo standard
packaging and sterilization processes without compromising its
functionality. As such, one of the main focuses of this work was
to investigate the scalable and rapid production of these MNs,
along with an effective sterilization procedure that does not com-
promise the MNs’ functionality. Through a combination of sys-
tematic in vitro and in vivo studies, we validated the effective-
ness of the MN in eradicating intercellular and intracellular infec-
tions and accelerating wound healing, laying the groundwork for
their clinical translation and widespread adoption in wound care
practice.

2. Experimental Section

2.1. Microneedle Fabrication and Mechanical Testing

The proposed strategy utilizes a simple two-step transfer method
for developing MN structures using stereolithography (Form 3
by Formlabs Inc., Somerville, MA, USA). In this technique, MN
master patterns were developed on a circular substrate with a di-
ameter of 20 mm with the needle height and base as 1.7 and
0.75 mm, respectively. The 3D-printed MN master pattern was
immersed in Isopropyl Alcohol (IPA) and subjected to gentle
shaking followed by a final post-UV curing step for 10 min at
60 °C.[53] After drying, the 3D-printed structures were spray-
coated with a layer of boron nitride (BN) dry film lubricant
(Dupont, Wilmington, DE, USA) and dried at 100 °C for 10 min
in a conventional oven. Next, the MN was affixed to a weighing
boat using double-sided tape, and a prepolymer solution of poly-
dimethylsiloxane (PDMS) mixture (Dow, Auburn, MI, USA) with
a 10:1 ratio of base to curing agent was poured on top of the mas-
ter pattern. The weighing boats were placed in a vacuum chamber
at 1 kPa for 20 min to remove any bubbles from the PDMS so-
lution followed by curing in the oven at 70 °C for 5 h. The cured
negative PDMS mold was then carefully removed from the 3D
printed MN structure, followed by spray coating of BN as de-
scribed before, facilitating the easy release of the structure from
the mold. Progressively, a premixed solution of N-Vinyl Pyrro-
lidine (NVP, Sigma-Aldrich, St. Louis, MO, USA) containing
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1 wt% photoinitiator (651 Ciba Specialty Chemicals, Switzerland)
and 10 wt% of CPO was pipetted into the PDMS negative mold.
Additionally, a commercially available fabric cloth (TechniCloth
II, Glenview, IL, USA) was added as a backing layer for the MN
structures, followed by UV irradiation for 30 min to completely
cure and polymerize the NVP monomer containing CPO. The
fully cured CPO-infused PVP MN structures (PVP/CPO) along
with the PDMS mold were subsequently packaged in a standard
dry heat sterilization pouch (PlastCare USA, Chatsworth, CA,
USA) and were heat sterilized using the Sterident 300 Dry Heat
Sterilizer (West Nyack, NY, USA). The MN structures were then
heat sterilized using the standard dry heat sterilization temper-
atures for sterilizing medical equipment: 150 °C for 150 min,
160 °C for 120 min, 170 °C for 60 min, and 180 °C for 30 min.
The heat-treated MN structures were stored at room tempera-
ture conditions and were removed from the sterilization bag and
PDMS mold at the experiment time points (Figure 2a). Next,
the effective polymerization and crosslinking between the NVP
monomer and presence of CPO within the polymeric matrix was
validated using Attenuated Total Reflection Fourier Transform In-
frared Spectroscopy (ATR-FTIR) with an Id7 ATR accessory at-
tached to a Nicolet iS 5 FTIR Spectrometer (ThermoFisher, MA,
USA).

To investigate the effect of heat-sterilization temperatures on
the mechanical integrity of the MNs, fracture tests were per-
formed under an axial compression load using a displacement-
force station (Universal testing machine, ADMET eXpert 400,
MTEST Quattro). For this test, the heat-treated MNs were de-
tached from the PDMS mold and affixed to the moving side
of the instrument using double-sided tape. An axial force was
then applied toward the flat aluminum surface, oriented per-
pendicularly to the axis of the moving mount, at a speed of
1.1 mm s−1 until a preset displacement of was reached. The force
and displacement data were used to finally evaluate the fracture
force and stiffness of the MN treated at different sterilization
temperatures.

2.2. Antibacterial Analysis

2.2.1. Planktonic Studies

Initially, to validate the bactericidal efficacy of the CPO-infused
MN patches, in vitro antibacterial test was conducted against a
model Gram-positive (Staphylococcus aureus ATCC 25 923, Ente-
rococcus faecalis ATCC 29212) and Gram-negative (Pseudomonas
aeruginosa ATCC 25668, Escherichia coli K88 (F4)+) bacteria.[54]

Initially, all four bacterial strains were revived from the frozen
stock and cultured overnight in a sterile Brain Heart Infusion
(BHI, 15 g L−1, Sigma-Aldrich, St. Louis, MO, USA) at 37 °C.
Next, the overnight culture was washed in PBS three times
and diluted to an OD600nm of 0.25 which corresponds to ≈108

CFU mL−1. To assess the planktonic bactericidal property of the
MN, 200 μL of diluted bacterial suspensions were added to a 96-
well plate, followed by the application of PVP/CPO MN struc-
tures treated with different sterilization temperatures. After 6 h
of incubation, the viable bacteria from the bacterial solutions
were serially diluted in PBS and plated on BHI agar plates, and
the colonies were counted after overnight incubation. All exper-

iments were repeated three times and plated 6 times (providing
3 biological and 2 technical replicates of each well) for statistical
analysis.

2.2.2. Biofilm Studies

Furthermore, to investigate the efficacy of the developed MN
treatment against biofilm infection, a simple and effective
biofilm wound model was developed.[55] Initially, 100 μL of the
washed and normalized bacterial suspensions were uniformly
spread onto a BHI agar plate and incubated at 37 °C for 24 h
(1st day). Subsequently, 2 mL of fetal bovine serum (Gibco, Ther-
moFisher, Waltham, MA, USA) was spread across to the agar
plate, followed by incubation at 37 °C for an additional 24 h (2nd

day) which aids the development of a thick mature biofilm struc-
ture. Next, the PVP/CPO MN structures sterilized at different
temperatures were applied onto the biofilm surface, followed by
further incubation for another 24 h. Finally, the MN-treated sur-
face was aseptically sampled using a sterile biopsy punch (ø =
6 mm, AcuPunch) and sonicated in 1 mL of PBS solution for
5 min. The solution was serially diluted and plated onto a BHI
agar plate to evaluate the viable bacterial counts. Additionally, the
MN treatment group treated at the optimal sterilization temper-
ature was exposed to the biofilm model repeatedly for 5 days by
replacing the patch every 24 h in order to determine the mini-
mum number of days of treatment required to achieve complete
eradication. As previously described, the treated biofilm surface
was aseptically sampled every 24 h, followed by the reapplication
of a fresh MN patch to the same location. The samples were fur-
ther sonicated in PBS, serially diluted, and plated onto a BHI agar
plate to extract the viable bacterial counts.

2.3. Biocompatibility and Pathogen Inactivation Analysis

2.3.1. Biocompatibility Studies

To validate the safety and efficacy of the MN treatment to the
wound bed upon exposure and determine the potential toxicity
of the materials or process, in vitro biocompatibility assessment
was performed. For this test, human epithelial cells (HCT-8; CCL-
244, ATCC, passage #10 and 12), cultured in Dulbecco’s modified
Eagle’s medium (DMEM medium (Invitrogen Inc., Carlsbad, CA,
USA) supplemented with 10% fetal bovine serum (Gibco, Ther-
moFisher, Waltham, MA, USA) and 1% Penicillin/Streptomycin
(Waltham, ThermoFisher, MA, USA) was used. Initially, the
frozen stocks were cultured in a T-75 flask at 37 °C in a humid-
ified environment (95%) with 5% carbon dioxide for 3 days un-
til 80% confluency. Sequentially, the cells were trypsinized, de-
tached, washed, and diluted to a concentration of 5000 cells mL−1

for cell proliferation, live-dead, and trypan blue stain testing. Ini-
tially, the metabolic viability of the HCT-8 cells was assessed by
calculating the % cell viability using a standard WST-8 assay (Ab-
cam, Cambridge, UK).[56] To conduct this assay, 200 μL of the di-
luted cell suspensions were seeded into three separate 96-well
plates and incubated for 24 h in the incubator to facilitate cell at-
tachment, followed by the addition of the MN patches. After a day
of MN exposure, the residual fabric was removed from all three
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Figure 2. Fabrication and mechanical characterization. a) Schematic illustration of the MN development process: (i) 3D printing of MN, (ii) hydrophobic
coating, (iii) casting of PDMS prepolymer solution, and (iv) curing the mold, (v) PDMS delamination, (vi) frame attachment, (vii) casting of PVP/CPO
prepolymer solution, (viii) fabric attachment and UV curing, (ix) placement in autoclave pouch, (x) heat sterilization, (xi) removal of PVP/CPO MNs from
PDMS support mold, and (xii) application to the wound site. b) Microscopic images of the 3D printed master mold MN array and c) high-magnification
image of a single microneedle. d) Microscopic image of PVP/CPO MN array and e) high-magnification image of a single needle. f) Mechanical force
versus displacement and g) mechanical stiffness characteristics of PVP/CPO MNs after sterilization at different temperatures. (NT refers to PVP/CPO
MNs without heat sterilization treatment).

96-well plates, and a WST-8 proliferation assay was performed
on the first 96-well plate. Meanwhile, the other two 96-well plates
had fresh MN patches applied and were incubated for another
24 h. After the second 24 h, the second 96 well plate was tested
for WST-8, while the third well plate had another MN patch added
and was further incubated for an additional 24 h before conduct-

ing the test. The absorbance of resulting from the addition of the
WST-8 reagents in the well plate was measured at 550 nm us-
ing a BMG Labtech clariostar (NC, USA) to evaluate the % cell
viability.[57,58]

Next, to visualize the cell viability after MN exposure, two com-
plimentary staining methods were used namely: LIVE/DEAD
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Viability/Cytotoxicity Kit (ThermoFisher, Massachusetts, USA)
and Trypan blue staining (Waltham, ThermoFisher, MA, USA).
The Trypan blue staining provides a quick and simple method
to estimate overall cell viability, while live-dead staining imaging
offers more detailed information about cell membrane integrity
and functions. The cells were diluted and seeded into a 12-well
plate according to the previously described protocol, followed by
exposure to MN treatment for 3 days with replacement every day.
For the trypan blue staining process, MN patches were removed
from the wells followed by the addition of 1 mL of 0.4% dye in
PBS solution and incubated for 3 min at room temperature. On
the other hand, for the live-dead fluorescent staining, the green
(calcein) and red (ethidium homodimer) fluorescent dyes were
incubated with the cells for 45 min, followed by cell imaging un-
der an inverted microscope.[59,60] Cell imaging was performed af-
ter days 1 and 3 using a Nikon Ti2 Eclipse microscope (NY, USA),
equipped with their respective filters, under a 10x and 40x optical
lens. The obtained images were analyzed using NIS-Elements D
software.

2.3.2. Pathogen Inactivation

Next, an in vitro infection model was developed using human
epithelial Caco-2 cells (HTB-37, ATCC, passage # 23 and 30) to
evaluate the antimicrobial activity of the MN patch against bacte-
rial pathogenesis such as adhesion, intracellular invasion, and
intercellular translocation.[61] Briefly, Caco-2 cells were seeded
into two 12-well cell culture plates and trans well plates (Corn-
ing, 24-mm, 3-μm pore size) at a density of 5000 cells mL−1, fol-
lowed by incubation for 7 days. Upon reaching cell confluency,
100 μL (8-log CFU) of bacterial cultures (multiplicity-of-infection
of 100) were added to the well plates containing the Caco-2 mono-
layer to mimic a bacterially infected in vitro wound model for
1 h. Next, MN patches were applied to the bacterially infected
cell layer followed by further incubation for 1 h at 37 °C. For
the adhesion assay, MN treatments were removed from the 12-
well plate, followed by PBS washing and treatment with 500 μL
of 0.5% sodium dodecyl sulfate per well for 5 min, followed by
vigorous aspiration. The obtained solutions were vortexed, seri-
ally diluted, and plated on selective agar plates for bacterial adhe-
sion counts. For the intracellular invasion assay, the patches were
removed from the 12-well plate and washed with PBS, followed
by treatment with DMEM without FBS containing 500 μL of gen-
tamicin (50 μg mL−1, Sigma Aldrich, St. Louis, MO, USA) for 1 h.
The gentamicin antibiotic incubation aids in the inactivation of
adherent and intercellularly transmigrated bacterial pathogens,
thereby selectively evaluating the invaded pathogens. Next, the
cell monolayers were further washed with PBS and lysed with
1% Triton X-100 (Sigma Aldrich, St. Louis, MO, USA) and plated
on selective media for the CFU counts. The exact adhesion bac-
terial counts were calculated by subtracting the total number of
CFU obtained from the invasion data. Additionally, for intercel-
lular translocation analysis, the top insert chamber of the tran-
swell was removed, followed by serial dilution and plating of the
media solution from the basolateral (lower chamber) to extract
the intercellularly migrated bacterial count. All bacterial counts
from adhesion, invasion, and translocation assays were calcu-
lated as a percentage reduction against control samples to eval-

uate the bactericidal efficiency of the MN treatment against the
pathogens.

2.3.3. In Vivo Wound Efficacy Assessment

In order to evaluate the efficacy of the developed treatment in a
physiologically relevant skin condition, an in vivo porcine exci-
sion wound model was utilized. All protocols for the in vivo as-
sessment followed the Institutional Animal Care and Use Com-
mittee (IACUC) approved protocol at Purdue Translational Phar-
macology facility, under the supervision of a staff veterinarian.
For this test, six adolescent pigs (age 5–6 months) weighing
≈50 kg each were acquired from a local farm and acclimated
to the surroundings for 2 weeks. Next, the pigs were then anes-
thetized using a nose cone with 0–5% isoflurane and 2 LPM O2,
followed by shaving and cleaning of their dorsal region with 2%
chlorhexidine scrub and saline rinse. Twelve full-thickness round
wounds (ø = 12 mm) were introduced on the dorsal side of the
pigs using a biopsy punch followed by local treatment with Nocita
(liposomal bupivacaine) every 24 h (for 3 days) to manage their
wound pain. Additionally, the pigs also received daily injections of
carprofen (NSID) for pain and inflammation management over
a period of 5 days. After developing the wound bed, the pigs were
randomly assigned to groups of three, with one group receiving
P. aeruginosa and another receiving S. aureus bacterium. In this
process, each wound bed was then added with 50 μL of a washed
and OD-normalized bacterial suspension containing 8-log CFU
of the respective bacteria. The wounds were covered with sterile
gauze held in place with Tegaderm and allowed to stay for 24 h
to aid in infection development. Next, the three wounds on each
pig were assigned to one of four treatment groups: control (ster-
ile gauze), Acticoat (standard of care silver dressing), PVP MN
structures, and PVP/CPO MN structures. All treatments were ap-
plied to each pig for 24 h and replaced daily for five consecutive
days, with wound examination continuing for 14 days or until
the euthanasia of the animals. On treatment days, a quantitative
superficial swab was collected from the wound surface to assess
infection levels, progression, and therapeutic responses through-
out the treatment week. Each day until the end of treatment, a
sterile cotton swab was used to collect a representative micro-
biological sample directly from the wound area after removing
residuals from the previous day’s treatment. The collected swabs,
suspended in 1 mL of PBS were sonicated for 25 min followed by
vortexing, serial dilution, and plating on selective media to obtain
CFU/wound bacterial counts. Additionally, representative images
of the wound beds were collected every day throughout the experi-
mentation timeline to analyze the wound healing rate in all treat-
ment groups for both bacterial infections. Finally, by day 14th,
the pigs were transported to the surgical scape and a fatal injec-
tion of Ethanol-D (390 mg mL−1) at 1 mL per 10 lb body weight
was administered using a cardiac stick to euthanize the pigs. Af-
ter euthanasia, the reduction in intracellular invasion character-
istics of the bacterium in response to the treatment was analyzed
by resecting the section of the wound bed. The recovered wound
tissues were then transported in a sterile conical tube and incu-
bated in 50 μg mL−1 of gentamicin in 3 mL of DMEM for 2 h.
Subsequently, the cells were washed three times in sterile PBS
media, and the tissues were macerated with a tissue grinder. The

Adv. Mater. Technol. 2024, 9, 2400219 2400219 (6 of 16) © 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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resulting suspension was further sonicated for 15 min, seri-
ally diluted, and plated to estimate the intracellular bacterial
CFU/wound.

2.3.4. Statistical Analysis

All data collected for antimicrobial and biocompati-
bility tests were subjected to a one-way ANOVA test
(𝛼 = 0.05) followed by Dunnet’s Test for multiple compar-
isons to validate statistical relevance and differences between
conditions.

3. Results and Discussion

3.1. Microneedle Fabrication and Mechanical Testing

The developed 3D printed MN master mold, along with a sin-
gle needle high magnification image is shown in Figure 2b,c.
The MNs were designed with a height of 1.7 mm for the mas-
ter mold and a base thickness of 0.75 mm, ensuring a specific
aspect ratio for optimal functionality. At higher magnification in
Figure 2c, minor ripples (≈20 μm) are observed along the MN
structure, angled at 45° along the master mold, attributable to
the resolution and the angular printing orientation of 3D print-
ing. The final master mold observed an average height of ≈1.69 ±
0.03 mm per needle with a base thickness of 0.75 mm. Con-
versely, the final transferred PVP/CPO MN structure exhibited
a relatively smooth surface while preserving the aspect ratio of
the original master mold with a height of ≈1.65 ± 0.04 mm and
an average thickness of ≈0.72 ± 0.06 mm (Figure 2d). The obser-
vation could be attributed to the BN coating that enhances the
surface smoothness while also aiding the ease of MN detach-
ment from the PDMS surface. Also, the yellowish opaque ap-
pearance of the MN confirms the uniform distribution of CPO
along the structure as observed in Figure 2e. The polymerization
of the NVP monomer and the presence of the CPO inside the
PVP/CPO composite matrix was confirmed from the FTIR anal-
ysis as shown in Figures S2,S3 (Supporting Information). The
transferred PVP/CPO MN (≈1.65 mm) was reported to have a
sufficient length to penetrate the biofilm and epidermal/dermal
layer of the skin, consequently facilitating a painless way of deliv-
ering antimicrobials into the wound bed.[62] Next, the mechanical
integrity of the MNs treated at various heat-sterilization tempera-
tures was investigated by performing a force-displacement curve
analysis. All mechanical tests were performed up to a force of
35 N (≈1.4 N per needle) which will provide sufficient stiffness
and strength to penetrate the biofilm and skin.[63,64] As observed
in Figure 2f, all MN structures displayed an initial increase in
force relative to the displacement change when subjected to axial
compression force against a flat aluminum surface. Upon fur-
ther displacement, the MN reached a point of fracture, known
as the fracture force. As observed, the unsterilized MN showed
no fracture force until the preset force of 35 N (≈1.4 N per nee-
dle) elucidating its strong mechanical performance. On the other
hand, the 150 °C heat-sterilized MN structures showed no frac-
ture force, similar to that of the unsterilized MN, indicating negli-
gible impact of sterilization on mechanical properties. However,

MNs treated at higher sterilization temperatures exhibited no-
ticeable reduction fractures at 0.3, 0.15, and 0.5 N per needle to-
ward 160, 170, and 180 °C, respectively. Such reduction in the me-
chanical properties was attributed to the decomposition of CPO
at high temperatures, leading to the formation of micro defects
along the structures and compromising the MN’s mechanical
integrity. Consequently, the slope of the force-displacement test
was calculated to evaluate the MN’s ability to resist fracture in re-
sponse to the applied force, termed stiffness. As observed from
Figure 2 g, the unsterilized MN structures a maximum stiffness
of ≈4.6 N mm−1 from the force–displacement curve.[65] In ad-
dition, the 150 °C heat-sterilized MN structures showed no sig-
nificant reduction in the stiffness profile as compared to that of
the unsterilized samples. However, the MN structures subjected
to higher sterilization temperatures exhibited a sequential and
drastic reduction in stiffness profile to ≈0.3 at 180 °C. These re-
sults clearly elucidate that the MN structures treated at 150 °C
did not exhibit fracture force until reaching the preset force
while maintaining comparable stiffness to that of the unsterilized
samples.

3.2. In Vitro Antibacterial Assessment

Next, bactericidal efficacy of the PVP/CPO MN patches treated at
different sterilization temperatures was tested against the plank-
tonic bacterium (Figure S4 Supporting Information). All PVP
MN patches showed a minimal antibacterial efficacy < ≈0.5-log
CFU and ≈1-log CFU toward P. aeruginosa and S. aureus bacte-
rial populations respectively. On the other hand, PVP/CPO MN
showed complete inhibition (undetectable) of the bacterial pop-
ulation (8-log CFU reduction) irrespective of their sterilization
temperatures (Figure 3b,c). Similarly, the MN structures tested
against enterotoxigenic E. coli and another common opportunis-
tic pathogen, E. faecalis, exhibited similar results, with complete
inhibition (undetectable, 8-log CFU) observed after 6 h of treat-
ment (Figure S4a, Supporting Information). These results clearly
explain that no noticeable change in the planktonic bactericidal
performance was observed by treating the MN at dry heat steril-
ization temperatures.

Next, the bactericidal efficacy of the MN structures was tested
against an in vitro biofilm model (Figure 3d). Similar to the
previous results, the PVP MN structures showed an approxi-
mate ≈1.1-log CFU reduction to that of the control samples
toward P. aeruginosa. This slight inhibitory effect could be ex-
plained due to the physical barrier developed by PVP dissolu-
tion thereby restricting bacterial proliferation. On the other hand,
PVP/CPO MN showed an average reduction of 4.6-log CFU re-
duction across different sterilization temperatures in a P. aerugi-
nosa biofilm model (Figure 3e). Similarly, an average 3.8-log CFU
reduction was observed for the PVP/CPO MN across all steril-
ization conditions in the S. aureus biofilm model as shown in
Figure 3f. This observation was due to the natural production
of catalase by the S. aureus bacterial population which slightly
reduces the therapeutic effect of the MN treatment. Similar re-
ductions in the bacterial populations were observed for the MN
when tested against E. coli and E. faecalis bacterial populations in
a biofilm model (Figure S4b Supporting Information). It is also
evident from these results that the effect of sterilization did not

Adv. Mater. Technol. 2024, 9, 2400219 2400219 (7 of 16) © 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 3. Antibacterial properties of PVP/CPO MN at different sterilization temperatures. a) Schematic illustration of the procedure for assessing the
antibacterial properties of PVP/CPO MNs against planktonic bacteria. b) Results of the antibacterial assay against planktonic P. aeruginosa and c) S.
aureus. d) Schematic illustration of the procedure for assessing the antibacterial properties of PVP/CPO MNs against biofilm models of P. aeruginosa
and e) S. aureus. (NC refers to negative control without treatment, and NT refers to PVP/CPO MNs without heat sterilization treatment).

significantly deter the overall antibacterial performance of the
MN structures toward a biofilm model. Based on these previ-
ous observations, the MN sterilized at 150 °C was selected for
further experimentation due to the optimal mechanical proper-
ties with slightly pronounced antibacterial efficacy compared to

other samples. Next, to evaluate the minimum number of treat-
ments required to completely eradicate a biofilm infection, MN
patches were applied repeatedly at the same treatment region and
monitored the kill-off over time (Figure 4a). In Figure 4b, a de-
creasing trend in the P. aeruginosa population was observed, with

Adv. Mater. Technol. 2024, 9, 2400219 2400219 (8 of 16) © 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 4. Repeated application of MNs on biofilm infections. a) Schematic illustration of multiple applications of PVP/CPO MNs with optimized heat
sterilization process at 150 °C and assessment of bacterial eradication effect after different treatments, along with the corresponding results for b) P.
aeruginosa and (c) S. aureus biofilm.

complete eradication of biofilm (undetectable) after three rounds
of PVP/CPO treatment. Similarly, the S. aureus biofilm model
also showed a complete kill-off of the bacterial populations af-
ter 3 treatment cycles. Thus, it was concluded that a minimum
of 3 rounds of MN treatment is required to completely eradi-
cate the bacterial population even in a non-clinical in vitro testing
scenario.

3.3. In Vitro Biocompatibility Assessment

In vitro, biocompatibility assessment of the optimized MN struc-
tures upon application on the wound surface was analyzed using
HCT-8 epithelial cells. The proliferation and viability of the cells
were assessed by monitoring colorimetric OD measurements us-
ing the WST-8 assay over a period of 3 days (Figure 5a). As ob-
served from Figure 5b, the cell proliferation in the control wells
exhibited a gradual increase from 0.25 to 0.82 over the course of
three days. On the contrary, PVP MN showed increased cell pro-
liferation compared to control samples which was probably due
to the polymer acting as a scaffold for HCT-8 cells to form multi-
layers. Interestingly. The PVP/CPO MN observed a clear increase
in cell proliferation of ≈1.5 after 3 days of repeated exposure. In-
creased cell proliferation suggests the decomposition of CPO re-

sulted in elevated oxygen levels in the PVP/CPO wells, leading
to increased energy production and potentially faster cell prolif-
eration. A similar increase in cell proliferation with the decom-
position of CPO was observed by Mollajavadi et al.[66] Further, to
complement these observations from the WST-8 assay a trypan
and live-dead staining was employed to visualize cell viability and
cell membrane integrity. The live-dead staining images showed
a pronounced green-to-red ratio for the PVP/CPO MN structures
after 3 cycles of exposure, similar to the control and PVP treat-
ment groups, confirming enhanced biocompatibility (Figure 5c).
Further, a simple trypan blue staining test was performed to visu-
alize the increased cell proliferation of the cells upon MN treat-
ment. As observed from Figure 5d, the PVP and PVP/CPO MN
structures showed a clear multilayer formation from treatment
day 1 to day 3, while the control remained comparable to day 1. A
positive control sample, treated with 1% Triton-X solution to in-
duce complete cell death, served as the reference for comparing
the obtained cell proliferation images. Both PVP and PVP/CPO
samples demonstrated heightened cell viability compared to the
control, distinct from the complete kill-off observed in the posi-
tive control. These results collectively validate the materials uti-
lized in the study, affirming the biocompatibility of the manufac-
turing process, and indicating its suitability for application in an
infected wound environment.

Adv. Mater. Technol. 2024, 9, 2400219 2400219 (9 of 16) © 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 5. Biocompatibility assessment of the PVP/CPO microneedles sterilized at 150 °C. a) Illustration depicting the process for biocompatibility
assessment. b) WST-8 cell proliferation assay. c) Live (green) and dead (red) fluorescence staining images after 3 days of exposure to different conditions.
d) Trypan blue staining images after 1 day and 3 days of exposure to different conditions.

3.4. In Vitro Pathogenesis Inactivation

Subsequently, it was necessary to test the ability of MNs to in-
hibit bacterial pathogenesis, including adhesion, intracellular in-
vasion, and intercellular translocation (Figure S5 Supporting In-
formation). A bacterially infected in vitro wound model was cre-
ated to evaluate the effect of the MN treatment in inhibiting ad-
hesion, invasion (Figure 6a), and translocation (Figure 6b) char-
acteristics using Caco-2 epithelial cells. As shown in Figure 6c,
PVP MN showed a marginal reduction in the adhesion, invasion,
and translocation characteristics (<35%) in the bacterial popula-
tion compared to the control samples toward P. aeruginosa infec-
tion. On the other hand, with PVP/CPO MN treatment, a remark-

able 90–95% decrease in all three bacterial pathogenesis was ob-
served. Similarly, in an S. aureus infection model, the PVP treat-
ment group showed no significant bacterial reduction (<25%)
compared to the control. However, with PVP/CPO treatment, en-
hanced inhibition of the bacterial population (92–100%) was ob-
served toward a S. aureus infection (Figure 6d). Interestingly, S.
aureus demonstrated complete eradication (undetectable) of the
intracellular bacterial population compared to that of the P. aerug-
inosa infection. This difference might be attributed to the en-
teroinvasive nature of P. aeruginosa, which resulted in a mild re-
duction in the intracellular effectiveness of the MN treatment.[67]

These results validate the inhibitory effect of the MN treatment
deterring the adhesion, invasion, and translocation pathogenesis

Adv. Mater. Technol. 2024, 9, 2400219 2400219 (10 of 16) © 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 6. Host-pathogen analysis. a) Schematic illustration of the process for analyzing the effect of the MNs on the pathogens’ adhesion and invasion
(intracellularly invaded). b) Schematic representation of intercellular translocation (intercellular transmigrated) in the host cells. c) Bactericidal results
of model infections with P. aeruginosa and d) S. aureus.

of the bacterium which would be critical for a deep tissue infec-
tion model treatment.

3.5. In Vivo Wound Infection Assessment

Finally, an in vivo study was conducted using a porcine model
to assess the effectiveness of PVP/CPO MN in bacterial eradica-
tion and wound healing against P. aeruginosa and S. aureus in-

fections as shown in Figure S6 (Supporting Information). The
complete timeline of the in vivo study, from wounding to treat-
ment and euthanasia of the animals, is depicted in Figure 7a.
Initially, all 12 wound beds across the 3 pigs exhibited an aver-
age bacterial count of ≈5.6-log CFU after 24 h of P. aeruginosa
infection (Figure 7b). Progressively, over the treatment week, the
control sterile gauze groups showed no observable change in the
P. aeruginosa bacterial populations. Similarly to that of the con-
trol groups, PVP MN also showed no signs of reduction in the

Adv. Mater. Technol. 2024, 9, 2400219 2400219 (11 of 16) © 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 7. In vivo bactericidal assessment of the treatment. a) Experimental timeline of the MN treatment. Viable bacteria collected from swabs of
superficial wound exudate infected with b) P. aeruginosa and c) S. aureus at different time points of treatment. The viable intracellularly invaded bacteria
d) P. aeruginosa and e) S. aureus in the wound tissue at the end of the study with different treatments.

bacterial CFU counts. On the contrary, Acticoat dressing exhib-
ited a significant reduction in the bacterial population after one
treatment cycle, with marginal reduction observed thereafter.
This can be attributed to the limited efficacy of the Acticoat sur-
face in delivering antimicrobials (silver) to the bacterial popu-
lation encased within a biofilm structure on a wound surface.
However, upon exposure to PVP/CPO MN, a distinct reduction
profile was observed, with a minimum of 0.5-log CFU reduction
per treatment cycle against P. aeruginosa infection. Similarly, in
the S. aureus infection model, no significant reduction in the
bacterial population was observed in both the control and the

PVP MN wound groups after 5 rounds of treatment, consistent
with previous observations. Interestingly, the Acticoat treatment
group showed no noticeable reduction in the S. aureus popula-
tion, in contrast to the observed reduction in the P. aeruginosa
infection. The decrease in therapeutic efficacy of Acticoat can be
explained by the structural variances between Gram-positive and
Gram-negative bacteria, particularly the peptidoglycan layer. Sim-
ilar results of inability of Acticoat to not inhibit the S. aureus pop-
ulations were observed by Ravensdale et al.[68,69] Nevertheless,
with PVP/CPO MN treatment, a clear reduction in the bacterial
population from 4.4-log CFU to 1.8-log CFU was observed after
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Figure 8. In vivo wound healing rate assessment. Images of the pig’s infected dermal wounds with a) P. aeruginosa and c) S. aureus during the treatment
phase (days 1–6) and observation phase (days 7–14). Final wound closure percentage with different treatments at the end of the study for wounds
infected with b) P. aeruginosa and d) S. aureus.

5 days of treatment. Thus, the developed PVP/CPO MN treat-
ment showed a clear reduction of at least 2-log CFU (99% re-
duction) irrespective type of the bacterial population which is of-
ten considered a meaningful reduction indicative of treatment
success.[70] After terminating the in vivo study, resected segments
of the wound bed were plated to evaluate the altercation in in-
tracellularly invaded pathogens counts in response to the treat-
ment groups (Figure S7, Supporting Information). As expected,
both the control and PVP MN treatments demonstrated compa-
rable invasion counts (≈3.5-log CFU) toward P. aeruginosa bacte-
rial infection as shown in Figure 7d. Similarly, the Acticoat treat-
ment group showed a comparable intracellular bacterial popu-
lation to that of the control wound groups. However, the appli-
cation of PVP/CPO MN resulted in a notable reduction of 1.2-
log CFU compared to a control group in P. aeruginosa infection.
On the other hand, similar bacterial populations ranging from 2
to 2.6-log CFU were observed in the control, PVP, and Acticoat

treatment groups in an S. aureus wound infection (Figure 7e).
Remarkably, complete eradication (undetectable) of the bacterial
population was achieved with PVP/CPO MN administration on
the S. aureus infected wound surface. These results unequivo-
cally underscore the superior efficacy of PVP/CPO treatment in
reducing bacterial loads on the wound surface, surpassing the
performance of standard-of-care silver dressing.

Finally, visual photographic images of the infected wound
bed before and after the onset of infection and treatments were
recorded over the course of the experimental timeline to eval-
uate the level of wound closure. Images were captured at key
time points: on the day of wound and infection induction (day
0), 24 h after wound infection and starting the treatments (day
1), during the treatment phase (day 3 and 6), and post-treatment
phase (day 10 and 14). It is evident from Figure 8a that the control
group observed a gradual reduction in redness and tissue devel-
opment from day 1 to day 14, while its scar redness resulted from
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the processes of normal wound healing toward P. aeruginosa
infection.[69] Additionally, the PVP MN treatment group similarly
exhibited wound progression, with persistent unhealed wounds
evident on day 14. On the other hand, the Acticoat treatment
groups exhibited clear signs of scab formation, indicative of mild
toxicity with epithelizing and proliferating wounds. These obser-
vations are supported by Fong et al.[71] cautioning the application
of Acticoat on epithelializing and proliferating wounds. However,
as expected, the wound area of the PVP/CPO MN treatment was
observed to decrease more rapidly with no signs of visual red-
ness on 14 days of experimentation. This observation was further
validated by calculating the wound area of each treatment group
with P. aeruginosa infection and comparing it against the wound
area from day 1 (Figure 8b). The % closure of wounds exposed to
PVP/CPO MN treatment groups demonstrated a faster healing
rate of ≈28% compared to other treatment groups in response
to P. aeruginosa infection. Similarly, wounds infected with the S.
aureus bacterium also exhibited deeper and milder redness com-
pared to wounds exposed to the control and PVP MN treatment
groups after 14 days of wound creation as shown in Figure 8c.
Additionally, the Acticoat treatment group showed similar scab
formation, consistent with observations from the P. aeruginosa
infection. Consequently, the PVP/CPO MN treatment group ob-
served a clear reduction in wound area, with at least a 30% faster
healing rate compared to the control samples (Figure 8d). These
results collectively highlight the effectiveness of the developed
PVP/CPO MN technology to inhibit bacterial pathogens both top-
ically and intracellularly in an in vivo bacterially infected wound
environment. A summary of various MN-based technologies for
effectively eradicating bacterially infected wounds, as reported in
the literature, is tabulated, and compared in Table S1 (Supporting
Information). As observed, this is the first study to validate the
effectiveness of MNs in eradicating intercellular and intracellu-
lar pathogens and thereby promoting the wound healing process
in an in vivo porcine model. Additionally, this work investigates
the scalable and rapid production of these MNs, along with an
effective sterilization procedure that does not compromise their
functionality. These observations collectively suggest promising
clinical and commercialization potential for this MN technology
in managing infections and promoting healing in bacterially in-
fected chronic wounds.

4. Conclusion

In summary, this work presents a systematic study investigating
the scalable fabrication and heat sterilization of calcium peroxide-
infused water-dissolvable microneedle structures aiming to effec-
tively treat bacterial wound infections. In vitro, analysis demon-
strated enhanced antibacterial properties toward planktonic and
biofilm models and promoted biocompatible characteristics of
the microneedle structures. Additionally, the developed mi-
croneedle technology was observed to clearly deter the adhesion,
invasion, and translocation pathogenesis of the bacterium which
would be critical for a deep tissue infection model treatment. Sub-
sequently, the in vivo analysis revealed substantial reductions in
both extracellular and intracellular bacterial populations and ac-
celerated wound healing and tissue regeneration compared to
controls and standard care methods. These findings emphasize
the potential of the microneedle patch technology for treating

bacterially infected wounds, reducing the need for antibiotics and
complicated surgical interventions. Moreover, given its promis-
ing potential, future efforts will focus on exploring the treatment
efficacy across diverse in vivo chronic wound models, aiming to
enhance the understanding of microneedle treatment before ad-
vancing to clinical trials.
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Supporting Information is available from the Wiley Online Library or from
the author.
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