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Transdermal microneedle systems offer a minimally invasive strategy
for systemic drug delivery in veterinary medicine. In this study, bio-
degradable microneedle patches composed of polyvinyl alcohol,
collagen, and chitosan were evaluated in pigs for the delivery of two
model compounds, fluorescein isothiocyanate—dextran (FITC-
dextran, 4 kDa) and flunixin meglumine (FLU). Patches were applied
to the ear and neck to assess the influence of anatomical site on sys-
temic absorption. FITC-dextran delivered via a single 50 mg patch on
the neck achieved approximately 1.2-1.4-fold higher plasma con-
centrations than oral administration and ear-applied patches,
demonstrating enhanced uptake from vascularized regions. FLU
patches applied to the ear produced detectable plasma levels up to
72 h post-application, with a maximum concentration of ~1.9 ug Lt
at 24-48 h, indicating sustained systemic exposure and reinforcing
the potential for long-acting therapy. No adverse tissue responses
were observed at application sites, highlighting the safety and toler-
ability of the patches. Overall, these findings emphasize the impor-
tance of anatomical site selection, physicochemical properties, and
biocompatibility in optimizing microneedle-mediated transdermal
drug delivery for veterinary applications.

Introduction

Effective pain management in livestock is challenged by limit-
ations in current delivery methods and restrictions on analge-
sic use in food-producing animals."™ Injectable and oral drugs
require repeated handling and may result in variable systemic
exposure.”® These challenges highlight the urgent need for
welfare-friendly, minimally invasive drug delivery systems that
reduce animal discomfort while maintaining precision dosing
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and therapeutic efficacy. In this regard, microneedle patches
have emerged as a promising option, offering needle-free,
stress-free, transdermal delivery capable of circumventing first-
pass metabolism and improving drug absorption.”® However,
systemic drug uptake remains inconsistent, especially for com-
pounds with low aqueous solubility or limited permeability.’

Our group previously developed a biodegradable micronee-
dle platform composed of polyvinyl alcohol (PVA), collagen
(COL), and chitosan (CHI) for delivery of meloxicam in
piglets.’® While this system demonstrated successful micro-
needle dissolution and local drug release, systemic meloxicam
absorption was limited, likely due to the low solubility and per-
meability of this compound (Class IV, BCS).® These results
raised key questions about whether systemic uptake was pri-
marily affected by anatomical factors, microneedle perform-
ance, or the inherent physicochemical properties of the drug.

To better understand the performance of biodegradable
microneedle patches, this study focused on evaluating the
effect of anatomical application site on uptake of two com-
pounds with greater solubility and permeability than meloxi-
cam, namely fluorescein isothiocyanate-dextran (FITC-dextran)
and flunixin meglumine (FLU). FITC-dextran is a hydrophilic
fluorescent tracer widely used as a model drug in transdermal
delivery research. The high solubility and molecular stability of
FITC-dextran are ideal for evaluating microneedle perform-
ance, skin penetration, and delivery system performance.'"'>
FITC-dextran enables fluorescence-based quantitation of
absorption kinetics and provides a reliable means to dis-
tinguish whether bioavailability limitations arise from anatom-
ical site differences or delivery system performance.">"*

FLU is a potent, non-narcotic, nonsteroidal anti-inflammatory
drug (NSAID) widely used in veterinary medicine to manage
pain, inflammation, and fever in both food-producing and com-
panion animals.’®® The meglumine salt form of FLU provides
high aqueous solubility and favorable permeability, leading to
rapid systemic absorption when administered via traditional par-
enteral routes.'”'® Given its widespread clinical use, well-estab-
lished pharmacokinetics, and regulatory importance (e.g,
defined withdrawal times for meat-producing animals), FLU was

RSC Pharm.


http://rsc.li/RSCPharma
http://orcid.org/0000-0002-9707-9442
http://orcid.org/0000-0003-0181-1326
http://orcid.org/0000-0002-1151-3878
http://crossmark.crossref.org/dialog/?doi=10.1039/d5pm00203f&domain=pdf&date_stamp=2025-11-03
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5pm00203f
https://pubs.rsc.org/en/journals/journal/PM

Open Access Article. Published on 30 October 2025. Downloaded on 1/13/2026 10:52:15 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

identified as a valuable model compound for evaluating micro-
needle-based transdermal drug delivery systems.

In this study, microneedle patches loaded with either FITC-
dextran or FLU were applied to the ear and neck of piglets to
evaluate how anatomical site and drug properties influence
systemic uptake. These regions were selected for their distinct
vascularization, dermal thickness, and lymphatic drainage.
Plasma samples collected over time were analyzed to compare
absorption profiles and identify site-specific differences in
drug delivery performance. The aggregate results offer new
insights for optimization of microneedle-based transdermal
systems in veterinary medicine.

Methodology
Microneedle patch fabrication

Microneedle patches were fabricated following a modified
version of the protocol described in Miranda-Mufioz et al.*®
Briefly, the patches were produced using a 25 mm x 25 mm
polydimethylsiloxane (PDMS) mold with 625 pyramidal micro-
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needles. Each microneedle had a base width of 400 pm, a height
of 800 pm, and a pitch of 700 pm (Fig. 1A). The polymeric for-
mulation consisted of variable ratios of PVA and COL; FITC-
dextran and FLU were incorporated at a dose of 50 mg per
patch. The microneedle layer was cast in the PDMS mold and
allowed to dry under controlled conditions to ensure uniform
drug distribution (Fig. 1B). Once the microneedle layer was set, a
secondary layer composed of PVA-CHI was applied to enhance
adhesion and mechanical integrity. Then, the patches were steri-
lized using ethylene oxide gas. Fourier transform infrared spec-
troscopy and morphological analyses confirmed that ethylene
oxide sterilization did not alter drug stability or patch compo-
sition."® Macroscopic and scanning electron microscopy (SEM)
imaging were performed to assess microneedle patch mor-
phology, including needle geometry, uniformity, and structural
integrity. In particular, an ultrahigh resolution field emission
SEM (FEI Nova Nanolab 200) was used to analyze the shape,
size, and surface features of PVA-COL-CHI microneedle patches
loaded with FITC-dextran or FLU. Gold coating was not required,
as the samples exhibited adequate conductivity under the
selected imaging conditions.
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\ f
C

1
PVA-COL-CHI-FITC-dextran or 8
PVA-COL-CHI-FLU
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Fig. 1 Microneedle patch design and fabrication process. (A) Schematic view of the PDMS mold and microneedle patch with structural information:
(i) top view and dimensions; (ii) slanted view showing 625 microneedles; and (iii) side view of a single microneedle and its dimensions. (B) Schematic
representation of the fabrication process for PVA—COL-CHI-FITC-dextran or PVA—COL-CHI-FLU microneedle patches. The process includes
mixing PVA—-COL with FITC-dextran or FLU, casting the solution in a PDMS mold, centrifuging, drying, and layering with PVA—CHI to form a struc-

tured microneedle patch.

RSC Pharm.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5pm00203f

Open Access Article. Published on 30 October 2025. Downloaded on 1/13/2026 10:52:15 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Pharmaceutics

In vivo study

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of
University of Arkansas Division of Agriculture Swine Research
Farm and approved by the Animal Ethics Committee of the
Institutional Animal Care and Use Committee (IACUC approval
number: 23066). A total of 16 piglets from two litters were ran-
domly assigned to six treatment groups: (1) negative controls
(n = 2); (2) oral FITC-dextran administration at 10 mg kg™ of
piglet body weight (n = 2); (3) a single 50 mg FITC-dextran
microneedle patch on the right ear (n = 3); (4) a single 50 mg
FITC-dextran patch on each ear (n = 3); (5) a single 50 mg
FITC-dextran microneedle patch on the neck (n = 3); and (6) a
single 50 mg FLU microneedle patch on the right ear (n = 3).
Groups 3 and 4 were designed to assess the influence of total
dose on systemic uptake while controlling for anatomical site.
Groups 3 and 5 were included to inform the role of anatomical
location and local vascularization on systemic uptake, and
Groups 3 and 6 were designed to address the role of drug solu-
bility and permeability on systemic uptake; both of these com-
parisons controlled for total drug dose.

Prior to patch application, the skin at the ear and neck sites
was cleaned and sterilized using alcohol wipes. The patches
were secured using adhesive medical dressing to prevent prema-
ture detachment. At predetermined times (i.e., 0, 4, 8, 24, 48, 72,
96 h), blood samples were collected via jugular venipuncture
using S-Monovette® needles (22-gauge, 1 in) and deposited in
S-Monovette® EDTA K3E blood collection tubes (SARSTEDT Inc.,
Newton, NC). In one piglet, the patch was removed after 24 h to
visually observe microneedle degradation. The whole blood was
centrifuged at 1500g, and plasma was isolated for analysis of
drug concentrations. Results were presented as mean + standard
deviation, but we focused on descriptive analysis due to the
limited number of animals per group (n = 2-3). Formal statistical
comparisons between groups were not performed, as the study
was designed as a pilot exploration.

Drug analysis

FITC-dextran (from Sigma-Aldrich, St Louis, MO) concen-
trations in plasma were directly determined by fluorescence
spectrophotometry (Biotek Synergy HTX, Agilent Technologies
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Inc., Santa Clara, CA) using excitation and emission wave-
lengths of 480 nm and 520 nm, respectively.

FLU, 5-hydroxyflunixin (5H-FLU; metabolite), and FLU-d;
(internal standard) were purchased from Sigma-Aldrich
(St Louis, MO). Anhydrous magnesium sulfate (MgSO,),
sodium chloride (NaCl), ammonium acetate (NH,Ac), and
LC-MS grade water, methanol, and acetonitrile were obtained
from Fisher Scientific (Waltham, MA). Stock and working solu-
tions were prepared in methanol, and the final calibration stan-
dards were prepared in 50% methanol with 10 mM NH,Ac.

The plasma concentrations of FLU and 5H-FLU were
measured via QUEChERS extraction followed by liquid chrom-
atography with triple quadrupole tandem mass spectrometry
(LC-MS/MS); the protocols were adapted from a previous
method." Briefly, a 100 pL aliquot of plasma was transferred
to a 15 mL centrifuge tube, diluted with 1.9 mL deionized
water, and vortexed for 30 s. Then, 2 mL acetonitrile, 1 g
MgS0O,, and 0.4 g NaCl were added to enable salting-out
phenomena, causing FLU to partition into the acetonitrile
layer; to homogenize the mixture, 30 s vortex steps were
included after addition of acetonitrile and the salts. After
10 min of centrifugation at 6000g, 1.5 mL of the acetonitrile
layer was collected, evaporated to dryness with nitrogen gas,
reconstituted in 0.25 mL methanol containing 20 pg L™" FLU-
d;, and diluted with 0.25 mL of 10 mM NH,Ac solution. The
reconstituted extracts were analyzed by LC-MS/MS.

FLU, 5H-FLU, and FLU-d; were measured with an Agilent
1290 Infinity LC coupled to a 6470 triple quadrupole MS/MS
(Agilent; Santa Clara, CA). The injection volume was 5 pL, and
the analytes were separated along a Waters XBridge C18
column (2.1 x 150 mm, 2.5 pm) with a guard column (2.1 x
10 mm, 3.0 pm) containing the same material. The column
compartment was maintained at 40 °C. The mobile phase was
comprised of (A) LC-MS water with 10 mM NH,Ac (pH 6.9)
and (B) LC-MS methanol with 10 mM NH,Ac. Isocratic elution
was applied with 40% A and 60% B at a flow rate of 0.2 mL
min~", and the run time was 7 min. The MS/MS was operated
in positive electrospray ionization mode. The capillary voltage
was 3500 V. The drying and sheath gases were maintained at
300 °C and 7 L min™", and the nebulizer pressure was set to
45 psi. Other settings and method performance metrics are
summarized in Table 1.

Table 1 LC-MS/MS operational parameters and method performance metrics

Compound MW* Ton transitions® CE°  FV¢ Ratio® RT/ LoQg* 1op*® MQL wMDL/ R 1s*

FLU 296.2  297.1 - 279.0 22 90 0.20 5.83  0.10 0.03 0.50 0.15 0.999  FLU-d,
297.1 — 263.9 33

5H-FLU 312.2  312.9 - 295.0 23 90 0.30 4.71 1.00 0.30 5.00 1.50 0.994  FLU-d,
312.9 - 279.9 34

FLU-d; 299.3  300.1 — 282.0 22 90 0.20 582  — — — — —
300.1 — 263.9 33

“Molecular weight (MW; Da). ® The first ion transition was used for quantitation, and the second ion transition was used for confirmation.
¢ Collision energy (CE; V). ¢ Fragmentor voltage (FV; V). ° The response of the confirmation ion divided by the response of the quantitation ion.
JRetention time (RT; min). ¢ Limit of quantitation (LOQ; pg L™7), calculated using the signal-to-noise ratio (>10), the method blank, and the
weighted calibration curve. " Limit of detection (LOD; pg L™"), calculated as 3/10 of the LOQ. ‘Method quantitation limit (MQL; pg L™"), calcu-
lated for 100 uL plasma samples.’ Method detection limit (MDL; pg L™"), calculated as 3/10 of the MQL. “Internal standard (IS).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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FLU recovery from each plasma sample was evaluated
through standard additions. In particular, 50 puL of a solution
containing 100 pg L™" FLU and 100 pg L~" 5H-FLU was spiked
into a separate 100 pL plasma aliquot and diluted with
1.85 mL of deionized water. This sample underwent the same
extraction and analysis protocols described above. FLU recov-
ery ranged from 85.8 to 93.0% for individual samples, and the
average recovery was 89.7 + 2.7%. The FLU recovery efficiency
was applied to correct the concentrations measured in the
QuEChERS extracts to ensure accurate reporting of FLU con-
centrations in the plasma samples.*®

Results and discussion

Microneedle patches were fabricated using PVA-COL-CHI
blends that incorporated either FITC-dextran or FLU. The
macroscopic and SEM images in Fig. 2 revealed well-defined,
uniformly distributed microneedles for both formulations. No
structural defects, such as tip deformation or fusion, were
observed, confirming the high reproducibility and fidelity of
the fabrication process. Notably, the side faces of the FITC-

Application site
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dextran microneedles were flatter than the FLU-loaded micro-
needles, which displayed a subtle curvature. This variation in
geometry may result from differences in polymer viscosity,
drug loading, or mold filling dynamics and could potentially
influence mechanical performance and drug delivery. Overall,
the results suggest uniform drug loading and compatibility
with the polymer matrix, supporting the suitability of the
microneedle patches for in vivo evaluations.

Fig. 3 summarizes the in vivo evaluation of PVA-COL-CHI
microneedle patches loaded with FITC-dextran or FLU by high-
lighting the experimental design, anatomical site compari-
sons, and systemic drug absorption profiles. The study design
and application sites are reported in Fig. 3A, which shows that
patches were placed on the ear and neck to investigate anatom-
ical effects on drug delivery. The schematic also outlines the
different experimental groups, including negative controls,
oral FITC-dextran administration, and various microneedle
patch configurations. To further illustrate the in vivo method-
ology used to assess pharmacokinetic outcomes, the experi-
mental procedure for microneedle patch application is shown
in Fig. 3D, and a representative image of the microneedle
patch after removal from the skin is provided in Fig. 3E.

PVA-COL-CHI-FLU

Fig. 2 Application sites and morphological analysis of microneedle patches. Macroscopic (center) and SEM (right) images of PVA-COL-CHI
patches loaded with FLU or FITC-dextran highlight the consistent microneedle geometry.
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In vivo evaluation of FITC-dextran and FLU delivery using microneedle patches. (A) Experimental design. (B) Plasma FITC-dextran levels fol-

lowing oral delivery (10 mg kg™?), single (ear/neck) and dual (both ears) 50 mg patches. (C) Plasma FLU levels after applying a single 50 mg patch on
the ear. (D) Representative photo of patch application. (E) Microneedle patch 24 h post-application. Study groups included negative control, oral

FITC-dextran, and five patch configurations for FITC-dextran and FLU.

The FITC-dextran levels in plasma after application of
microneedle patches revealed notable differences in systemic
uptake depending on delivery mechanism and anatomical site
(Fig. 3B). After 24 h, the single 50 mg patch applied to the
neck produced the highest plasma concentrations of FITC-
dextran (145 pg L"), exceeding oral administration (120 pg
L") and the ear-applied patches (95 pg L™" for a single patch;
120 pg L™" for two patches). For context, the piglets had an
average body weight of approximately 3.9 kg (4.2 kg, 3.7 kg,
and 3.8 kg), and the oral dose was administered at 10 mg per
kg body weight, resulting in a total dose of approximately
39 mg per pig. In comparison, each microneedle patch con-
tained a fixed dose of 50 mg of FITC-dextran, independent of
body weight. The elevated FTIC-dextran concentrations from
the neck patch were maintained at most post-application
times, whereas moderate and relatively stable systemic levels
were observed for oral administration. FITC-dextran digestive
absorption efficiency depends on the level of intestinal devel-

© 2025 The Author(s). Published by the Royal Society of Chemistry

opment and the integrity of the tight junction protein.>’">?

While the exact fraction of FITC-dextran systemically absorbed
cannot be determined without bioavailability studies, this
comparison underscores differences in delivery efficiency and
highlights the potential of site-specific patch placement to
enhance systemic uptake. These results were considered prom-
ising but interpreted as preliminary and hypothesis-generating
given the limited sample size (n = 2-3 per group), which pre-
cluded formal statistical comparisons.

The findings reported in Fig. 3B highlight the critical role
of anatomical site selection in microneedle-mediated transder-
mal delivery. The better absorption of FITC-dextran observed
for the neck application was presumably due to the greater vas-
cularization and thinner skin, which facilitate more efficient
drug transport into circulation. In contrast, the lower uptake
of FITC-dextran from ear-applied patches may stem from
limited blood flow and structural barriers in piglet ears.
Interestingly, the plasma concentrations of FITC-dextran in
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piglets with one patch on each ear (i.e., two patches) were only
10-40% greater than for piglets with one patch on the right
ear (ie., one patch) (Fig. 3B). These outcomes confirm that
drug absorption was governed more by site-specific physiologi-
cal properties than by the dose loaded to microneedle patches.

The fluctuations in plasma concentrations of FITC-dextran
over time (Fig. 3B) indicated that transdermal absorption was a
dynamic process influenced by multiple factors. Metabolic
clearance likely played a role in the observed variability, as sys-
temic circulation and enzymatic degradation contribute to
elimination.>*?* Circulatory factors, such as differences in
blood flow, may have also influenced drug uptake and
distribution.?®*® Moreover, the rate of microneedle dissolution
could have varied in the skin at each site, leading to variable
drug release kinetics and systemic absorption.”**° In previous
work, we used a ballistic gel to evaluate the in vitro release and
diffusion of fluorescein from microneedle patches.’® The
diffusion of fluorescein followed a controlled released behavior,
unlike the FITC-dextran release profile observed in this in vivo
study. While ballistic gel tests provided a simulated model of
microneedle dissolution, those experiments could not fully
replicate in vivo conditions, which involve interactions with bio-
logical tissues, differences in hydration levels and enzymatic
activity, and other factors that impact microneedle dissolution.
This outcome underscores the need for future in vivo studies to
accurately characterize how microneedle dissolution rates influ-
ence drug release kinetics and overall systemic absorption.

Microneedle patches loaded with 50 mg FLU were applied
to the ear in three piglets to assess whether systemic delivery
would be improved for a more water-soluble NSAID. Data were
only collected for two animals due to the loss of one subject
during the study. Plasma concentrations of FLU peaked at
24-48 h post-application, with a maximum concentration of
1.9 pg L™ (Fig. 3C). Although FLU exhibits greater aqueous
solubility and membrane permeability than FITC-dextran, the
systemic levels achieved via microneedle-mediated transder-
mal delivery were substantially lower than those associated
with therapeutic efficacy. For example, intramuscular adminis-
tration of FLU at 2.2 mg kg™ in mature pigs resulted in peak
plasma concentrations ranging from 2749 to 6004 pg L™"*! In
contrast, a recent study in pre-wean piglets using a 3.3 mg
kg™ transdermal dose, applied as a pour-on liquid, reported a
maximum concentration of 31.5 pg L™ FLU at 24 h post-appli-
cation.*® While the observed plasma concentrations were lower
for the 50 mg FLU loaded microneedle patch, the data aligned
with the expected pharmacokinetic profile for transdermal
delivery, namely slower absorption and lower bioavailability.
The delayed time to maximum plasma concentration (24-48 h)
reflects the inherently slower absorption kinetics of transder-
mal routes and suggests that our microneedle-based system
may achieve relatively higher plasma concentrations than
other administration techniques at later times.

The above results indicate that drug solubility and per-
meability did not overcome the anatomical limitations of patch
application to the ear. The slow systemic uptake and subthera-
peutic concentrations of FLU observed in Fig. 3C support the
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hypothesis that local physiological characteristics, such as low
vascular perfusion and increased dermal thickness, play a
central role in limiting drug absorption from ear-applied
patches. These results also motivate further studies to assess
alternative application sites, such as the neck, using model com-
pounds to disentangle formulation-driven constraints and ana-
tomical limitations.

The above observations advance our understanding of chal-
lenges faced in earlier studies with meloxicam-loaded micronee-
dle patches.'®**?? Unlike meloxicam, which exhibited limited
systemic absorption due to its low solubility (i.e., 0.5 mg mL ™" in
1:1 DMSO:PBS) and moderate permeability,>*** both FITC-
dextran and flunixin meglumine were measured at detectable
systemic levels. FITC-dextran, with an average molecular weight
of approximately 4 kDa (Sigma-Aldrich), was selected as a model
hydrophilic fluorescent tracer due to its high-water solubility
(i.e., >30 mg mL™"). Although no additional molecular weight
verification was performed, the high plasma levels in vivo relative
to the oral control supported the utility of FITC-dextran for asses-
sing the performance of site-specific microneedle delivery
systems.”® In contrast, FLU exhibited moderate solubility (i.e.,
10 mg mL ™" in PBS, pH 7.2), and the comparatively lower sys-
temic uptake was attributed to local tissue and anatomical
factors at the application site, as described above.*®**”

These findings not only highlight the role of drug physico-
chemical properties in transdermal delivery but also align with
broader biological principles of molecular transport. For
example, the intestinal epithelium in the gastrointestinal tract
serves as a highly selective barrier that restricts the entry of
large or hydrophilic molecules into systemic circulation.*® This
barrier function includes tight regulation of molecular size,
permeability, and solute transport to the serosal side. Dextran,
a high-molecular-weight carbohydrate, exemplifies such
restricted permeability and is often employed as a biomarker
in animal models to assess gut integrity and barrier disrup-
tion.>® Therefore, the observed differences in systemic uptake
between FITC-dextran, FLU, and meloxicam reinforce the need
to consider solubility, permeability, molecular weight, and
tissue-specific physiological barriers in the design and evalu-
ation of transdermal drug delivery systems.*®™**

Variations in skin lipid composition and subcutaneous fat
thickness between swine and cattle have been proposed as con-
tributing factors to differences in transdermal absorption, as
lipophilic drugs must traverse the stratum corneum and diffuse
through intercellular lipids before entering systemic
circulation.*"** Swine typically exhibit greater backfat thickness
(~1.8 cm) than cattle (~0.8-1.5 ¢cm), which may result in drug
sequestration in adipose tissue rather than effective systemic
diffusion.’®*?> Dermal metabolism prior to systemic uptake has
also been proposed as a limiting factor in the transdermal bio-
availability of certain compounds, including FLU;* however,
these mechanisms were not evaluated in this study. Recent
studies have demonstrated the importance of evaluating dermal
enzyme activity and drug stability at the application site to opti-
mize systemic drug uptake by transdermal delivery systems,
including microneedle patches.**"*®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In summary, the pharmacokinetic data presented in Fig. 3
support the effectiveness of the microneedle patch drug deliv-
ery system and verify that FITC-dextran successfully reached
systemic circulation. This outcome was best achieved when
microneedle patches were applied to the neck, which served as
a more favorable environment for transdermal drug absorption
than the ear due to increased vascularization, thinner skin,
better hydration, lower hair density, and enhanced lymphatic
drainage.>>*®%7*® These anatomical and physiological charac-
teristics facilitate more efficient microneedle dissolution and
drug diffusion into circulation. Future studies should further
investigate these variables to optimize microneedle-based drug
delivery for systemic applications.

The superior systemic absorption observed for FITC-dextran
and FLU compared to meloxicam confirms that compound
properties strongly influence transdermal delivery. As pre-
viously reported, meloxicam exhibited limited systemic absorp-
tion using the same microneedle platform.'%*° The successful
uptake of FITC-dextran and FLU in this study was attributed to
the greater aqueous solubility and permeability of these com-
pounds compared to meloxicam. While the microneedle for-
mulation and application site play key roles, the physico-
chemical characteristics of the encapsulated drug remain deci-
sive factors for achieving efficient systemic delivery. For
example, certain drugs have stronger affinity with polymers
used for drug delivery devices that may limit the rate of drug
release.”® Drug release from hydrophilic polymeric carriers
often follows a combination of diffusion and swelling-con-
trolled release described by the Higuchi or Korsmeyer-Peppas
models.”® Recent findings, including studies on polyvinyl
alcohol/chitosan drug delivery scaffolds, highlighted that even
weak or transient drug-matrix interactions, such as mucoadhe-
sion and reversible binding, can modulate drug release rates.>>
Our previous findings with meloxicam highlight the fact that
despite the use of hydrophilic polymers (PVA) to enhance drug
solubility, the diffusion of meloxicam into the bloodstream
was limited thus further confirming that the poor solubility of
meloxicam plays a crucial role for its systemic absorption
when delivered transdermally. Our findings here demonstrate
that using more soluble compounds allow for greater drug
diffusion and a systemic delivery.

The enhanced systemic absorption of FITC-dextran from
microneedle patches applied to the neck suggests that future
in vivo studies with microneedles loaded with meloxicam, FLU,
or other NSAIDs should prioritize solubility enhancement
strategies and explore alternative anatomical sites to improve
bioavailability. Additional research is also needed to character-
ize microneedle dissolution rates in vivo, as current in vitro
studies do not fully capture the complexities of microneedle-
tissue interactions. A deeper understanding of microneedle
dissolution kinetics under physiological conditions, taking
into consideration constraints from anatomical limitations,
will be essential for optimizing the microneedle patch for
delivery of analgesics to pigs and other animals.

This work was designed as a pilot in vivo study to establish
feasibility and identify trends in microneedle-mediated drug

© 2025 The Author(s). Published by the Royal Society of Chemistry
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delivery for livestock applications. Accordingly, group sizes
were small (n = 2-3), and results were analyzed descriptively
(mean * SD) rather than through formal statistical compari-
sons. Despite these constraints, the study successfully demon-
strated systemic uptake of both FITC-dextran and FLU and
revealed clear site-specific differences that inform future
design. While FLU loaded microneedle patches were only
tested on the ear in this study, the complementary FITC-
dextran data highlighted the potential advantages of applying
patches on the neck. Building on these findings, future
studies will expand sample sizes and directly evaluate FLU
delivery from the neck and other anatomical sites to more fully
characterize systemic absorption and validate the promise of
this novel drug delivery platform for pain management in
livestock.

Conclusion

This study demonstrated the feasibility of using biodegradable
microneedle patches for systemic drug delivery in livestock.
The results highlighted the critical influence of anatomical
site and drug physicochemical properties on transdermal
absorption. Using FITC-dextran and FLU as model com-
pounds, we confirmed that the optimized PVA-COL-CHI
microneedle platform can achieve measurable systemic levels
of hydrophilic and anti-inflammatory agents. These findings
advance the broader understanding of microneedle-mediated
pharmacokinetics in veterinary species. Future efforts are
needed to measure in situ dissolution kinetics, identify solubi-
lity-enhancing formulations, and extend pharmacokinetic pro-
filing to guide dose optimization. Overall, the findings of this
study support the continued development of practical, stress-
free, microneedle-based analgesic and therapeutic systems
that improve animal welfare and enable sustainable livestock
management.
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