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Nicotinamide adenine dinucleotide (NAD™) deficiency has been shown to cause pathogenesis of age-related
functional decline and diseases. Investigational studies have demonstrated improvements in age-associated
pathophysiology and disease conditions. However, invasive methods such as immunohistochemistry, metabolic
assays, and polymerase chain reaction currently used to measure cell metabolism render cells unviable and
unrecoverable for longitudinal studies and are incompatible with in vivo dynamic observations. We report a
non-invasive optical technique to investigate the upregulation of nicotinamide adenine dinucleotide (NADY) in
keratinocytes (both in vitro and ex vivo) upon administration of nicotinamide mononucleotide (NMN) coated
microneedle (uNDs) implants. Our technique exploits intrinsic autofluorescence of cells and tissues using
multiphoton microscopy. Additionally, pND coating formulations to date have been evaluated using
fluorescence microscopy to determine the coated amount, often an imprecise correlation between
fluorescence intensity and the coated amount on the uND surface. We also show that rheomechanical
attributes of the coating formulation (containing two different viscosity enhancers: sucrose and carboxy methyl
cellulose) affect the flow mechanics of the coating formulation at micron scale, and thus the amount of drug
coated on the puND surface. In vitro keratinocyte cells were investigated with four concentrations of NMN
(50, 250, 500 and 1000 ng), and evaluated with time-dependent NMN (500 pg) treatment at 0, 5, 10, 30, 60,
360 and 1460 min. We demonstrate that intracellular keratinocyte fluorescence of the endogenous NADH
shows a decreasing trend in both the average fluorescence lifetime (z,) and the free unbound NADH (zy), with
increasing dosage of NMN administration. A similar trend in the average fluorescence lifetime (¢, of
endogenous NAD(P)H was also seen in mouse ear skin ex vivo skin upon administration of NMN. We show a
promising, minimally invasive, alternative delivery system for the NAD*' precursor molecule that can enhance
patient compliance and therapeutic outcomes.

1. Introduction

Nicotinamide adenine dinucleotide (NAD') deficiency has
been shown to cause pathogenesis of age-related functional
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associated pathophysiologies and disease conditions, such as
restoring NAD" biosynthesis in impaired pancreatic beta cells,
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the positive effects of NMN, and the therapeutic dose and mode
of administration need to be further investigated. To date,
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250-900 mg.”° The reason for the high dose is the first pass
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metabolism. This results in potential side effects and exces-
sively high cost (e.g., a pack of 250 mg NMN costs $149 from
Agemate). Therefore, there is a need to deliver an effective
NMN dose through other means of delivery that can reduce the
high dose burden of oral delivery, also providing a localised
effect, and eventually lowering the cost of healthcare. Micro-
needle (uND) arrays have successfully managed to deliver
various therapeutics using the transdermal route.'>'? While
dissolving pNDs have been reported to be safe for repeated
administration,"** it must remain in the skin for a long time
in order to fully dissolve."> Besides, the amount of drug
delivered by dissolving uNDs depends on the size of the uND
array (number of needles in an array, and the height of the
needles), and the application time."" To alleviate the adminis-
tration frequency issue, extensive studies were conducted using
UND implant arrays to minimise patch wear time.'*” More-
over, sustained release of drugs from single wear uNDs is highly
desirable to treat chronic diseases. Additionally, UND implant
patches are cost effective, since the cost to make one implan-
table patch with the ability to deliver a drug dose over multiple
days is equivalent to manufacturing multiple dissolving or solid
UNDs to deliver that same amount of dose.?®

Typical visualisation methods to characterise drug delivery
through UNDs include computed tomography (CT) scanning,>
optical coherence tomography (OCT),*® confocal laser scanning
microscopy (CLSM),*"** ultrasound scanning,**??® matrix-
assisted laser desorption/ionisation mass spectrometry imaging
(MALDI-MSI),** as well as Raman based techniques such as con-
focal Raman, Coherent anti-Stokes Raman scattering (CARS)** and
surface enhanced Raman spectroscopy (SERS),*® and recently
multiphoton imaging tomography (MPT).*"*” While CT, OCT and
ultrasound have been used non-invasively to visualise uNDs in the
skin, they lack the chemical sensitivity and visualisation depth to
image drug release within the skin epithelia. Furthermore, due to
the limitation in the imaging area using OCT and ultrasound,
only a small area of UND arrays can be quantified over time.*®
Additionally, CLSM can potentially incur UVA-induced photo-
damage for near-infrared radiation wavelengths below 650 nm,
limited depth penetration, scattering, photobleaching and
photodamage.*®*° Although confocal Raman and MALDI-MSI**
can visualise drug in the skin, they are quite invasive, typically
requiring prepared skin tissue slices. Advanced bi-modal imaging
systems such as Coherent antistokes and surface enhanced
Raman spectroscopy, respectively, can facilitate non-invasive,
labelfree chemically specific imaging in skin samples under
near-physiological conditions with a high z-resolution investigat-
ing complete penetration of the uND in the skin;**> however, they
still lack capturing endogenous signals from cellular components
to investigate dynamic physiological changes in live cells and
tissues. The range of endogenous fluorophores in skin provides
both an opportunity and a challenge in the imaging of exogen-
ously applied therapeutics.”® In this regard, MPT imaging techni-
ques have shown great potential in the imaging of endogenous
fluorophores such as NAD(P)H and FAD, which are established
important metabolic cofactors of cellular redox (oxidation/
reduction) reactions involved in ATP production and antioxidant
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The capture of autofluorescence from the
endogenous fluorophore molecules using MPT subsequently facil-
itates the visualisation of a detailed cellular morphological
structure.’®*! Another advantage of MPT includes imaging with
increasing depth of tissue penetration of up to 1350 nm where
water strongly absorbs and attenuates light and radiation, respec-
tively, providing the highest resolution of all in vivo tissue imaging
techniques.’*™* To this extent, we have evaluated changes in
endogenous skin NAD" levels due to the presence of exogenous
molecule NMN by exploiting the fluorescence lifetime imaging
microscopy (FLIM) technique within MPT. In this technique,
fluorophores, including endogenous fluorophores in the skin,
are excited by a femtosecond pulsed laser, and the time taken
for them to return to the ground state is measured as the
fluorescence lifetime, typically measured in picoseconds to nano-
seconds. Changes in fluorescence lifetimes are indicative of
interactions with exogenous materials, cellular degeneration, or
cellular toxicity resulting from exposure.*>** In this study, we used
the fluorescence lifetime properties of NAD(P) and NAD(P)H to
monitor the NAD" regulation in mouse ear skin ex vivo after
treatment with NMN uND implant arrays. We show that MPT-
FLIM of NMN uND implant treated ex vivo skin yields character-
istic and reproducible data that can be used to monitor the
increased amount of NAD" synthesis from the upper layer of the
viable epidermis. These observations may contribute to the
development of a novel means to image and assess pharmacody-
namic effects caused due to pND treated skin that is metabolically
comparable to in vivo skin.

The inherent thermodynamic properties of pND coating
formulation was first studied by Gill and Prausnitz in 2007,
demonstrating that the amount of loaded drug is generally
influenced by the coating formulation viscosity, surface ten-
sion, wettability and the number of dips.** Since then, fluores-
cence microscopy assay has become a standard key qualitative
performance method to evaluate the amount of coated drug,
though it sometimes offers an imprecise correlation between
fluorescence intensity and the actual drug amount on pND
surfaces.*>*® Rheological measurements, on the other hand,
provide a comprehensive understanding of the coating’s
performance characteristics by assessing its viscosity and
elasticity,” which cannot otherwise be captured by fluores-
cence microscopy alone. These attributes are critical for ensur-
ing the even spread and adhesion of the coating under shear
stress,””>" maintaining consistency in flow mechanics,>® and
preventing the coating from dripping or running off the pND
surface.’® While fluorescence microscopy alone provides visual
and spatial distribution data, rheology quantifies the material’s
response to stress, strain, and temperature changes, helping
to identify optimal formulations with desired properties such
as ease of application and uniform spreadability. Ideal non-
Newtonian liquids exhibit a constant viscosity coefficient over
a wide range of applied stresses, independent of shearing
duration or history.>® However, coating formulations containing
trace levels of viscosity enhancer and a surfactant, often display
intermediate behaviour between that of a solid and a liquid.**>*
These materials have been found to exhibit recoverable,
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time-independent deformation/shear thinning under micro-
stresses,” followed by retention of original storage modulus
(G").>® The thixotropic phenomenon in coating formulations,
in particular, shows a decrease in viscosity over time under
constant shear stress, such as during the flow out of a micro-
nozzle technology and/or dip coating techniques of materials,
followed by recovery to their original viscosity once the stress is
removed."®* The three interval thixotropy test (3ITT) is generally
used in the food industry to generate rapid shear stress/shear
rate deformation simulating effects of stirring during processing
and handling steps of food>”*® and paint®>®®' industries, respec-
tively. 3ITT is different from the well-known and frequently used
frequency sweep and creep/recovery tests®>®® as a quick “shear
rate/shear stress” can be applied in the non-linear viscoelastic
region (non-LVR) and deformation can be examined in both LVR
and non-LVRs. This is a particularly important characteristic to
investigate in coating formulations used in the dip coating of
UNDs, as this determines the p-flow mechanics of the coating
formulation on the surface of the pNDs. We hypothesise during
the dip coating of uNDs, the coating formulation undergoes
three phases of molecular mechanical deformation: (a) pre-
dipping phase, here the coating formulation doesn’t experience
any shear, therefore, the shear conditions are at rest and well
within the formulation’s linear viscoelastic range (LVR) and
constant G’ (storage modulus) and G” (loss modulus), (b) dip-
ping phase, here the coating formulation experiences high-shear
conditions which fall outside the LVR or non-linear viscoelastic
region, causing the formulation’s molecular bonds to break due
to the dip coating process, and lastly (c) post dipping phase, here
the coating formulation on the surface of pNDs tries to regain its
original viscoelastic modulus G’ thus exhibiting pseudoplastic
behaviour.®* By integrating rheological assessment with
traditional microscopy techniques, a more robust evaluation of
coating formulations can be achieved, leading to improved
product performance and reliability.

Herein, we show that the thixotropic phenomenon of coating
formulation containing viscosity enhancers such as sucrose and
carboxy methyl cellulose (CMC), affects the amount of NMN
coated onto the surface of pND implant tips. NMN coated pND
implant arrays exhibited NMN release in vitro human skin for up
to 3 days after single application, with 80% burst release within
the first 24 h, followed by 20% release in the following 48 h.
Finally, the NMN released from the NMN coated implant arrays
increased NAD' levels in mouse ear skin epidermis which was
evaluated using MPT imaging modality. This proof-of-concept
study may contribute to the development of a novel means to
image and assess pharmacodynamic effects caused due to uND
treated skin that is metabolically comparable to in vivo skin.

2. Methods and materials
2.1. Materials and equipment

All master pND arrays were printed from a UV-curable resin
(eResin-PLA Pro Transparent, eSUN) using a desktop DLP 3D
printer (Sonic Mini 4K, Phrozen, Taiwan). The 3D printing
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parameters were a layer thickness of 25 pm in the z-direction,
with 3 s layer curing. The resin was modified by the addition of
analytical grade methanol (Sigma). Pharmaceutical grade sucrose
was purchased from Ajax Finechem (342.3 g mol !, 0809450),
pharmaceutical grade CMC was purchased from Sigma (high
viscosity: 419273 and low viscosity: C5678), pharmaceutical grade
Tween-20 was purchased from Sigma (P2287), and pharmaceuti-
cal grade NMN (99.9% purity) was purchased from Agemate
(Australia). A Thermofisher spectrophotometer (Multiskan) was
used for fluorescence detection and quantification. For all human
skin in vitro studies, ethics approval was obtained. Full thickness
healthy human donor skin was donated from female patients
(within the age range 40-55 year) undergoing abdominoplasty
at Brisbane (QLD) hospitals. Ethics approval was granted by The
University of Queensland Human Research Ethics Unit, approval
number: 03081 (HREC/16/QPAH/64). After collection, subcuta-
neous fat was removed with a scalpel blade, using an established
protocol.®® The skin thickness was measured using digital Vernier
calliper (Kincrome, Australia). Defatted skin was then frozen at
—20 °C for further use.

2.2. Fabrication of pND implants

The uND implant arrays were fabricated using a PDMS female
mould using a two-step solvent casting method as previously
described,®® with some modifications. PDMS female moulds
were prepared from a 3D printed master®” 7" with geometry
consisting of a conical shaped tip (Fig. Siaiii (ESIt) 0.8 X
0.5 mm, Height x Base diameter), with a trapezium middle
shaft (Fig. S1aii (ESI{) 0.4 x 1.4 mm, Height x Base diameter),
1.8 mm between needle tips (Fig. S1aiv, ESIT) and base height
(Fig. S1ai, ESIt) respectively. This design allowed us to (i) make
an on-demand master pND array, which was then used to make
multiple moulds and (ii) optimise and use a fast-dissolving
sugar-polymer complex as the middle shaft to dislodge the
implants in the skin. Firstly, the tip implant portion of the uND
was prepared, 4 pL of uND casting solution containing metha-
crylate resin (80%, v/v) was poured using a pipette into the
mould cavities followed by centrifuging at 3200 rpm for 10 min.
Any residual resin solution on the surface was scraped off using
a glass coverslip. For visual confirmation in some cases, the
two-step casting resin solution also contained 0.01% (w/v)
Orange B dye (08126, Sigma) to facilitate microscopy imaging.
Then, the moulds were placed inside a UV-curing chamber
(405 nm) to cure the tip implant for 8 min. Following that,
10 pL of a polymer sugar complex solution consisting of a
mixture of hyaluronic acid (HA), polyvinyl pyrrolidone (PVP)
and sucrose with a ratio of 3:1: 3 (% w/v), was pipetted onto the
mould surface, then centrifuged at 3200 rpm for 10 min to fill
the middle portion of the PDMS female mould. The moulds
were then left inside an incubator at 60 °C for 12 h. This was
followed by the addition of the third layer of the resin polymer
(500 pL) and curing the UV-chamber for 8 min. The uND
implant arrays were peeled gently with forceps and stored in
a desiccator at room temperature until further use.

Zeiss Stem 2000-C stereo microscope with a stand-alone
Axiocam ERc 5s microscope camera (Zeiss, Germany) was used

This journal is © The Royal Society of Chemistry 2025
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to image UND arrays. The microscope was connected to the
computer and run by an Axiovision 4 LE viewfinder app to
capture images and make iterations such as interactive geo-
metric measurements, scale magnification and scale units.
Additionally, uND arrays were also visualised on a bench-top
scanning electron microscope (SEM), by placing them on
circular discs and scanning in high-vacuum mode using the
ETD detector at 10~> Torr and 15 kV (Joel, Neoscope). After
initial visual inspection, parameter dimensions were approxi-
mated by performing an analysis on digital images of samples
taken with the microscope.

2.3. Structural strength of pyND implants

The structural strength of uUND implant arrays was evaluated by
measuring the compression and shear strength using the texture
analyser (TA, CT3 Texture analyser, Brookfield), equipped with a 5
kg load force gauge, using a previously described method with
some modification.®® Briefly, for the compression test, a single
UND implant array was immobilised on the bottom plate of the TA
instrument, and the cylindrical-shaped sensor probe was lowered
onto the UNDs in the vertical direction at a speed of 0.05 mm s *
(n = 3 arrays). When the probe sensor first detected the uND tips,
the displacement was set to zero, starting the force measurement
until the displacement reached 0.81 mm from the UND tips towards
the patch backing. To test the shear strength of pND patches, a
single uND patch was attached to the TA baseplate positioned
‘horizontally’ with needle tips facing sidewards using double-sided
tape, and the cylindrical sensor probe, initially located above the
UND patch, started moving vertically towards the uNDs at a speed of
0.05 mm s~ (1 = 3 arrays). When the probe sensor first detected the
UND shaft (tips facing sidewards), the displacement was set to zero,
starting the force measurement until the displacement (0.33 mm)
reached a point to break the tip from the backing plate.

In vitro pND detachment from the patch backing was studied
using the time-course of UND detachment test following an estab-
lished protocol.*' uND implant arrays (n = 3) were immobilised on
the bottom surface of a Petri dish, and then phosphate-buffered
saline (PBS, 37 °C) (P-3813, Sigma) was added. The PBS contained
138 mM NaCl and 2.7 mM KCl. The uND detachment time due
to array-backing dissolution was monitored using a microscope
(Zeiss, Germany) and the time was measured until all pNDs
were detached from their backing. To investigate pND penetration
into skin and detachment from the backing pND implant array,
a skin insertion test was performed using full thickness human
skin in vitro following an established protocol with slight
modification.** Briefly, uND implant arrays were applied on the
skin using compression from the TA at 0.05 mm s * (hold for 5
min). Following that, the backing of the pND implant was removed
gently. Brightfield and Fluorescence microscopy (Olympus IX73,
USA) were used to image pND implant treated skin, with a DAPI
filter to visualise the implant in the skin (an excitation/emission
maxima of 350/465 nm).

2.4. Coating formulation rheological assessment

Two different viscosity enhancers were trialled to study the coating
formulation’s rheomechanical thixotropic properties using an
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Table 1 Formulations prepared for the coating formulations and their
excipients

NMN Viscosity enhancer Tween-20
Formulations (mg mL™Y) (wiv, %) (Vv %)
A 50 Sucrose (5 mg mL ™) 0.01
B 50 CMC (1% High Mw) 0.01

established protocol with some modifications.””””* Briefly, the
rheological measurements of the coating formulations A-D
(Table 1) were performed using a strain/stress-controlled
rheometer (Anton Paar, MRC 302, Austria) equipped with a
parallel plate (plate diameter 50 mm, angle 4°, gap size 0.5 mm)
within the shear rate range of 0.01-100 s~ ' at room tempera-
ture (21-24 °C). An amplitude sweep test was performed to
determine the storage modulus (G’), and loss modulus (G”) at a
frequency of 1 Hz at room temperature (21-24 °C) collecting
25 points with a strain sweep of 0.1-1.0% to determine
the Linear Viscoelastic Range (LVR). Afterwards, 400 pL of the
sample was pipetted onto the lower plate, equilibrated to room
temperature (21-24 °C) for 2.5 min before starting the run. Due to
the presence of both a viscosity enhancer and a surfactant, the
coating formulation started to solidify after 2.5 min. After deter-
mining the LVR, 3ITT was performed using a three-step operation:
(a) rest phase: plateau curve obtained at constant shear rate of
0.1 s~ for 6 s collecting 10 points, (b) shear phase: plateau curve
obtained at constant shear rate of 100 s for 6 s collecting
10 points, and lastly (c) retention phase: upward curve obtained
constant shear rate of 0.1 s~' for 6 s collecting 10 points.
All measurements were carried out in triplicates. The aqueous
coating formulations (w/v % unless otherwise specified) were
prepared using MilliQ water accordingly (Table 1). The sampling
size for each coating formulations A and B were 7 = 3.

2.5. Coating of pND implants

To ensure the uniformity of coating on dual layered pND arrays,
coating tanks were prepared based on the dimensions of the tip
of the uND only, such that only the implant tip was coated and
not the middle shaft or the base, modifying the dimensions
from our previous study.®® The coating tank was 3D printed
with the aim of creating micro-tanks on a flat base that would
facilitate the immersion of an individual pND tip implant only
for the coating process. The dimension of the individual micro-
tanks: micro-tank inner diameter approximately 500 pm and
height 1.2 mm, with a 3 x 3 micro-tank array, with the distance
between the micro-tanks set to 5 mm in CAD (Autodesk fusion)
(Fig. S2, ESIf). The micro-tanks are hollow to facilitate the
filling from the bottom of the base rather than the top, and
secondly, any positive pressure or air bubbles created from the
dipping of the pNDs will dissipate from the bottom opening of
the base. Approximately 27 puL (3 pL x 9 micro-tanks) of the
coating formulation was used to fill the entire array of micro-
tanks. These geometrical dimensions ensure a perfect fit onto
the respective coating tanks to avoid any coating both on the
middle shaft and the base plate of the uND array. For the dip
coating process, the number of dips were 3/5/7/9 and 5 min
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drying time in between dips at room temperature in a vacuum
chamber was performed. The speed of dips was not controlled
for the dip coating since the micro-tank is hypothesised to
counteract the capillary pull*®”® of the coating formulation
from coating the base of the pND. Following the coating
process, the coated pND tips were washed with 500 uL PBS
(pH 7.4), filtered through 0.5 um filter, then injected into HPLC
to determine the coated NMN amount. The dip coated uND tips
were also visualised for coating efficiency using the SEM by
placing them on circular discs and scanned in high-vacuum
mode using the ETD detector at 10> Torr and 15 kV (Joel,
Neoscope).

2.6. Live cell imaging of keratinocytes: assessing NAD" levels
in keratinocyte cells in vitro using multiphoton tomography

To date, there are no literature studies interrogating the detec-
tion and regulation of NAD' on keratinocytes in vitro after
supplementing with NMN, using Multiphoton Tomography.
Therefore, a systematic study was designed interrogating the
regulation of NAD" in vitro post NMN administration following
a 2-regimen study. Regimen 1 (dose-dependent): NMN treated
cells for 6 h and 24 h at various amounts (0, 250, 500 and
1000 pg). Regimen 2 (time-dependent): The amount of NMN
was constant at 500 pg, but the treatment time varied at 0, 5, 10,
30 min, and 1, 6, and 24 h.

HaCat cell lines were used as they are the most commonly
used keratinocyte cell lines.”* Cryopreservation, thawing and
passaging (Passage 4) of HaCat cells were carried out using an
established protocol.”” The frozen HaCat cells (in 5% DMSO)
were thawed in a 37 °C incubator, then neutralised by adding
full growth media (RPMI, supplemented with 10% FBS and 1%
penicillin streptomycin) immediately, centrifuged at 300 rpm
for 3 min prior to discarding the supernatant. The cells were
then grown in a T75 flask in full growth media overnight prior
to passaging. After 24 h, the cells (10° cells) were washed with
sterile PBS and trypsinised (0.05%). The trypsinised cells were
then transferred into a 15 mL falcon tube and centrifuged at
300 rpm for 3 min. Following that, the supernatant was
discarded, and the cell pellet was dispersed in growth media
and counted for viability using the trypan blue method. The
cells (10* cells) were then grown on coverslips in a 6-well plate
ensuring the majority of the cell density on the cover slip.
The well plate was incubated at 37 °C with 5% CO, overnight.
After overnight incubation, the media was discarded and replaced
with fresh media, followed by the treatment of the cells with
various concentrations of NMN. Various NMN amounts (0, 250,
500 and 1000 pg) were dissolved in sterile water for injection and
then filtered through a sterile 0.5 pum filter. After adding the
required amount of NMN to the cells (n = 3 for each NMN
amount), the well plate was placed in the incubator overnight.
The following day, the coverslip (containing the NMN treated
cells) was placed on a glass slide such that the cells would not
detach. Two pieces of parafilm were placed on two sides of the
glass side, and then the cover slip with the cells was placed on
top of the parafilm such that there was a space (approximately
500 pum) in between the coverslip and the glass slide.
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Approximately 100 pL of the media was filled into that space
with a pipette. The glass slide with the coverslip was then
imaged using multiphoton microscopy. The imaging protocols
were followed from a previously established protocol*®® with
slight modification. Briefly, the microscope laser power was at
12 mW to avoid photodamaging the cells, excitation wavelength
of 740 nm (two photon), at an exposure of 47 s with an
acquisition image size of 512 x 512 pixels (256 x 256 pm?),
and a bandpass filter of 350-650 nm (BG39, Schott glass colour
filter) was used to optically filter the emitted fluorescence light
to capture live images of MPT, fluorescence lifetime imaging
microscope (FLIM) detectors with band pass filters 350 to
450 nm (channel 1) and 450 to 515 nm (channel 2) to isolate
NAD(P)H signals into separate channels. FLIM measurements
were carried out by using a time-correlated single-photon count-
ing SPC-830 detector system (Becker & Hickel, Berlin, Germany)
integrated into the multiphoton microscopy. The acquired FLIM
images were processed with SPCImage on the selected ROIs. The
ROIs were selected focussing on a single cell or a cluster of
cells only. The decay matrix was calculated with the following:
binning 2 (increase or decrease the number of photons for the
exponential decay curve fit, increasing the photon count reduces
spatial resolution*?), selected the ‘shift’ function (adjusts decay
curve fit to the left/right) and unselected ‘Scatter’ (adjusts decay
curve fit up or down), exported pixel intensity and pixel fre-
quency of average fluorescent lifetime (t,,), non-enzyme bound
lifetime (7,) and redox ratio (o1/02).

2.7. Coated NMN pND implant in vitro permeation study

The in vitro NMN skin permeation from the coated puND
implant arrayed treated skin was studied using the vertical
Franz diffusion cell technique using a previously established
protocol with slight modifications.”® Donated human abdomen
skin portions were defatted and cut into appropriate size (2 x
2 ecm?) to fit into the donor compartment of the Franz diffusion
vertical system. Coated NMN puND implant arrays (n = 3 pND
implant array, n = 2 biological replicate) were then applied onto
the full thickness skins’ stratum corneum side using a texture
analyser (0.5 mm s~ ', 5 min hold). The uND implants were then
dislodged and remained in the skin, this was followed by
mounting the treated skin onto the receptor compartment of
the Franz diffusion cell, then placing the donor compartment
on top of the receptor compartment and securing it tight.
The integrity of the skin membrane was evaluated by measur-
ing the resistance between the donor and the receptor compart-
ment respectively, using a multimeter (Digitor Q1563, DSE,
Brisbane, Australia) equipped with Ag/AgCl electrodes. Skin
which showed resistance lower than 20 kQ cm? was discarded.
The receptor chamber was filled with 0.1 M PBS (pH 7.4, 0.05%
NaN3, 0.5% Volpo). Each cell (donor and receptor chambers)
temperature was thermostatically maintained at 37 + 1 °C. The
donor cell was un-occluded, except a small bob was placed atop
the uND array to stop it from detaching from the skin. Sample
collection points were taken every 15 min for the first hour,
then at 2, 4, 6, 12, 24, 48 and 72 h, respectively. To determine
the NMN content, Franz diffusion receptor chamber solution
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samples were filtered through 0.5 um filter and injected into
the HPLC-UV system.

2.7.1. Ex vivo NAD" detection on skin treated NMN coated
pND implants. The capturing of autofluorescence from the
endogenous fluorophore molecules using MPT (Fig. S3a, ESIt)
subsequently facilitates the visualisation of a detailed cellular
morphological structure (Fig. S3d and e, ESI{).*>*' Another
advantage of MPT includes imaging deeper potions of skin
tissue of up to 1350 nm where water strongly absorbs and
attenuates light and radiation respectively, providing the highest
resolution of all in vivo tissue imaging techniques (Fig. S3a-c and
f, ESIT).*** In this technique, fluorophores, including endo-
genous fluorophores in the skin, are excited by a femtosecond
pulsed laser, and the time taken for them to return to the ground
state is measured as the fluorescence lifetime, generally mea-
sured in picoseconds to nanoseconds (Fig. S3b, ¢ and f, ESIY).
Fluctuations in fluorescence lifetimes are indicative of interac-
tions with exogenous materials, cellular degeneration or toxicity
due to exposure.*? In this study, mean fluorescence lifetime ()
and non-enzyme bound lifetime (t,) was interrogated using MPT
to monitor the NAD" synthesis in mouse ear skin ex vivo after
treatment with NMN uND implants. NMN coated pND implant
arrays (7x dip coated NMN uND implant arrays only) and coated
uUND implant arrays without NMN and control (no puND implant
arrays) were used to determine the synthesis of NADH in ex vivo
mouse ear skin. The pND implant array (n = 1 due to limited ear
application surface area) was applied on each of freshly excised
thickness mouse skin (2x pND implant arrays per mouse — one
array on each ear to account for array site variability, n = 3 mice).
The arrays were applied using a texture analyser (0.5 mm s/,
5 min hold) on the skin for 5 min, dislodging the implant tips on
the skin thereafter. Following this, the implant attachment was
visually verified (Bright field microscope). Following that, multi-
photon microscopy images were taken at ¢ = 0, 6, 12, 24, 48 and
72 h, measuring the endogenous autofluorescence of the stra-
tum granulosum (SG) layer of the epidermis at two different
areas per site, using multiphoton tomography Dermalnspect™
(JenLab GmbH, Jena, Germany), from a previously established
protocol,*" identical to section 2.6.

2.8. Statistical analysis

All data are expressed as average £ SD. Analysis of variance
(ANOVA, one way or two way) was utilised to determine statis-
tical significance. A p-value of <0.05 was considered statisti-
cally significant.

3. Results

3.1. 3D printed master pND and female mould fabrication

Master uNDs were designed in such a way that its geometry
consisted of a conical tip (height = 0.8 mm) with a trapezium
middle shaft (height = 0.4 mm), the trapezium middle shaft
had walls angled from the base, giving it a wider opening. The
master uND arrays yielded an output conical height of 737.0 +
40.41 pm and tip diameter of 57.94 + 14.46 pm (Fig. S4a, ESIY).

This journal is © The Royal Society of Chemistry 2025
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A tip diameter of less than 80 pm is one of the most important
design factor considerations for a successful skin insertion."*
Additionally, the output pND base diameter was approximately
1403 + 29.37 pm, a wider base diameter is preferable when
working with shear sensitive therapeutics since a higher cen-
trifugal force is not needed to fill the therapeutics into the
female uND mould cavities."* To confirm the geometric dimen-
sional closeness of the female mould to the master uND array,
PVP uND arrays were made from the female mould, yielding a
uUND height and tip diameter of 697.0 £ 38.51 pm and 40.71 +
10.59 um respectively (Fig. S4b, ESIT), demonstrating closeness
in values. The lower dimensional characteristics of the PVP
uUND can be attributed to the drying of the polymer during the
solvent casting method, a phenomenon quite commonly seen
previously.?*%°

3.1.1. pND implant mechanical test and implant dissocia-
tion test

3.1.1.1. Compression and shear load tests of uND implants.
The pND implant array was designed to achieve facile uND
tip detachment from the patch backing post skin insertion.
This was achieved by two design criteria: the uND patch must
exhibit (a) enough mechanical strength allowing successful
skin penetration under compression and (b) structural weak-
ness at the pND - backing interface for easy detachment upon
patch removal from the skin under tension. The interfacial
strength between the middle shaft portion and the uND tip and
the uND backing was investigated. This was done by examining
the shear and tensile forces (inset graph, Fig. 1a and b). In these
scenarios, the solid uND exhibited strong compressive force of
28.81 + 12.29 N per needle (Fig. 1a) and 5.76 + 2.40 N per
needle (Fig. 1b) under shear to cause buckling only. In contrast,
uUND implants showed consistent uND implant tip detachment
at the uND - pedestal interface under both compression and
shear force (Fig. 1a and b microscopy images). In addition,
these forces were significantly lower compared to solid pNDs
(p < 0.1 and p < 0.01), measuring 11.51 + 3.964 N per needle
under compression and 1.500 £ 0.638 N per needle under shear
(Fig. 1a and b). A notable observation was that the uND implant
array showed a drop in the force when the middle shaft
detached from the base plate, at 0.69 mm displacement
distance for compression test (Fig. 1a) and at 0.23 mm dis-
placement distance for shear test (Fig. 1b). This is indicative of
the metallic probe compressing or shearing the uND tip to a
point where the interfacial pND middle portion attachment
detaches from the tip and the backing, demonstrating the
successful sufficient mechanical strength suitable to facilitate
uUND tip implant detachment upon removal from the skin
under compression.

3.1.1.2. uND implant detachment test (PBS and skin).
To determine the middle shaft interface of the uND implants’
quick detachment through water absorption, uND implant
arrays were dissolved in PBS, as well as assessed by insertion
into skin. The uND implants were fixed inside a 10 cm
dish followed by adding PBS to the dish to simulate the
separation in the skin. The pND implant tip detachment time
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Fig. 1 Characterisation of the mechanical strength of uND implant arrays. Representative compressive (a) and shear (b) force-displacement profile

(under the microscopy images) of uND implants and solid uNDs, with inset: schematic illustration showing the compression stress (a) and shear stress (b)
applied on the respective uNDs and bright-field microscopy images of the representative uND implant (one needle) before and after compressive stress
(a) and shear stress (b). **p < 0.01and *p < 0.1. All quantitative data are shown as Av. + SD (n = 3, but data shown as 9 needles per array for the shear test only).
(c) Time-lapse study of the uND implant tip showing detachment from solid backing through the dissolution of the middle shaft upon immersion in PBS (n = 3).
Representative top-view images of uND patches in PBS (bright-field microscopy) over time (n = 3). To visualise MN detachment, an orange dye was included in
the tip implant. (d) Insertion and detachment of the uND implant treated human skin in vitro. Representative bright-field and fluorescence microscopy images
of uND implant treated skin after insertion and removal. Orange dye was used to visualize sites of implant penetration in the skin, which was fluorescently

visualised using the DAPI filter with an excitation/emission maxima of 350/465 nm on the fluorescence microscope.

was measured by visual observation. Upon contacting with PBS,
the uND implants middle shaft uNDs started detaching within
45 s, with complete needle tip dissociation within 225 s (Fig. 1c).
This result suggests that adding a water soluble polymer-sugar
complex middle shaft to the uND implants facilitated the
detachment by faster dissolution of the pND backing.

The compressive and shear force measurements in Fig. 1a
and b suggested that pND implants are mechanically strong
under compression to be inserted into skin, but morphologi-
cally weak under tension to immediately detach following pND
patch removal from the skin. To test this theory, the uND
implants were pressed using a texture analyser against human
skin in vitro (Fig. 1d). It was found that uND implant tips
showed complete detachment from the backing 5 min post
patch application (Fig. 1d). In addition, the applied patches had
no remaining pNDs tips, meaning that they would not generate
biohazardous sharps waste that can be easily and safely dis-
carded without special handling in future clinical use. Taken
together, the mechanical strength measurements (Fig. 1a and b)
and uND detachment and skin insertion experiments (Fig. 1c

3570 | J Mater. Chem. B, 2025, 13, 3564-3580

and d), both indicate that the uND implants facilitate rapid tip
detachment and implantation in the skin with no special
instructions or skills required except for pressing the uNDs
patch to the skin and then removing it after some time.

3.1.2. Coating NMN on the pND implants. NMN coating
formulation was first optimised to achieve maximum coating
adhesion on the tip portion of the pND implant. Two different
viscosity enhancers were trialled to reduce the hydrophobic
surface energy of the uND implant, sucrose and CMC, while a
surfactant (Tween-20) was utilised to reduce the surface tension
of UND implant. To understand the flow mechanics of the two
coating formulations, they were subjected to shear stress using
a rheometer. First, LVR of the two formulations were deter-
mined to be in between 0.1-1 s~' (Fig. S5a and b, ESIY).
Thereafter, a continuous shear rate sweep or 3ITT studies of
the two formulations were conducted at this range of shear
stress at room temperature (21-24 °C). The plot indicated
exhibited non-Newtonian flow and shear thinning (non-
Newtonian pseudoplastic flow) of both the formulations at
higher shear rate (Fig. 2a, ‘shear thinning’ illustration). This
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Fig. 2 (a) Rheological characterisation of two NMN coating formulations with sucrose (formulation-A) and CMC (formulation-B) as viscosity enhancers

and Tween-20 as a surfactant. A rheometer was used to assess the formulations under shear stress (0.1-1 s~ at room temperature (21-24 °C) (n = 3).
Shear rate sweep tests revealed non-Newtonian pseudoplastic flow behavior with shear thinning at higher shear rates, simulating the flow mechanics of
the coating formulation during pND dipping. Upon removal of shear, both formulations exhibited thixotropy, with elastic modulus retention.
Formulation-B showed a higher viscosity (~4 mPa s) than formulation-A (~1 mPa s), resulting in delayed modulus recovery and reduced NMN coating
adhesion. (b) Fluorescence microscopy images of uND implants coated with formulation-A and formulation-B (using fluorescein instead of NMN)
demonstrating higher fluorescence intensity with formulation-A, indicating superior coating retention. (c) Light microscopy images of empty and dye
filled 3D printed microtanks (i/iii) and 3D printed uNDs (ii/iv) (n = 3). (d) SEM images of coated uNDs (3/5/7/9 dips respectively) and the quantitative

analysis of the average NMN coated amount (ug) as a function of the number of dips (n = 12, data shows Av + SD and plotted in PRISM).

event is likened to dipping the pND implants in coating wells
where the coating formulation is under shear thus exhibiting
shear thinning behaviour. When the shear stress was removed,
the formulations exhibited elastic modulus retention behaviour
(Fig. 2a, ‘Thixotropy’ illustration), demonstrated as slow recov-
ery/retention to its original storage modulus, thus remaining
on the uND shaft. Since NMN coating formulation-B containing
CMC was more visibly viscous (approximately 4 mPa s) than
NMN formulation-A with sucrose (approximately 1 mPa s)
(Fig. 2a), formulation-B took longer to retain its storage mod-
ulus thus flowing freely and eventually dripping away from the
uND shaft, and therefore a smaller amount of NMN was coated
onto the surface of the uND shaft. This quantitative assessment
was further demonstrated qualitatively in the fluorescence

This journal is © The Royal Society of Chemistry 2025

experiment (Fig. 2b), where formulation-A (containing Fluor-
escein instead of NMN) coated on the puND shaft exhibited
higher fluorescence intensity compared to formulation-B (con-
taining Fluorescein instead of NMN). Therefore, future coating
experiments were performed with formulation-A (NMN +
sucrose + Tween-20).

To ensure that the coating formulation only coated on the
uUND implant tips and not the base, 3D printed micro-tanks
(Fig. 2ci/iii) were fabricated with design dimensions of the
micro-tank mouth facilitating the coating of the pND implant
tip (Fig. 2cii) only. The micro-tank dimensions were designed
with 500 um in micro-tank inner diameter and 1.2 mm in
height, such that when puND implant tips were dipped into the
micro-tanks, the coating formulation didn’t reach the middle
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shaft portion of the uND implants (Fig. 2civ). The number of
dips examined here were 3, 5, 7, and 9 at room temperature
with coating formulation-A (NMN + sucrose + Tween-20) only.
The average amount of coated NMN on the puND shafts
increased with the number of dips (Fig. 2d). However, only 5
(90.22 £+ 10.21 pg) and 7 (146.8 + 17.30 pg) dips showed
uniform coating which was mainly concentrated on the uND
implant tips only (SEM images for 5/7 dips in Fig. 2d). On the
other hand, although 9 dips achieved a larger coating amount
(242.4 £ 36.79 png), there was large standard deviation between
subsequent coating events per uND implant array (interday
precision). The standard deviation bars are shown for the
specific experiments in the graphs in Fig. 2d, the average
relative standard deviation (RSD) of the standard deviation
bars for 5 and 7 dips were 11.31% and 11.78% respectively.
Since the coating of UND arrays was performed manually,
improved control of temperature and humidity in the coating
environment, and automation of the coating process are pos-
tulated to further reduce the RSD to within acceptable limits.

3.1.3. Live cell imaging of keratinocytes: assessing NAD"
levels in keratinocyte cells. To investigate whether NMN influ-
ences the NAD' levels in keratinocytes, keratinocytes were
cultured in vitro with a medium supplemented with NMN and
then using multiphoton microscopy the intracellular NAD"
levels were quantified based on the inherent NAD" fluorescence
properties.

3.1.3.1. NMN dose dependent study. Keratinocytes were trea-
ted with 0, 250, 500 and 1000 pg NMN and incubated overnight.
The aim of the first study was to find out what effect did NMN
exert on keratinocytes in a dose dependent manner, keeping
time constant at 6 h and 24 h (time when the experiment was
stopped, and the NAD" in the cells were visualised). The cells
were imaged using multiphoton microscopy, followed by the
acquisition of the FLIM. Once the FLIM data were acquired, the
images were entered into the TCSPC (time correlated single
photon counting) software. The TCSPC software uses a bi-
exponential decay profile to calculate the average fluorescence
lifetime (t,), and free non-enzyme bound (r;) NADH. When
keratinocyte cells were treated with increasing NMN amounts
in vitro, a significant reduction in the NAD" fluorescence life-
time (t, and t,) was observed (Fig. 3ci-ii). This trend is further
observed in the FLIM images and decay matrix curves (Fig. 3a
and b). A decay matrix curve provides an intuitive representa-
tion of the distribution of photons across various fluorescence
lifetimes (number of photons vs. fluorescence lifetime). The
peak in the decay matrix curves, for both the 6 and 24 h
treatment (Fig. 3a and b), slowly shifts towards the lower
fluorescence lifetime value (towards the blue gradient). The
colour gradient in the decay matrix represents the fluorescence
lifetime from low to high (blue to red). The FLIM images for the
cells treated for 6 h (Fig. 3ai-iv) and 24 h (Fig. 3bi-iv) show a
shift in colour from green-yellowish hue to green-blue hue. This
qualitative observation demonstrates that, as the amount of
NADH (converted from NMN) increases within a keratinocyte
cell, the fluorescence lifetime decreases causing that shift in
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the decay-gram. After treating the cells for 6 h with NMN, a
significant shift (p < 0.0001) in the average t,, (Fig. 3ci) was
seen from 1040 + 180 ps (control) to 863 £ 161 ps (1000 pg
NMN supplementation), while a similar shift in 7, (Fig. 3cii,
P < 0.001) was observed from 665 + 123 ps (control) to 541 +
168 ps (1000 pg NMN supplementation). The same trend was
observed in the 24 h treatment, where the average 7,,, (Fig. 3ci)
shifted from 1071 + 98 ps (control) to 803 + 198 ps (1000 pg
NMN supplementation), while the 7, (Fig. 3cii) shifted from
1039 =+ 63 ps (control, p < 0.0001) to 540 =+ 90 ps (1000 pg NMN
supplementation, p < 0.0001). These data demonstrate a linear
increase in keratinocyte intracellular NAD" in vitro when treated
with increasing amounts of NMN.

3.1.3.2. NMN time dependent study. The next study was to
determine the 7, and 7, of NADH inside keratinocytes at 0, 5,
10, 30, 60 min, 6 and 24 h, while keeping the dosing regimen
constant at 500 pg of NMN. Fig. 4 show the average 7,,, and 14
images taken at various time points. While the number of cells
varies for each treatment (some images show more black areas
with no cells), when processing the data, the areas containing
the cells were selected as ROI for the bi-exponential decay
calculations. A qualitative assessment of the FLIM acquired
images (Fig. 4a) showed the pseudo-coloured keratinocytes
change colour from green-yellow hue to green-blue hue. There
was a notable shift in the average t,, (Fig. 4bi) from 1060 +
50 ps (0 min) to 835 £+ 70 ps (24 h) (p < 0.0001), while the 7,
(Fig. 4bii) value shifts from 720 £ 80 ps (0 min) to 510 £ 60 ps
(24 h) (p < 0.0001). This reduced fluorescence lifetime of
photons rising from intracellular NADH is an indication of
increased NMN to NAD" conversion within the cells.

During the initial stages of data analysis, it was observed
that the decay matrix curve yielded two distinct peaks (Fig. 4ci).
The fluorescence lifetime 7, of NADH was approximately 500
ps, however, another peak was also observed in the same decay
matrix curve which was approximately 1000 ps. This additional
peak only appeared when the TCSPC software tries to fit the
photon lifetime value into the bi-exponential equation with a
‘2-exponential component’ system (synonymous to free and
protein unbound: NADH and NADPH). When the decay matrix
curve fit component was changed to 3-exponential component
system, the additional peak has disappeared. In a vacuum
system, an excited electron returns to ground state with the
release of a photon, this photon will decay naturally due to a
non-interacting environment.*>’” Biological systems, however,
are considered highly-interactive environment with various
random biological sinks (other +/— fluorophores molecules)
that capture the photon and modifying its spontaneous decay
process such that the decay rate of the photon itself is depen-
dent on time, thus stretching the decay.*>”” Considering the
complexity of the biological environment, it is not practical to
calculate the individual decay times of other fluorophores, since
these variations happen at molecular scale and therefore can’t be
spatially resolved. In such cases, fitting to a 3-component system
would imply an erroneous assumption of three discrete
lifetimes.">”””® Although it may offer a better fit than the
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Fig. 3 Dose-dependent NAD* regulation in the keratinocyte experiment. (a) Data showing FLIM images and decay matrix curves of NADH fluorescence
within keratinocytes at two different times at 6 h (a) and 24 h (b), while treated with various amount of NMN at 0 pg (control i), 250 pg (ii), 500 pg (i) and
1000 pg (iv). (c) Graphical presentation of (i) the average fluorescence lifetime (z,,) and (i) the free non-enzyme bound NADH (zy) (n = 3). **** Statistical
significance (p < 0.0001) was determined using the one-way ANOVA using multivariate Tukey test analysis.

single-exponential or two-exponential models due to the addi-
tional fitting parameters, its use is not justified from a physical
perspective. Thus, a higher order exponential decay model may
enhance the ‘goodness of fit'’ due to the additional fitting
parameters rather than reflecting any underlying experimental
decay dynamics.

3.1.4. In vitro NMN permeation study from NMN coated
pND implants. NMN coated uND implants were applied into
the human skin in vitro to assess NMN diffusing out of the
implants and into the skin layers. NMN coated pND implants
were clearly seen dislodged into the skin membrane (Fig. 5b).

This journal is © The Royal Society of Chemistry 2025

Three out of nine implants were physically moved to show the
outline of the implants. This confirmed the ability of these uND
implants to create microchannels on the stratum corneum and
thus facilitating the passage of molecules across the skin. The
permeation profile of NMN released from pND implants across
2 mm thick human skin (n = 3) was studied using the Franz
diffusion setup. For this study, only 5 dips (90.22 + 10.21 pg)
and 7 dipped (146.8 + 17.30 pg) coated uND implants were
used (due to the low standard deviation achieved in the coating
amount determination experiment from previous section). As
shown in Fig. 5a, detectable quantities of NMN were observed
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Fig. 4 Time-dependent NAD" regulation in keratinocytes experiment. (a) FLIM images NADH fluorescence within keratinocytes at 0, 5, 10, 30, 60, 360
and 1460 min treated with 500 ug NMN. (b) Graphical presentation of (i) the average fluorescence lifetime (z,,,) and (ii) the free non-enzyme bound NADH
(t1). (c) Decay matrix curve of total photon inside a particular ROl showing (i) curve when 2-component vs. (iii) 3-component systems respectively.
**** Statistical significance (p < 0.0001) was determined using the one-way ANOVA using multivariate Tukey test analysis.

in the receptor chamber of Franz cells within 30 min of uND
implant application (5 dips: 26.34 + 8.88 pg, 7 dips: 18.75 +
6.59 pg of coated NMN). This suggests rapid dissolution of
NMN from the coated layer on the pND surface upon contact
with the aqueous environment in the skin interstitial fluid,
thus dissolving the coated NMN. The final amount of NMN
detected in the receptor chamber after 24 h was approximately
100.1 + 28.82 pg (5 dips), 220.1 + 62.79 pg (7 dips) of coated
NMN. These release values seem higher than the NMN load
values (Fig. 2d), and the discrepancy can be attributed to the
operator error during the coating phase (even though a low RSD
was achieved during this phase in the previous section). An
interesting observation was that approximately 20% of the
nominal NMN load per array (both 5 and 7 dipped NMN pND
implant) permeated through the skin from day 1 to day 3
(Fig. 5a). Quantitative analysis of the overall NMN used for
the in vitro permeation study (Fig. 5a) indicated that approxi-
mately only 1.571 £ 0.540% and 1.68 £ 0.870% (5 & 7 dips) of
the nominal NMN coating (5 dips: 90.22 + 10.21 pg, and 7 dips:
146.8 + 17.30 pug of NMN nominal coat/array) was recovered
from the puND arrays, the tape-stripping of the uND arrays
treated skin indicated approximately 4.234 + 1.13% and
3.668 £ 1.55% (5 & 7 dips) of NMN remained in the skin.
3.1.5. Ex vivo NAD' synthesis and detection. Since NMN is
an established precursor molecule used in the NAD" synthesis,
we hypothesised that delivering NMN into the skin epidermis
will increase the amount of NAD" production.>>”® For this
study, out of the 5 and 7 dipped coated pND implants, only 7
dipped coated uND implants were applied on mouse ear skin

3574 | J Mater. Chem. B, 2025, 13, 3564-3580

ex vivo. Further, due to the limited surface area of the mouse
ear, one 7-dip coated pND implant array was applied per ear. To
address potential variability between different skin sites, an
additional uND implant array (+/— NNN) was applied to the
non-uND implant array treated ear of the same mouse. This
approach ensured that comparisons could be made within the
same animal, minimising inter-animal variability and allowing
for a more accurate assessment of the uND implant’s perfor-
mance across distinct skin sites. By utilising a separate,
untreated site on the same mouse, the study design accounted
for localised differences in skin properties, such as thickness
and hydration levels, which could influence the outcomes. This
treatment regimen was replicated in a biological replicate for
consistency. Following treatment, the pND implant array-
treated and untreated skin samples were imaged using MPT,
quantitatively assessing the NAD" fluorescence lifetimes and
the NAD(P)H- Free non-enzyme bound lifetime (t1).

The fluorescence of the endogenous fluorophores of the
Stratum Granulosum (SG) allows visualisation of the detailed
morphological cellular structure as well as changes caused by
an external stimulant (NMN), noninvasively using the MPT.*°
The photon counts over time for NAD(P)H of the SG layer,
shown in Fig. 5c, can in turn be used to define fluorescence
decay curve, mean fluorescence lifetimes (t,,) and NAD(P)H-
Free non-enzyme bound lifetime (7;) (Fig. 5d). These two
parameters are important to assess cellular metabolic function
in a non-invasive manner. As seen in Fig. 5d, there was a
decrease in the mean fluorescence lifetime 7, in uND implant
treated skin compared to control and pND implant minus NMN

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 lllustration of skin puncture and NMN permeation profile due to NMN coated pND implants in vitro, and subsequent NAD* synthesis in NMN-
Coated pND implant treated Mouse Ear Skin ex vivo. (a) Graphical presentation of the NMN permeation profile from the NMN coated pND implants (5/7
dip coated pNDs implants only) treated skin showing: the Cumulative average NMN permeation amount profiles (ug cm™> and %), and NMN amount in
the skin and the patch post IVPT (n = 6 uND arrays, n = 2 biological replicate). (b) SEM image of uND implant treated human skin in vitro with inset
showing magnified images of four implanted sites. (c) Graphical presentation of the NMN permeation profile from the NMN coated uND implants
(7 dip coated pNDs implants only) treated mouse ear skin showing: the Cumulative average NMN permeation amount profiles (ng cm = and %), and NMN
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MPT-FLIM images of SG cells of epidermis at 30 um in depth, control (untreated skin), uND implant untreated skin (=NMN), uND
treated skin (+NMN). Images are pseudo-coloured by offset values to distinguish cellular NAD* fluorescence levels (indicated by
the colour bar below the four set of composite images, ranging from 0-2000 ps). (d) Graphical presentation of mean
fluorescence lifetime (z,,,) and free unbound NADH (z;) quantified from photons from the SG. Photon counts over time for
NAD(P)H fluorescence decay in SG cells show a trend of decreased mean fluorescence lifetime (z,,) in NMN-coated pND
treated skin, suggesting enhanced NAD™ production and more enzyme-bound interactions compared to controls. Conversely,
the free NAD(P)H lifetime (z1) increases in NMN-treated samples, indicating a shift towards non-enzyme bound states.
**** Statistical significance (p < 0.0001) was determined using the one-way ANOVA.

treated skin, respectively. The 7, of untreated skin (control)
and pND implant (minus NMN) treated skin remained at
1060 £+ 79.95 ps and 1028 + 118.0 ps across 6-72 h. The 7,
of NMN uND implant treated skin have, however, reduced
915 + 59.00 ps over same period (Fig. 5d, t,,) However, a
non-significant increasing trend was observed in the free
NAD(P)H non enzyme bound fluorescence lifetime (Control:
390 £ 134.0 ps, uUND implant - NMN: 308 + 21.56 ps and uND
implant + NMN: 566 + 95.58 ps).

4. Discussion

This study describes the design, development, and character-
isation of uND implants for over three days, with a steady-state
delivery of NAD" precursor molecule NMN, which is otherwise
generally administered orally as part of the existing drug
product. NMN was coated onto the tip of the uND implants
to be able to extend the release of NMN for more than one day.
Intermediate-acting drug delivery systems such as coated pND
patches, requires patches to be worn multiple times continuously.
Additionally, general matrix drug delivery systems often achieve
1st order drug release, implant type delivery designs can enable
zero-order release,®®! which was shown in this study. Therefore,
the design and conception of the pNDs implant array was
motivated by the need to extend the release of NMN transdermally
while reducing the frequency of periodic patching. Generally, uND
implants, in the past, were designed to deliver drug which was
embedded inside the puND tip that was made from a slow-
dissolving polymer (PLLA, PLGA, etc.).?*®* This was not explored
in this study, as the main aim was to investigate whether NMN
coated uND implants would have the ability to diffuse NMN
within human skin for more than one day from single wear.
The 3D printed master pND arrays were designed with a
specific geometry, including a conical tip and a trapezium
middle shaft, intended to optimise insertion into the skin
and facilitate therapeutic delivery loading. The achieved dimen-
sions, particularly the tip diameter of 57.94 + 14.46 pm, were
critical since a tip diameter of less than 80 um is essential for
successful skin insertion. This demonstrated that the design
process effectively considered and met the necessary criteria for
functionality. At the same time, the output conical height and
tip diameter of the master uND arrays showed relatively low
variability (e.g., conical height 737.0 + 40.41 pm), suggesting
good consistency in the manufacturing process. However, it’s
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important to consider the potential sources of this variability,
such as slight differences in the moulding process or material
inconsistencies. These variations could impact the perfor-
mance and reliability of the uNDs, particularly in clinical
applications. The wider base diameter of the pNDs (approxi-
mately 1403 + 29.37 um) is noted as advantageous for shear-
sensitive therapeutics. This design choice reduces the need for
high centrifugal forces to fill the female mould cavities, which
could otherwise damage delicate therapeutic agents. The
design appears well-suited for handling sensitive materials,
potentially expanding the range of applicable therapeutics.
The detailed understanding of the design and manufacturing
process, including the factors influencing dimensional fidelity,
is crucial for scaling up production and ensuring reproduci-
bility in future applications.

The design of the uND implant array was strategically aimed
at ensuring easy detachment of the uND tips from the patch
backing post skin insertion. This was achieved through two
critical design criteria: the patch needed to have sufficient
mechanical strength to penetrate the skin under compression,
and a deliberate structural weakness at the pND-backing inter-
face to enable easy detachment upon patch removal under
tension. The investigation into the interfacial strength between
the pND middle shaft and the backing revealed distinct
mechanical behaviours. Solid uNDs demonstrated robust com-
pressive and shear forces, indicating a resistance to buckling,
with forces recorded at 28.81 £ 12.29 N per needle and 5.76 +
2.40 N per needle, respectively. In contrast, the uND implants
showed consistent detachment of the tips at significantly lower
forces of 11.51 + 3.964 N per needle under compression and
1.500 + 0.638 N per needle under shear. The critical observa-
tion of a force drop at specific displacement distances (0.69 mm
for compression and 0.23 mm for shear) indicates the moment
of detachment at the uND-pedestal interface, highlighting the
effectiveness of the design in facilitating tip detachment. This
detachment behaviour underscores the successful balance
between achieving sufficient mechanical strength for skin pene-
tration and ensuring easy tip release, critical for the intended
application of the pND implant array. The study effectively
demonstrated that the addition of a water-soluble polymer-
sugar complex to the middle shaft of uND implants facilitates
rapid detachment of the uND tips upon exposure to a hydrated
environment, as evidenced by the complete needle tip dissocia-
tion within 225 seconds when immersed in PBS. This rapid
detachment was also confirmed through in vitro skin insertion
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tests, where the UND tips detached entirely from the backing
within 5 minutes post-application. These findings are supported
by compressive and shear force measurements demonstrated in
the literature,”>® which indicate that while the uND implants
possess sufficient mechanical strength for skin insertion, they
are engineered to detach easily under tension, ensuring that the
patch can be safely removed without leaving biohazardous
sharps behind. The seamless detachment process highlights
the practical potential of uND implants for clinical use, requiring
minimal user intervention and ensuring safe disposal without
the need for special handling. Additionally, based on our pre-
vious study utilising solid 3D-printed uNDs of 0.8 mm in shaft
length—identical to the separating portion length of implanta-
ble pNDs—these solid uNDs demonstrated a skin penetration
depth of approximately 100 pm.®® This depth effectively disrupts
the stratum corneum and reaches into the viable epidermis, a
critical factor for transdermal delivery of hydrophilic molecules
such as NMN. Applying this knowledge to implantable uNDs in
future in vivo experiments, it is likely that a similar penetration
depth will be achieved, with potential slight variations due to
factors like skin elasticity®® and hydration.’” The ability to
disrupt both the stratum corneum and the upper viable epider-
mis supports efficient microchannel formation, offering a mini-
mally invasive yet effective pathway for molecule transport across
the skin barrier.

Although NMN loading within pNDs offers precise control
over dosing and a sustained release profile,*°° NMN coating
presents several key advantages, particularly for applications
requiring rapid therapeutic effects”*> and simpler manufactur-
ing processes.®® Coating NMN on uNDs enables a faster onset of
action, as the NMN is immediately available on the surface for
rapid release upon skin penetration, as shown in our previous
work with solid coated pNDs.*® This burst release can be highly
beneficial in cases where quick delivery is essential. Additionally,
compared to two-layer rapidly separating pNDs and dissolving
polymer pNDs, coated UNDs offer practical advantages, such as
reliable performance in high humidity environments, broadening
their potential applications.®>®" Moreover, coating methods such
as dip-coating® or spray-coating® are generally less complex and
more cost-effective to scale up compared to embedding NMN
within the pND matrix. Despite potential concerns around stabi-
lity and shorter duration of effect, the ability to quickly manufac-
ture large quantities of NMN-coated pNDs makes this approach
highly attractive for applications that prioritise speed, cost effi-
ciency, and ease of production over extended, controlled release.

In exploring the rheological properties of formulations with
two different viscosity enhancer, sucrose and CMC, shear stress
tests using a rheometer revealed non-Newtonian flow beha-
viour, specifically shear thinning, under applied stress. This
behaviour is consistent with the requirements for effective
coating adhesion, as shear thinning facilitates the application
of the coating while maintaining its integrity once applied, a
phenomenon observed in paint and food industry. The
increased viscosity of CMC based formulation led to slower
recovery of the elastic modulus after shear stress removal,
causing the formulation to flow excessively and drip off the

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry B

uUND shaft, thereby reducing the NMN coating’s effectiveness.
This observation aligns with findings in the literature where
high-viscosity coatings often result in suboptimal retention on
small-scale surfaces due to excessive flow post-application.®*
The fluorescence intensity of the coatings further substantiated
this, with sucrose based formulation demonstrating superior
coating performance. This study emphasises the critical role of
viscosity control and shear behaviour in the development of
effective uND coatings, echoing the importance of rheological
properties in ensuring consistent and reliable drug delivery.

Permeation studies in in vitro human skin were conducted
using a controlled number of dip-coated pND implants (5 or 7).
To ensure consistent NMN delivery, the study included multi-
ple replicates, comprising biological replicates (n = 2) and
technical triplicates (n = 3 uND arrays per biological replicate),
to capture natural biological variability. Our study demon-
strated the effectiveness of NMN-coated pND implants in
penetrating the skin, rapidly releasing NMN, and achieving
significant permeation (~75% within 1 day, followed by ~20%
over the next 3 days). Minimal retention was observed in the
array (~1.7%), with moderate skin retention (3.7-4.2%). NMN
diffusion was validated using a Franz diffusion cell, although
minor discrepancies in NMN recovery indicate the need for
further optimisation of the coating process. These findings
highlight the potential of uND implants for transdermal drug
delivery, while also identifying opportunities to enhance repro-
ducibility and efficiency. The supplementation of NMN to
keratinocytes in vitro has shown to increase the intercellular
NAD(P)H levels. This increase in NAD(P)H levels was quantified
using MPT, specifically using the FLIM modality. An important
phenomenon that affects the endogenous NAD(P)H fluores-
cence lifetime 7, is the dynamic fluorescence quenching or
Forster Resonance Energy Transfer (FRET- a distance depen-
dent nonradiative energy transfer process).”>*® As the intercel-
lular NAD(P)H increases due to NMN supplementation, the
intermolecular NAD(P)H distance reduces thus increasing the
effect of FRET. Additionally, the intercellular free unbound
NAD(P)H molecule itself have self-quenching properties due
to the n-n (pie orbital bonds) interaction between the amide
and the adenine rings,”” this further reduces the fluorescence
lifetime. When the free unbound NAD(P)H binds to an intra-
cellular protein, the n-n bond is disrupted thus increasing
fluorescence lifetime of bound NADH (speculation and not
assessed in this study). Nonetheless, this study confirmed the
validation of NAD" production in keratinocytes in vitro.

The observed decrease in 1., in vitro suggests that a sig-
nificant portion of the fluorophores are binding to enzymes,
leading to quenching or energy transfer and resulting in a
shorter average fluorescence lifetime (t,,). This binding facil-
itates a faster non-radiative decay process, typically reflected in
reduced 7,,,.°%°° Conversely, the free fluorophores, reflected in
74, exhibit increased lifetimes due to their presence in a less
quenched or more favourable environment. These opposite
trends in 7., and 7, indicate a heterogeneous population of
fluorophores, where some are bound to enzymes in a quenched
state while others remain free in a less quenched state.”®°
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NMN delivery into the SG layer of the epidermis shifts this
equilibrium, increasing the concentration of free NAD", which
raises 7, while the enzyme-bound fraction contributes to the
reduced 1, due to enhanced quenching interactions.’® This
phenomenon was also parallelled in mouse ear skin epidermis
treated with a 7-dipped NMN-coated uND implant array, where
ex vivo results mirrored the decrease in 7, and increase in 7;.
Notably, a difference in t; trends between in vitro and ex vivo
systems highlight the influence of dynamic environments, with
the simultaneous decrease in t,, and t; in vitro suggesting
distinct molecular interactions or enzyme activities in a non-
dynamic setting.”® To further elucidate these dynamics and
confirm the fluorescence lifetime changes, complementary tech-
niques such as time-resolved fluorescence anisotropy or Forster
resonance energy transfer (FRET) studies are recommended.
Further technical advances are required to optimise the pre-
sent uND implant fabrication process, specifically streamlining
fabrication process, and minimising steps, improving scalability
and automation. To manufacture distinct pND implants with
sustained NMN release profile, the fabrication approach high-
lighted in this study may involve more steps compared with those
that are used to create conventional UND systems for immediate
and sustained releases. However, this process holds the potential
for a greater throughput, is more scalable and is easier to
automate due to the availability of low-cost desktop 3D printer.

5. Conclusion

This study developed uND implant arrays for sustained delivery
of NMN in the skin. The incorporation of water-soluble
polymer-sugar complex middle portion in the uND array
retained sufficient mechanical strength during compression
to allow uNDs to be inserted into the skin but weakened the
uUND interfacial interaction for easy detachment under shear.
During the uND implant array removal, the uNDs were easily
detached from the solid backing, which was achieved by
mechanical weakening at the interface between the layers of
the uNDs and accelerated dissolution of water-soluble middle
portion material. The detached NMN coated pND implant tips
showed sustained release of the NMN for times ranging from
1 to 3 days. Coating formulation rheomechanics showed the
impact of viscosity enhancer with the flow mechanics and NMN
coating efficiency on the pND surface. NMN administration
resulted in a decrease in both the average fluorescence lifetime
(tm) and the free unbound NADH fluorescence lifetime (t4) in
keratinocyte cells. Similar trends were observed in mouse ear
skin ex vivo, indicating a consistent effect of NMN on endo-
genous NAD(P)H fluorescence lifetime. However, an opposite
trend was observed for the free unbound NADH fluorescence
lifetime (t4) in the NMN treated mouse epidermal cells ex vivo,
which can be attributed to complex dynamic cellular interac-
tions and molecular quenching. Overall, this innovative
implant drug delivery system demonstrated several significant
aspects for its application of a NAD' precursor molecule:
(a) self-administration of drug-coated pNDs to the skin, (b)
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minimal patch wearing time, (c) generation of zero biohazar-
dous sharps waste, and (d) sustained delivery of NMN. In
conclusion, the uND implant arrays combined with sustained
drug delivery of a NAD" precursor molecule from the uNDs
embedded in the skin may provide a simple, convenient and a
promising option for drug delivery, thereby facilitating greater
access and adherence to healthcare.
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