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ABSTRACT: 3D printing of microneedles (μNDs) for trans-
dermal therapy has the potential to enable patient personalization
based on the target disease, site of application, and dosage
requirements. To convert this concept to reality, it is necessary that
the 3D printing technology can deliver high resolution, an
affordable cost, and large print volumes. With the introduction
of benchtop 4K and 8K 3D printers, it is now possible to
manufacture medical devices like μNDs at sufficient resolution and
low cost. In this research, we systematically optimized the 3D
printing design parameters such as resin viscosity, print angle, layer
height, and curing time to generate customizable μNDs. We have
also developed an innovative 3D coating microtank device to
optimize the coating method. We have applied this to the development of novel μNDs to deliver an established NAD+ precursor
molecule, nicotinamide mononucleotide (NMN). A methacrylate-based polymer photoresin (eSun resin) was diluted with methanol
to adjust the resin viscosity. The 3D print layer height of 25 μm yielded a smooth surface, thus reducing edge-ridge mismatches.
Printing μNDs at 90° to the print platform yielded 84.28 ± 2.158% (n = 5) of the input height thus increasing the tip sharpness
(48.52 ± 10.43 μm, n = 5). The formulation containing fluorescein (model molecule), sucrose (viscosity modifier), and Tween-20
(surface tension modifier) was coated on the μNDs using the custom designed microtank setup, and the amount deposited was
determined fluorescently. The dye-coated μND arrays inserted into human skin (in vitro) showed a fluorescence signal at a depth of
150 μm (n = 3) into the skin. After optimization of the 3D printing parameters and coating protocol using fluorescein, NMN was
coated onto the μNDs, and its diffusion was assessed in full-thickness human skin in vitro using a Franz diffusion setup.
Approximately 189 ± 34.5 μg (5× dipped coated μNDs) of NMN permeated through the skin and 41.2 ± 7.53 μg was left in the
skin after 24 h. Multiphoton microscopy imaging of NMN-coated μND treated mouse ear skin ex vivo demonstrated significantly (p
< 0.05) increased free-unbound NADPH and reduced fluorescence lifetime of NADPH, both of which are indicative of cellular
metabolic rates. Our study demonstrates that low-cost benchtop 3D printers can be used to print high-fidelity μNDs with the ability
to rapidly coat and release NMN which consequently caused changes in intracellular NAD+ levels.
KEYWORDS: microneedle, 3D printing, NAD+ precursor, nicotinamide mononucleotide, thin film coating, transdermal drug delivery,
multiphoton imaging, personalized delivery

1. INTRODUCTION
There are various important design criteria to consider when
designing and fabricating 3D-printed microneedles (μNDs).
Of all the design criteria, μND height is considered to be the
most important factor, since the sub-micrometer height range
of the μND allows for seamless insertion with minimal pain1−4

and determines the depth at which the drug is delivered into
the skin.5 Another important design factor is the aspect ratio,
i.e., the needle height/base diameter ratio. The aspect ratio of
the μND influences both the ease of insertion6 and the
structural mechanical integrity.7,8 While higher aspect ratio
μNDs are easier to insert,7,8 a lower aspect ratio results in
mechanically stronger needles.9 The μND tip diameter is also a
key design factor ensuring efficient μND skin insertion.10 To

achieve efficient μND skin insertion without causing any pain
sensation, the ideal μND structural dimensions have been
reported to be as follows: μND shaft height: 500−800
μm,11−13 μND base width: 150−300 μm.14−18 Therefore, the
control of these dimensional parameters of μNDs is important,
as this allows for tailoring of the μND utility.
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Microelectromechanical systems (MEMS) fabrication tech-
niques, which includes drawing lithography,19,20 electrical
discharge machining,21 direct laser micromachining,22 and
micromilling,23 are generally employed in the fabrication of
μND arrays. Although these techniques can yield μNDs with
excellent microtopographical features, they either utilize
expensive specialized instruments and/or require advanced
manufacturing facilities such as clean rooms. Therefore,
researchers commonly utilize μND molds from engineering
workshops. Replica molds offer the advantage of low cost,
repeatability, scalability, and reusability with a wide range of
thermoplastic, thermoset, and swellable/hydrogel-type poly-
mers. However, where μND dimensional parameters such as
the aspect ratio, array size, and interneedle distance need to be
tailored to a patient’s needs, fabricating molds with high
dimensional accuracy would be both expensive (use of laser
drilling method) and time-prohibitive (lengthy turn-around
times). Extrusion-based subtractive 3D printing is an
alternative where low-cost μND molds can be fabricated
from master μNDs that allow for freedom of design
parameters, however, these methods require multiple manual
steps and are labor intensive,24−26 often suffering from
interlayer distortion27 and poor surface quality.28 Therefore,
an additional step is introduced to overcome the resolution
limitation, that involves dry or wet etching of the 3D model to
make sharper μNDs.29,30 To overcome this two-step
fabrication technique while maintaining better resolution in
printing sharper μNDs, vat photopolymerization-based addi-
tive manufacturing (AM) 3D printing has been extensively
explored including highly sensitive yet expensive two-photon
polymerization31,32 and continuous liquid interface produc-
tion,5,33 in which a liquid photosensitive polymer vat is
selectively cured/solidified using light. However, most research
conducted so far to improve print resolution has been on
expensive 3D printers; although yielding high 3D model input
to output ratio, they are not convenient for on-demand rapid
prototyping of μND manufacturing.34−42 On the other hand,
low-cost stereolithography (SLA) and digital light processing
(DLP) based desktop 3D printers only managed to fabricate
μNDs that exhibited some but not all of the three key
geometric parameters required for high-quality μNDs consist-
ing of good tip sharpness, sub-micrometer height, and high-
aspect ratio, which are also connected to 3D model input to
output ratio.38,43−47 In this study, we present a simple and
customizable 3D printed μND fabrication technique by
optimizing 3D printing design parameters such as modifying
resin, print angle, and print aspect ratio. In doing so, we aim to
address the issues and limitations associated with previous
μND fabrication through low-cost desktop 3D printers (Figure
S1), often suffering from large tip diameter,48,49 low output
height,34,50−53 and/or low aspect ratios,34,51−53 by demonstrat-
ing the fabrication of highly accurate and resolved μND
structures. We show that by reducing the viscosity of the resin
vat, increased intensity of light waves can penetrate through
the resin, thus improving the 3D model input to output ratio.
To further improve the input to output ratio and μND tip
radii, the 3D print angle was optimized to 90°, which increased
the input to output ratio to 87%, a vast improvement
compared to past studies.35,36,54−61

The other challenge of delivering a drug through solid μNDs
is the coating of a drug on the surface of the μND itself.
Researchers in the past employed dip coating techniques62−67

to improve the accuracy and uniformity of coating, but these

produced variable results. Surface tension of the coating
solution leads to nonuniform coating throughout the array,
subsequently causing drug loss and bluntness of the needle tip.
Prasunitz et al.63 and Liang et al.66,67 demonstrated that by
enhancing coating formulation attributes (addition of
surfactants and viscosity enhancers thus reducing surface
tension and improving wetting) and by increasing the dipping
time, uniform coating on the μND surface can be achieved
with minimal drug loss. However, the thermodynamics of the
coating solution in miniaturized coating tanks acts differently.
This is due to increased surface tension of the coating solution
around the edges of the miniaturized coating tank,
consequently forming concave menisci where the height of
the coating solution on the edges of the coating tank is higher
compared to the coating solution away from the edges.68 To
alleviate this issue, we propose and present a detailed
investigation of an on-demand 3D printed microtank
fabrication that has the ability to uniformly coat individual
μNDs in the array with controlled wetting. This was achieved
by 3D printing individual microtanks on a solid base, where the
diameter of the microtank opening is smaller than the diameter
of the μND base, such that when the μNDs were dipped into
the tank, the larger diameter of the μND base would stop the
complete immersion of the μND shaft. We also demonstrate
that by increasing the dipping frequency of μNDs in the
microtanks, approximately 300 μg of an established NAD+

precursor molecule, nicotinamide mononucleotide (NMN),
was uniformly coated on the shafts of the μNDs only.
Successful insertion of NMN coated μNDs was achieved in full
thickness human skin, with approximately 200 μg of NMN
diffused from the μNDs and permeated through the skin.
NMN has been implicated in age associated cellular

regeneration processes such as protection against proinflam-
matory-mediated impairment of pancreatic islet cells,69

activating sirtuin-1 enzymes in pancreatic beta cells for glucose
stimulated insulin release,70 reactivation of nicotinamide
phosphoribosyl transferase enzyme for NAD+ biosynthesis
involved in glucose stimulated insulin secretion in islet cells,71

and mitochondrial activity restoration in various aging related
diseases.72−74 Current invasive methods such as immunohis-
tochemistry, metabolic assays, and polymerase chain reaction
(PCR) are currently used to measure cell metabolism both in
vitro and in tissues to determine NAD+ regulation in cells.
These techniques are laborious and tissue destructive, often
rendering cells unviable and unrecoverable, making it
incompatible with in vivo dynamic observations. We report a
noninvasive optical technique to monitor the upregulation of
NAD+ in keratinocytes (ex vivo) upon administration of NMN
coated solid μNDs. By exploiting the intrinsic autofluorescence
of cells and tissues using multiphoton microscopy, we
demonstrate that fluorescence of the endogenous NADH in
the keratinocytes shows decreased average fluorescence
lifetime (τm) and the free unbound NADH (τ1) on NMN
coated μND treated mouse skin ex vivo. Using this innovative
μND platform, we show a promising, minimally invasive
alternative delivery system for the NAD+ precursor molecule
that can enhance patient compliance and therapeutic out-
comes.

2. MATERIALS AND METHODS
2.1. Materials and Equipment. All μND arrays were printed

from a UV-curable resin (eResin-PLA Pro Transparent, eSUN),
fluorescein was purchased from Sigma (F7505), sucrose was
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purchased from Ajax Finechem (342.3 g/mol, 0809450), carbox-
ymethyl cellulose (CMC) was purchased from Sigma (high viscosity:
419273 and low viscosity: C5678), Tween-20 was purchased from
Sigma (P2287), and NMN was purchased from Agemate (Melbourne,
Australia).
Full thickness human donor skin was donated from patients

undergoing abdominoplasty at Brisbane hospitals (Australia). Ethics
approval was granted by The University of Queensland Human
Research Ethics Unit, approval number: 03081 (HREC/16/QPAH/
64). After collection, subcutaneous fat was removed by a scalpel blade,
and then skin was frozen at −80 °C for further use.
2.2. 3D Printer Parametric Study. 2.2.1. 3D Printing and μND

Design Parameters. The design parameters to print high fidelity
μNDs used in this study were already studied elsewhere.34,38,39

However, to better understand the limitations of the PHROZEN 3D
printer, we systematically performed proof of concept experiments
with the following design parameters diagrammatically illustrated in
Figure 1b. The μND array CAD design files were exported to STL file
format and imported into print preparation software (ChiTuBox V
1.3.0) (Figure 1a-i). The printing was carried out using a low-cost
desktop 3D printer (4K Sonic Mini Phrozen, China; Figure 1a-ii).
The body of the μND prototype was orientated so that the center axis
of the needles aligned with the z-axis of the printer. After 3D printing,
the finished μND array models were washed using ultrasonication in a
methanol bath for 4 min followed by a detergent wash for an
additional 4 min (Figure 1a-iii). After washing, the needles were cured
for a total of 8 min using ultraviolet light emitting diodes (UV LEDs,
λ = 405 nm) at 4 min intervals (Phrozen curing chamber).
All designs were 4 × 4 arrays of conically shaped μNDs with a 5

mm interneedle distance. Experiments were systematically conducted
to determine the appropriate printing conditions that would yield the
most accurate outcome. To determine the 3D printer print quality,
μNDs were designed with input height of 1.8 mm, input base
diameter of 0.8 mm, print layer curing height of 100 μm, and
modifying the polymer resin by including an additive (methanol).
This was performed to investigate the accuracy of the 3D printers’
print quality on both the original and modified resin. To determine
the ideal 3D printer print-layer height that would yield a smoother

μND surface, μNDs were designed with input print-layer heights of
15, 25, 50, and 100 μm (Figure 1b-i), with μND input height of 1.2
mm and input base diameter of 0.8 mm. To determine the ideal print
angle, the μNDs were designed with input print angles from 0−90° in
increments of 15°, with μND input height of 1.2 mm and base
diameter of 0.4 mm (Figure 1b-ii). To determine the ideal μND print
aspect ratio, μND arrays were designed at six different aspect ratios
(6:1, 5:1, 4:1, 3.3:1, 2:1, and 1.7:1), and for each respective aspect
ratio, μND arrays were printed with varying needle base diameters
(167, 200, 250, 300, 500, and 600 μm), while the μND height was
constant at 1.0 mm (Figure 1b-iii). The last design parameter was the
print-layer curing time (Figure 1b-iv). μND arrays were designed with
nine varying needle height × base (1000 × 588, 900 × 529, 800 ×
470, 700 × 411, 600 × 353, 500 × 294, 400 × 139, 300 × 176, and
200 × 117 μm), and for each μND array two curing times were
explored (4 and 8 s print-layer curing time).
2.2.2. μND Inspection. A Zeiss Stemi 2000-C stereomicroscope

with a stand-alone Axiocam ERc 5s microscope camera (Zeiss,
Germany) was used to image μND arrays. The microscope was
connected to the computer and run by Axiovision 4 LE viewfinder
app to capture images and make iterations such as interactive
geometric measurements, scale magnification, and scale units.
Additionally, μND arrays were also visualized on a benchtop scanning
electron microscope (Jeol NeoScope JCM-5000, SEM), by placing
them on circular discs and scanning them in high-vacuum mode using
the Everhart−Thornley detector (ETD) at 10−5 Torr and 15 kV. After
initial visual inspection, parameter dimensions were approximated by
performing an analysis on digital images of samples taken with the
microscope.
2.3. μND Coating and Skin Deposition Visualization.

2.3.1. Coating Formulation Optimization. Our study aimed at
investigating the physical chemistry of the coating formulations to (a)
examine the effects of coating formulation excipients on the mass of
drug coated onto μNDs, (b) develop strategies using 3D printed
coating tank prototypes in order to achieve coating uniformity and
thickness on μNDs, and (c) deliver drug formulations using 3D
printed solid μNDs. To accomplish these objectives, we first
optimized the physical properties of the coating formulation to

Figure 1. μND design parameters examined in the 3D printing process. (a) 3D printing process involving designing the μND in an AutoCAD (i)
and then transferring the design file to the 3D printer for printing (ii) followed by postprint washing and UV-curing (iii). (b) μND 3D printing
design parameters explored were print layer-height (i), print-angle (ii), aspect ratio (iii), and layer curing-time (iv).
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control the fluid mechanics of the coating process using two different
coating tank prototypes for the dip-coating technique, which was then
followed by exploring the μND surface wetting properties.
The Young equation (eq 1) generally governs the wetting of a solid

surface with a liquid under static conditions, and the contact angle
should be zero for the liquid to uniformly spread on the solid surface
to form a uniform liquid film.75

ccos( )SV SL LV= + (1)

The surface tensions of the solid−vapor, liquid−vapor, and solid−
liquid are denoted by γSV, γLV, and γSL, respectively. The surface
tension between two materials when in contact is denoted by γSL
forming the contact angle θc.
Guided by these physical principles, this study examined the effect

of coating solution surface tension and viscosity on μND surface
modification, specifically looking at the μND coating uniformity and
the mass of drug coated on μNDs. The coating solution surface
tension was optimized by the addition of surfactant and by using
nonaqueous solvents and the addition of a viscosity enhancer to
increase the coating thickness to coat larger amounts of therapeutics
onto the μND surface.
2.3.1.1. Coating Solution Formulations. The aqueous coating

solution formulations (w/v % unless otherwise specified) were
prepared using Milli-Q water according to Table 1.

2.3.1.2. Coating Solution Fluorescence and Contact Angle
Measurement. Fluorescence of the aqueous coating solution
containing sucrose and CMC was measured using a Thermofisher

spectrophotometer (Multiskan) (excitation spectrum was 545 nm,
and emission spectrum 570 nm). Static advancing contact angles of
the coating formulations containing various excipients were measured
on a 3D printed plate (to mimic the μND surface) using a high-
resolution camera setup to capture the droplet at zero degrees and
calibrated for surface vibration and room temperature (Figure S1).
Both the fluorescence and the contact angles were measured at room
temperature with a sample size of n = 5 for each solution.
2.3.1.3. Effect of Coating Solution’s Surfactant and Viscosity

Enhancer. To study the significance of surfactant and viscosity
enhancers in producing uniform coatings on the 3D printed μNDs,
μND arrays (n = 3) were dipped in formulations A−D (containing
fluorescein). Additionally, aqueous solutions of individual constitu-
ents in formulations A−D with fluorescein (2 mg/mL) were also used
to evaluate their relative and synergistic effects, as well as to assess the
ability of both the surfactant and the viscosity enhancers to produce
uniform coatings. Coated μNDs were air-dried for 2 h and examined
by fluorescence microscopy using an Olympus IX73 fluorescence
microscope (Olympus America, Center Valley, PA, USA) to assess
coating uniformity.
Evaporation of the coating solutions (formulations A and D and

formulation NMN) during the coating of the μND arrays was also
investigated. This was performed using gravimetric analysis of the
coating formulation weight loss over 90 min (total time for the
coating experiment). Surface tension measurement was performed
following an established method,76 using axisymmetric drop shape
analysis with a pendant drop tensiometer (OCA-15EC, DataPhysics
Instruments, Germany) following the Young−Laplace fitting.
2.3.2. Preparation of Coating Tanks for Coating 3D Printed

μNDs. To ensure the uniformity of coating on 3D solid μND arrays,
two different coating prototypes were 3D printed based on the dip
coating technique. The first prototype coating tank (Figure 2a) was
3D printed similar to those in refs 62 and 67 with some modifications.
The dimensions of the coating tank are height 10 mm and inner
dimension 7 × 7 mm with a small housing to place the μND ring with
dimensions 6 × 6 mm and 300 μm in depth from the top of the tank,
and approximately 500 μL of coating solution was filled into the tank
that reached the red continuous line shown inside the coating tank in
Figure 2a. A square spacer approximately 300 μm in height and with
dimensions of 5 × 5 mm was 3D printed. This spacer creates a barrier
for the coating solution to coat the base of the μND (Figure 2a). The
second prototype coating tank was 3D printed (Figure 2b) with the
aim of creating microtanks on a flat base that would facilitate the
immersion of individual μND tips only for the coating process. The

Table 1. Formulations Prepared for the Coating Solutions
and Their Excipients

formulation
fluorescein
(mg/mL)

NMN
(mg/mL)

viscosity
enhancer

Tween-20
(v/v %)

A 2 - sucrose
(5 mg/mL)

0.01

B 2 - sucrose
(50 mg/mL)

0.01

C 2 - CMC
(1% low MW)

0.01

D 2 - CMC
(1% high MW)

0.01

NMN - 50 sucrose
(5 mg/mL)

0.01

Figure 2. Illustrations of the two coating strategies used in this experiment. (a) Coating method 1 showing the various 3D printed parts which
include the μND array, the μND spacer, assembling the μND array and the μND spacer, and the coating tank containing the coating formulation.
The μND spacer acts as a stopper (marked as a red line in the coating tank) that is approximately 300 μm from the top of the coating tank, and this
is to stop the coating solution from reaching the base of the μND. (b) Coating method 2 showing the various 3D printed parts which include the
μND array, the specialized coating tank containing microtanks (4 × 4), and an illustration demonstrating a single μND fitting inside a microtank
which does not reach the bottom of the μND base.

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Article

https://doi.org/10.1021/acsbiomaterials.4c00905
ACS Biomater. Sci. Eng. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.4c00905/suppl_file/ab4c00905_si_003.pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.4c00905?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.4c00905?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.4c00905?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.4c00905?fig=fig2&ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.4c00905?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


dimensions of the individual microtanks were as follows: microtank
inner diameter 500 μm and height 1.2 mm, 4 × 4 microtank array
with the distance between the microtanks set as 4 mm (space between
two individual microtanks). As illustrated in Figure 2b, the microtanks
are open from both ends to facilitate the filling from the back of the
base rather than the top to avoid coating solution transfer onto the
μND base. The dimensions of μNDs utilized for the coating
experiments are height 800 μm and base diameter 500 μm.
Approximately 64 μL (4 μL × 16 microtanks) of the coating solution
was used to fill the entire array of microtanks. These dimensional
parameters ensure a perfect fit on the respective coating tanks to avoid
any coating on the base plate of the μND array. For the coating
process, the μNDs were first aligned with the microtanks filled with
coating solution followed by immersion of μND shaft into the
microtanks. The μND shafts were kept in the microtanks for 5 s. The
μNDs were then removed and kept inverted (μNDs facing
downward) for drying at room temperature under vacuum for 5
min. This microtank-based coating process was repeated multiple
times (3, 5, 7, 9, or 27 times) for coating optimization.
2.3.3. Mechanical Integrity of Uncoated and Coated NMN 3D

Printed μNDs. Compression studies on both uncoated and coated
NMN 3D printed μND arrays were performed following an
established method,77 with slight modification. Briefly, compression
studies were performed using a texture analyzer (CT3 Texture
analyzer, Brookfield). Prior to compression, μND shaft heights were
visualized using a Zeiss Stemi 2000-C stereomicroscope. μND arrays
(±NMN) were placed between compression plates of the texture
analyzer device. The compression rate was set at a speed of 0.05 mm/
s, with a trigger force of 0.05N, moving a distance of 0.4 mm,
operated at room temperature (22−24 °C). Compressive strength of
the respective μND arrays was determined by measuring displaced
distance as the tested μND sample was compressed at an applied axial
force.
2.3.4. Cell Cytotoxicity Test. All cytotoxicity studies were

performed using human immortalized keratinocyte cell line HaCaT
(RPMI 1640 medium, ThermoFisher Scientific, Massachusetts, USA),
following a protocol recommended by the American Type culture
Collection (ATCC), which was described elsewhere,78−80 while
assessing the cytotoxicity of 3D printed μNDs followed another
established protocol.81 Briefly, the human immortalized keratinocyte
cell line, HaCaT (RPMI 1640 medium, ThermoFisher, Australia), was
maintained in Roswell Park Memorial Institute (RPMI) 1640 medium
with 10% fetal bovine serum (FBS) and 1% antibiotics (10,000 μg/
mL streptomycin and 10,000 units/mL penicillin) in a humidified
chamber at 37 °C with 5% CO2. When cells were 80−90% confluent,
old medium was discarded, and cells were gently washed with 1×
Dulbecco’s phosphate-buffered saline solution (GIBCO, Thermo-
Fisher Scientific, Massachusetts, USA) and detached with Trypsin-
EDTA (Sigma-Aldrich, USA). RPMI full medium was added to
inactivate the Trypsin-EDTA after cell detachment. The cells were
then centrifuged, resuspended in the RPMI culture medium, and
seeded onto 96-well plates (Corning Inc., Corning, NY) at 105 cells/
well with 100 μL of RPMI medium and left in an incubator at 37 °C
and 5% CO2 for 24 h, for the cytotoxicity assays. Discs (diameter: 5
mm, thickness: 0.5 mm) of cured methacrylate resin (identical to
μND fabrication) were 3D printed and washed as per section 2.2.1.
After 24 h, the medium from the seeded cells was aspirated and
supplemented with 100 μL of fresh RPMI media. The discs were then
put in contact with the cell monolayer by placing them gently into the
respective wells, for both 24 and 48 h. The cell cytotoxicity assay
followed ISO 10993 for the biological evaluation of medical devices,82

by placing a piece of the tested material in direct contact with the cells
while growing. A cell-free group was used as blank, and cells with no
material treatment were used as control, while cells with washed
μNDs were used as samples.
After 24 and 48 h of treatment, 20 μL of ab112118 solution (Cell

Cytotoxicity Assay Kit, Cambridge, UK) per well was added in each
group, and the plates were incubated for 4 h at 37 °C and 5% CO2.
The samples were detected with a Thermofisher spectrophotometer
(Multiskan) microplate reader at a wavelength of 570 nm. The optical

density (OD) values of the blank (ODb), control (ODc), and sample
(ODs) groups were recorded, and the cell viability was calculated
using eq 2:

Cell viability (%)
OD OD
OD OD

s b

c b
=

(2)

2.3.5. μND Skin Insertion. To visualize the coating efficiency on
the 3D μNDs, the coating solution was slightly modified, with Rose
Bengal (RB) dye included instead of NMN. 3D printed μNDs with
dimensions of 800 μm (needle height) were used for this study.
Fluorescence microscopy (Olympus IX73) was used to visualize the
RB coated 3D μNDs. The laser was set to 561/570 nm for excitation/
emission maxima and constant for all experiments. To visualize the
depth of insertion using confocal laser scanning microscopy (CLSM),
the RB coated 3D μND array was inserted into excised human skin in
vitro using a gentle push by thumb and then holding for 45 s.
Following that, the μND array was removed from the skin and
mounted on a microscopy slide with a coverslip. Olympus Fluoview
FV3000 Multilaser confocal microscope (USA) was used for this
study, imaging an area large enough to cover 4 holes made from the
one section of the μND array in one tiled image. The ideal excitation
wavelength of RB dye is 559 nm, and the emission peak is at 571
nm;83 however, due to instrument related constraints, the laser in the
Olympus Fluoview was set to 545 and 640 nm for excitation with the
power set at 6.8 mW, constant for all experiments (z-height). The
images were generated over 10 layers in depth at a step of 15 μm/
depth. The z-axis profile of the intensity depth was used to determine
the top layer of the skin sample.
Scanning electron microscopy (SEM) was also used to verify the

skin puncture (micropore) created by the NMN μND arrays.
Examinations of the puncture profiles of the μND array treated full
thickness skin was taken with the Hitachi SU3500 (Tokyo, Japan)
using a secondary electron detector with the accelerating voltage set at
10−15 kV, high vacuum, and spot size set to 35.
Skin membrane disruption and micropore was determined using

histology cryosectioning and Scanning electron microscopy (SEM),
respectively. 3D printed μND arrays with/without NMN load were
used for this study. The μND array was applied onto excised human
skin using a Texture Analyzer (CT3 Texture analyzer, Brookfield), at
a speed of 0.5 mm/s and force of 20 N and held for 45 s, modified
from ref 84. For histology cryosectioning, the μND insertion area was
excised using a scalpel, placed in cryostat molds, and embedded in
optimum cutting temperature (OCT) media (Sakura Tissue-Tek,
Torrance, USA). The skin was fixed in OCT by freezing the sample
on dry ice, then sectioned at 20 μm, and mounted onto Superfrost
Plus glass microscopy slides (Menzel-Glas̈er, Germany, Braunsch-
weig). This was followed by fixing for 1 min in 10% neutral buffered
formalin then washing in water immediately prior to staining.
Hematoxylin and eosin (H&E) staining was performed on a Tissue-
Tek Prisma Autostainer, where slides were stained with Harris
Haematoxylin (Australian Biostain P/L, Australia) for 5 min, washed
in running tap water for 4 min, differentiated in acid alcohol (1% v/v)
for 10 s, washed and blued in running water for 5 min, stained in 1%
Alcoholic Eosin Y (ProSciTech, Australia) for 1 min, dehydrated in 1
station of ethanol (80% v/v), and 2 changes of 100% ethanol (2 min
each) and cleared in 3 changes of xylene (2 min each). Slides were
automatically coverslipped by the attached Tissue-Tek Glas cover-
slipper using Tissue-Tek Glas Mounting Media (Sakura Finetek,
USA).
2.4. In Vitro Release and In Vitro Permeation Test.

2.4.1. Pharmaceutical Analysis of NMN. NMN was quantified
using a high-performance liquid chromatographic (HPLC-UV)
system (Shimadzu, Japan). NMN has an absorption maximum at
254 nm.85 Ten concentrations (100, 50, 25, 12.5, 6.25, 3.125, 1.5625,
0.78125, and 0.390625 μg/mL) were prepared by serial dilution from
a stock NMN solution of 200 μg/mL, using water as the solvent.
HPLC conditions were developed as per an established protocol.85

The conditions are briefly outlined as follows: HPLC-UV (Shimadzu,
Binary Pump, Shimadzu Standard Autosampler, Shimadzu Variable
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Wavelength Detector, Japan) with UV detection set at 254 nm,
Agilent eclipse column-C18 3.5 μm, 4.6 × 150 mm, with a column
guard (AJ0-6071, Phenomenex) of matching chemistry was used for
the analysis; mobile phase was acetonitrile (10% v/v) with a flow rate
of 0.5 mL/min, and a run time of 8 min per sample; injection volume
was 20 μL. The chromatograms obtained were analyzed using
Shimadzu LC solutions Software (1.25 SP5).
NMN standard, sucrose, Tween-20, coating solution (with NMN

400 μg/mL) and NMN coated μNDs (5 dip coating) were subjected
to chromatographic (HPLC) and mass spectrogram (LC-MS)
analysis. The LC-MS/MS system consisted of a Sciex API 5000
triple quadrupole mass spectrometer (Framingham, MA, USA)
equipped with a Shimadzu HPLC pump (LC-20AD, Shimadzu)
and an autosampler (Shimadzu). The analytes were separated by an
Agilent eclipse column-C18 (3.5 μm, 4.6 × 150 mm) column
operated at 24 °C with a mobile phase consisting of acetonitrile (20%
v/v). The chromatography was run isocratically with a run time of 8
min. The injection volume was 10 μL, and the flow rate was 0.5 mL/
min. The mass spectrometer was operated in positive ion mode with
an electrospray and MRM scan.
2.4.2. Coated NMN Permeation Test. The in vitro NMN skin

permeation from the coated μND array treated skin was studied using
the vertical Franz diffusion cell technique using a modified technique
from refs 86 and 87. Briefly, donated human skin portions in vitro
were processed (fat removed) to final thickness of approximately 2
mm, then cut into appropriate size (1.33 × 1.33 cm2) to fit into the
donor compartment of the Franz diffusion vertical system. The skin
portion was then mounted onto the receptor compartment of the
Franz diffusion cell with the stratum corneum (SC) side facing
upward. Two replicates each from 3 different skin donors were used.
After mounting the skin, the receptor compartment was filled with
PBS (0.05% (v/v) NaN3), and the cells were equilibrated in a water
bath for 30 min and thermostatically maintained at 35 ± 1 °C with
continuous stirring using magnetic stirrer bars to maintain a skin
surface temperature of 32 °C. The integrity of the skin membrane was
assessed by measuring the resistance between the donor and the
receptor compartment with Ag/AgCl electrodes attached to a
multimeter (Digitor Q1563, DSE, Brisbane, Australia). Skin that
showed resistance lower than 20 kΩ·cm2 was discarded. The receptor
compartment was then emptied, and the skin membrane surface was
wiped gently with KimWipes from Kimberly-Clark, Brisbane,
Australia. After refilling the receptor compartment with fresh PBS
(0.05% NaN3, 0.5% Brij O20), Brij O20 was added to enhance the
solubility of the permeating actives in the receptor fluid. The skin was
transiently removed from the receptor chamber and placed onto an
absorbent paper with SC side upward, followed by application of the
NMN coated μND array on the skin SC side by gentle push of the
thumb and holding for 45 s. The μND treated skin was then returned
to the receptor chamber, followed by placing the donor compartment
on top of the receptor compartment and securing it tight. The donor
cell was unoccluded, except a small bob was placed atop the μND
array to stop it from detaching from the skin. Sample collection points
were every 15 min for the first hour, then at 2, 4, 6, 12, and 24 h. To
determine the NMN content, samples were filtered through 0.5 μm
filter and injected into the HPLC-UV system.
Additionally, the NMN content in the μND treated skin was

quantified by the tape strip method with slight modifications.88

Briefly, after the completion of in vitro permeation studies, the skin
was removed from the respective Franz diffusion cells. μND arrays
were removed from the skin, and then tape strips were applied on the
surface of the skin and stripped off. This process was repeated 20
times, collecting 20 strips in total. The strips were pooled, along with
the used μND arrays, then the NMN was extracted in water overnight
at room temperature to ascertain the amount of NMN in the skin
(tape strips) and μND array.
2.5. Ex Vivo Determination of NAD+ from NMN μND

Arrayed Skin. NMN coated μND arrays (5× dip coated NMN
μND arrays only) and coated μND arrays without NMN (control)
were used to determine the synthesis of NAD+ and NADH in ex vivo
mouse ear skin. The arrays (n = 2) were applied onto a freshly excised

full thickness skin (n = 4 donors). The arrays were pressed gently
(approximately 10 g load) onto the skin for 5 min. Following this, the
arrays were removed and visually verified (light microscopy) for the
dissolution of the microprojections. Any residual polymer on the
stratum corneum was gently cleaned, and then the skin placed on a
glass slide for multiphoton imaging.
The endogenous autofluorescence of the epidermis was imaged

using the multiphoton tomography (MPT) DermaInspect (JenLab
GmbH, Jena, Germany), from a previously established protocol.89 .
Briefly, the imaging system consists of Plan-Neofluar high-NA oil-
immersion 40×/1.30 objective lens (Carl Zeiss, Germany). The light
for excitation was provided by the ultra-shortpulsed, mode-locked, 80
MHz, titanium sapphire laser (Mai Tai, Spectra Physics, Mountain
View, California, USA) with a tuning range of 710−920 nm and an 85
fs pulse width. The endogenous cellular autofluorescence of NAD(P)
H was imaged by using an excitation wavelength of 760 nm (two
photon), at an optical power of 23 mW and at an exposure of 47 s
with an acquisition image size of 512 × 512 pixels (256 × 256 μm2).
A bandpass filter of 350−650 nm (BG39, Schott glass color filter) was
used to optically filter the emitted fluorescence light to capture live
images of MPT or toward the fluorescence lifetime imaging
microscope (FLIM) detectors. In front of FLIM detectors, 350 to
450 nm (channel 1) and 450 to 515 nm (channel 2) band-pass filters
were used to isolate NAD(P)H signal into separate channels. FLIM
measurements were carried out by using a time-correlated single-
photon counting SPC-830 detector system (Becker & Hickel, Berlin,
Germany) integrated to the multiphoton microscopy. This FLIM
system builds a photon distribution at the x and y coordinates of the
scan area for each photon detected and determines its time of arrival
within the fluorescence decay. In this way, an averaged image with
data pertaining to the lifetime of the fluorophores is generated. We
acquired FLIM images of the stratum granulosum and stratum
spinosum layers at a specific depth determined by keratinocyte
morphology.90,91 FLIM images are based on the arrival times of single
photons for different fluorescent solutes after a given excitation pulse
(760 nm), consequently building up a photon distribution for each
pixel in the scanned area. Our FLIM data is modeled assuming a
biexponential decay, eq 3:

f t a a a a( ) e e with 1t t
1

/
2

/
1 2

1 2= + + = (3)

where a1 and a2 are the amplitudes and τ1 and τ2 are the fluorescence
lifetimes of the fast (τ1, NADP+) and slow (τ2, NADPH) decay
components, respectively.90,91 The instrument response function of
each FLIM image generated is convoluted with model function f(t) to
obtain the function F(t) or a decay curve. The decay curve is then
fitted to each measured pixel to calculate and create a color coded
image of each decay parameter. Additionally, the intensity fractions a1
and a2 are the pre-exponential variable associated with the τ1 and τ2
lifetime components of the biexponential decay profile on a per pixel
basis.90−92 a1% and a2% are normalized variables according to eq 4,
which are then used in eq 5 to calculate the average fluorescence
lifetime (τm):
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where τ1 is NAD(P)H free nonenzyme bound lifetime, τ2 is NAD(P)
H enzyme bound lifetime, α1% is the percentage of free nonenzyme
bound fraction and α2% is the percentage of enzyme bound fraction.

3. STATISTICAL ANALYSIS
All data are expressed as the average ± SD (Avg ± SD).
Analysis of variance (ANOVA, one way or two way, Dunnett
hypothesis test) was utilized to determine statistical signifi-
cance. A p-value of <0.05 was considered statistically
significant.
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4. RESULTS
4.1. 3D Printer Optimization Study. First, a parametric

study was conducted on printing needles using the low-cost
desktop 3D printer optimizing print settings to produce the
best possible μND geometry. The optimization study
investigated the effects of print resin quality, print plate
accuracy, varying print layer height and print angle, μND
height/base aspect ratio, and print-layer curing time, and
quantified print success by measuring three design parameters
of the printed μNDs (needle height, tip radius, and needle base
diameter).
4.1.1. 3D Printer Resin Modification. To produce μNDs

with increased input to output ratio, first, the 3D printer resin
quality (viscosity) was modified to a lower viscosity resin. This
was performed to ensure that the light from the printer LED
panel would sufficiently penetrate through the resin vat to
create more intricate layers. To this extent, three experiments
were carried out to test the efficacy of the modified resin:
viscosity (rheometer), chemical composition (FTIR) and
quantitative analysis of the dimensions of μNDs comparing
μNDs printed using both the original and the modified resins.
The polymer resin consists of methacrylate (monomer and
oligomer), a photoinitiator, and a photo-cross-linker. Adding
methanol as an additive reduced the viscosity of the original
resin, while the carbonyl peak at 1700 cm−1 and ester peak at
1165 cm−1 remained unchanged (Figure S2). This modifica-
tion improved the dimensional parameters of 3D printed
μNDs (input μND height 1.8 mm, base diameter 0.8 mm, and
print-layer curing height 100 μm) (Figure 3a-i), as more layers
are visible thus increasing the μND height (Figure 3a=iii)
compared to the native resin (Figure 3a-ii). However, the
height of the 3D printed μND was 1439 ± 29.36 μm, making
the output less than 79% of the input value still (height 1.8
mm) (Figure 3a-i). Furthermore, at 100 μm print-layer height,
the “stair-stepping” phenomenon was visibly noticeable

rendering the μND surface less smooth (Figure 3a-ii,b-i),
which is quite common with DLP type 3D printers.52

Optimizing the 3D printer individual print-layer height
during the printing process from 100 μm to 15, 25, and 50 μm
(thickness of each cured layer in the z-direction) rendered a
smoother μND surface (Figure 3b-i) due to the reduction in
the layer height curing and thus reduced the “stair-stepping”
phenomenon effect. This, however, resulted in a longer print
time due to the addition of extra layers to attain the input
height. Consequently, the needle height input/output % was
quite low, i.e., 3D μNDs yielded 60.78 ± 2.970% and 68.59 ±
2.605% input/output at layer heights of 15 and 25 μm,
respectively (Figure 3b-ii). Nonetheless, printing at 15 and 25
μm markedly reduced the edge ridge mismatches and removed
the stair-stepping phenomenon.
4.1.2. Print-Angle and Aspect Ratio. While printing μNDs

at 25 μm layer-height yielded a smoother needle surface, it did
not improve the μND output height %. To improve the μND
output height, we examined the effect of print angle whereby
the μNDs were printed at various angles configuring both x-
and y-axes. For this study, μNDs were designed with input
height of 1.2 mm and base diameter of 0.4 mm, focusing on the
effect of print angle on the output print quality. An increasing
trend in the μND output height and a decreasing trend in the
μND output tip diameter was observed with 3D printed μNDs
when the spatial rotation of print angle increased (Figure 4a-i
for spatial rotation images and Figure 4a-ii for quantitative
data). μND height with the highest input/output ratio was
printed at 90° at both x- and y-axes, yielding an output of 951.5
± 31.62 μm (x-axis) and 1011 ± 25.90 μm (y-axis), compared
to output at 0° (output: 676.6 ± 110.0 μm [x-axis only]),
alluding to improved print quality (Figure 4a-ii). Similarly,
printing μNDs at various angles produced sharper tips, yielding
a tip diameter output of 52.63 ± 13.16 μm (x-axis) and 48.52
± 10.43 μm (y-axis) (Figure 4a-ii). Upon changing the angle at
which the 3D μNDs are printed, the needle input/output

Figure 3. Resin modification and 3D printing accuracy studies. (a) μNDs were 3D printed using both the resins separately (original and modified);
then their dimensional parameters such as (i) height, base, and tip diameter were assessed (n = 5, ****p < 0.0001 calculated using one-way
ANOVA in PRISM; μND height = 1.8 mm and base diameter = 0.8 mm). Microscopy images of μNDs printed from original (ii) and modified (iii)
resin, respectively. (b) (i) SEM images of 3D printed μNDs showing the four print-layer heights (100, 50, 25, and 15 μm). (ii) Quantitative
analysis showing the input/output height % of needle height vs the four respective print-layer height (n = 3, input height 1.2 mm). Representative
graphical data shows Avg ± SD, plotted in PRISM.
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height % also increased yielding 84.28 ± 2.158% of the input
height (Figure S3). These data confirm that the spatial control
of the print angle is critical for producing sharper μND tips
with improved input to output height %. Choo et al.54 also
investigated the print angles when both x- and y-axes were
simultaneously changed (our study only changed print angles
on one axis per print). They demonstrated that when both axes
were changed simultaneously, the μND tip morphology was
circular and yielded sharper needle tips. They used a
stereolithography based 3D printer with improved light
processing technology (Formlabs, USA) equipped with its
own 3D print slicer software to conduct their study. This was
the limitation of ChiTubox 3D printer slicer software used in
our study; i.e., the option of altering both axes simultaneously
was unavailable in the software. Nonetheless, by altering the
print angle of one axis per print, our study managed to produce
μNDs with a tip diameter close to 48.52 ± 10.43 μm, which is
sharp enough to be able to penetrate skin tissue.
To further improve the μND input to output height %, we

investigated the effect of aspect ratio of the 3D printed μND
height to base diameter ratio. The aspect ratio of μNDs is
indicative of the structural mechanical strength (by reducing

the aspect ratio or increasing the μND base diameter),
typically giving it sufficient mechanical strength to penetrate
the skin tissue. A recent study demonstrated that the
experimental value for an ideal aspect ratio of the μNDs for
successful skin penetration is between 2:1 to 10:1.93 For our
study, μND arrays of 4 × 4 were examined at various aspect
ratios, changing the base diameter (167, 200, 250, 300, 500,
and 600 μm) while keeping the μND height constant at 1.0
mm, yielding aspect ratios of 1:6, 1:5, 1:4, 1:3.3, 1:2, and 1:1.7
(Figure 4b-i). As seen in Figure 4b-ii, the relative difference
between the input and output μND height significantly
decreased (p < 0.005) with increased aspect ratio. This
produced 11% shorter needles at an aspect ratio of 1:1.7
(88.37 ± 2.047%) compared to 35% shorter needles at aspect
ratio of 1:6 (64.98 ± 3.219%) (Figure 4b-iii). At an aspect
ratio of 1:1.7, the μND tip diameter was 36 ± 8 μm, further
improving the tip sharpness.
We also examined the effect of print-layer curing time on 3D

printed μNDs to see its effect on input to output height %. For
this study, μNDs (4 × 4 array) were designed with nine
varying needle height × base: 1000 × 588, 900 × 529, 800 ×
470, 700 × 411, 600 × 353, 500 × 294, 400 × 139, 300 × 176,

Figure 4. Effect of spatially adjusting 3D print angle and aspect ratio on μND height and tip diameter. (a) (i) Microscopy images (side view) of
μND arrays (4 × 4) printed at various angles (0−90° at 15° increments per print). Illustration of change in print-angle is shown above the
microscopy images, taken from the slicer software ChiTuBox. (a) (ii) μND height and tip diameter data printed at various print angles (n = 3, data
shows Avg ± SD, plotted in PRISM) rotating the μND array at x and y axis. (b) (i) Microscopy images showing μNDs printed at various aspect
ratios (1:6, 1:5, 1:4, 1:3.3, 1:2 and 1:1.7), with quantitative data of the output height and tip diameter (ii) and the input to output height % (iii) (n
= 3, data shows Avg ± SD, plotted in PRISM; ****p < 0.0005 calculated using one-way ANOVA in PRISM).
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and 200 × 117 μm, and for each μND array, two curing times
were explored, 4 and 8 s layer curing time (Figure 5a,b). The
3D printer consistently produced μNDs above 80% of the
input height in the needle height range 1000−500 μm at both
4 and 8 s layer curing time, then there was a sharp fall to 50%
at 400 × 189 μm (Figure 5a-i). The decrease in the output
height consequently affected the tip diameter (Figure 5a-ii),
yielding blunt tips. This study also revealed the print-limitation
of the Phrozen 3D printers. Although the manufacturer states
that the print resolution of the 3D printer is 40 μm (laser spot
size), the printer was unable to produce sharper needles at an
output height of 400 μm (Figure 5b). Nonetheless, increasing
the print layer curing time did not seem to increase the input
to output ratio of 3D printed μNDs. 3D printed μNDs with
dimensions of 800 μm (needle height) were used for
subsequent experiments.
4.2. Cytocompatibility of 3D Printed μNDs. Cytocom-

patibility of 3D printed μNDs was investigated using HaCaT
cells via the live/dead cell assay kit. 3D printed discs were used
to test material cytocompatibility. To ensure material similarity
between the discs and the μNDs, the discs were 3D printed in
an identical manner to 3D printed μNDs. Further, this was also
performed to maximize the material’s surface area contact with
keratinocyte cells without causing any cellular mechanical
stress.81 The results of the cytotoxicity test in Figure S4 show a
decrease in cell viability of no more than 20% for cells grown
with washed cured 3D printed discs for 24 h (86.52 ± 9.616%)
and 48 (80.06 ± 9.036%). According to ISO 10993-5 (part 8.5
determination of cytotoxicity), a material is cytotoxic when
there is a 30% reduction in cell viability.82 Further, material
cytotoxicity arises from the widespread use and incomplete
wash of photoinitiators.94−96 To ensure the safety of μND skin
insertion while preventing inadvertent transfer of excess
uncured resins, thorough rinsing of the μNDs was employed
in our washing regimen.97 Therefore, the washed μNDs are
considered nontoxic even after 48 h of direct contact exposure,
confirming that the efficacy of washing 3D printed μNDs
demonstrated a neutral effect on cell proliferation as viability
was steadily maintained at more than 80%.
A potential concern in our μND study is the possibility of

allergic reactions due to residual solvents, unreacted mono-

mers, or sensitizing agents present on the μNDs after
fabrication. Although the materials used in this study may
not be inherently cytotoxic, trace amounts of these substances
could cause irritation, especially in individuals with sensitive
skin or pre-existing allergies.98,99 Even though past studies have
emphasized the importance of thorough postfabrication
cleaning and curing processes to minimize these risks,97,100

the complete elimination of such residuals cannot be
guaranteed, highlighting the need for careful consideration of
material composition and fabrication methods to reduce the
likelihood of adverse reactions.
Keratinocytes were selected for the cytotoxicity test due to

their crucial role in the epidermis, the initial point of contact
for μNDs, making them essential for assessing biocompati-
bility. These cells are reliable indicators of skin irritation and
cytotoxicity, given their barrier function and responsiveness to
external stimuli.101,102 While fibroblasts and macrophages are
also present in skin tissue, they are located in deeper layers
(dermis and hypodermis, respectively) and are important for
overall skin health and wound healing; the initial toxicity
assessment is most effectively conducted on keratinocytes due
to their direct exposure to μND application. This approach
aligns with the common application of keratinocytes in
toxicology studies, as their well-characterized response to
chemical exposure103 often makes them the preferred model
for evaluating potential cytotoxic effects. Nonetheless, further
cytocompatibility experiments with additional cell lines
including fibroblast and macrophages, to assess immunological
reaction,104 as well as the FDA-approved excipients used to
make the coating solution in our study, are warranted to ensure
a comprehensive biocompatibility assessment.
4.3. Coating Strategies for 3D Printed μNDs. 4.3.1. 3D

Printing of Coating Tank. Two different coating tanks were
investigated to study the coating efficiencies of 3D printed
μNDs (Figure 6). Drop coating is a common applied method;
therefore, it was tried initially; however, after dropping 2 μL of
the fluorescein coating solution on the μND arrays (n = 3), the
majority of the coating solution settled at the bottom of the
needle, rendering it ineffective (Figure S5). To overcome the
issue of coating on the μND base, coating tank prototype 1 was
3D printed (Figure 6a-ii,iii), where the μND spacer (5 × 5

Figure 5. Effect of print-layer curing time of 3D printed μNDs on μND height and tip diameter. (a) μND output height and tip diameter % (i) and
tip diameter (ii) data at various print-layer curing times (n = 3, data shows Avg ± SD, plotted in PRISM). (b) Microscopy images (side view) of
μND arrays (4 × 4) printed at various needle height × base (1000 × 588, 900 × 529, 800 × 470, 700 × 411, 600 × 353, 500 × 294, 400 × 139, 300
× 176, and 200 × 117 μm); for each μND array, two curing times were explored (4 and 8 s layer-curing time).
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mm2, Figure 6a-ii) was hypothesized to stop the coating
solution from reaching the base of the μND array, as illustrated
in Figure 6a-iv,v. However, due to the hydrophilicity of the
coating solution which increased its surface tension, the
volume of coating solution height was higher around the tank’s
side walls (indicated by red dotted line, Figure 6a-vi), thus
coating the μND arrays around the edges of the base (Figure
6a-vii), rendering it ineffective.
To ensure that the coating solution forms a coating-film

layer only on the μND tips and not the base, coating tank
prototype 2 was 3D printed (Figure 6b-iii) which included
individual microtanks on a base plate with the dimensions of
the microtank only facilitating the coating of the μND shaft
(Figure 6b-i,iii). The individual microtank dimensions were
400 μm (diameter of microtank opening) and 1.2 mm in
height, such that when μND array of dimension 800 × 500 μm
(height × base diameter) (Figure 6b-ii) was dipped into the
microtanks (Figure 6b-v), the coating solution did not reach
the base of the μND array (Figure 6d-iv). To date, this is the

first study to report on the fabrication of on-demand
miniaturized 3D printed microtanks for the coating process.
Two other studies66,67 demonstrated the dip coating method
using coating tanks similar to Figure 6a (minus the μND
spacer); however, our study showed variable results with that
technique, contaminating the μND base with the coating
solution (Figure 6a-vii).
4.3.2. Effect of Coating Solution’s Surface Tension and

Viscosity. The two critical factors determining μND coatings
are dose reproducibility and high drug loading onto the μND
surface. This requires the precision deposition of uniform and
thick coatings onto μND shafts. Control over physical
properties and kinetic parameters that affect the thermody-
namics and hydrodynamics of dip-coating is expected to result
in uniform and thick coatings. Additionally, surface tension and
viscosity are the two physical properties of the dipping
formulation that are known to influence the thermodynamics
and hydrodynamics of dip-coating. However, the complex
physics of dip-coating is not fully understood to develop

Figure 6. Coating strategies used in this experiment. (a) Coating method 1 demonstrating a 3D printed coating tank with a μND square spacer.
Bright field images showing side view of μND array (i), Spacer (ii), and the 3D printed tank (iii), the Spacer placed on the μND array (iv), and
then assembled on the tank (v). (vi) When fluorescein coating solution is placed in the tank, it forms a meniscus shown as red dotted line, which
makes an uneven coating on the μND array (vii) contaminating the base of the μND. (b) Coating method 2 demonstrating only partial body of the
μND tip being placed inside the microtanks. Bright field images of the coating tank containing 16 microtanks (i) and fluorescein filled microtanks
(iii). When μNDs (ii) are dipped inside the microtanks (illustration in v), the evenness of the coating concentrated to the μND shaft is
concentrated on the tips only (iv). (v, a−d) Illustration of the dipping of μNDs into the fluorescein filled microtanks.
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theoretical models that can accurately predict the effect of
surface tension and viscosity on coating uniformity and
thickness, especially at the micrometer length scales of
μNDs. Therefore, we dip-coated μNDs using different
formulations to study their effect on coating uniformity and
coating thickness.
We examined the coating dynamics of the coating

formulation for dip coating of aqueous solutions (Table 1).
Our first attempt to coat μNDs involved dipping in aqueous
solutions containing only fluorescein as a model drug. This
formulation did not produce any coating on the μND shaft
(Figure 7a). The hydrodynamics of dip-coating hypothesizes
that thicker coatings can be achieved by increasing the coating
solution viscosity, since higher viscosity increases the hydro-
dynamic drag on the liquid during μND withdrawal and leads
to an increase in the volume of the liquid film that is formed on
the μND upon its withdrawal.63 To that end, sucrose and
CMC (viscosity enhancers) were separately tested by adding
them to the aqueous coating formulations. Tween-20

(surfactant) (Figure 7b) was not included in the formulation
to elucidate the effect of the viscosity enhancers. Both sucrose
(low: 5% w/v, high: 50% w/v) and CMC (low MW and high
MW) formulations produced a thicker but uneven coating on
the μND shafts (Figure 7c−f). However, the coating was seen
to be localized toward the center and away from the μND tip
(Figure 7c−f). This occurrence of dewetting implied that the
high surface tension of the viscosity enhancer containing
aqueous formulations induced contraction of the liquid film on
the μND during the drying phase. Therefore, we simulta-
neously modified the surface tension and the viscosity of the
coating formulations by adding both the surfactant and the
viscosity enhancer, which resulted in thick and uniform
coatings (Figure 7g−j). Formulations containing sucrose
(low and high w/v, Figure 7g,h) and CMC (high MW, Figure
7j) yielded a more uniform coating throughout the μND shaft.
Thus, optimizing the macroscale principles of thermodynamics
and hydrodynamics of wetting and dip-coating to the
micrometer length scale of μNDs has enabled the formation

Figure 7. Effect of surface tension and viscosity on coating uniformity on μNDs with fluorescein as the model drug. Bright field illumination images
with supplemental fluorescence microscopy images showing μNDs outline (array of 3 μND and single μND) after dip-coating μNDs in different
formulations. The 3D printed μNDs have autofluorescence, which was then threshold corrected. Aqueous coating on μNDs with fluorescein
dissolved in water (a), Tween-20 (b), Sucrose: (c) low (5 mg/mL w/v) and (d) high (50 mg/mL w/v), and CMC: (e) low MW and (f) high MW,
all of which show partial coating as indicated by the fluorescence images. The formulations were then prepared by keeping the surfactant constant
(Tween-20) while changing the viscosity enhancers, for example, coating formulation A (g) contained Tween-20, sucrose (low), and fluorescein;
formulation B (h) contained Tween-20, sucrose (high) and fluorescein; formulation C (i) contained Tween-20, CMC (low), and fluorescein;
formulation D (j) contained Tween-20, CMC (high), and fluorescein. The fluorescence images of coated μNDs prepared from formulations
indicated that formulations A, B, and D showed uniform coating concentrated on the μND shaft only, however, since formulation B contained a
high amount of sucrose, we chose not to proceed with that formulation. Formulations A and D were then used to study the effect of the number of
dips (3/9/27) on the coating amount loaded. Mass of fluorescein coated on μNDs as a function of formulation and μND coated amount shown in
k and l, with inset fluorescence images indicating the intensity of fluorescence proportional to the coated amount. (m) Contact angle and surface
tension of water droplet and formulations A and D on a 3D printed surface (cube). Contact angle was measured on a 3D printed surface, whereas
the surface tension was measured using a tensiometer. Data shown as Avg ± SD, plotted in PRISM. ****Statistical significance (p < 0.0001) was
determined using one-way ANOVA.
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of uniform coatings on μNDs by matching the surface energies
of the coating solution and the material to promote wetting
and of thicker coatings by increasing the viscosity (viscosity
enhancer) of the coating solution, thereby increasing the
volume of the liquid film adhering to the μND upon
withdrawal from the coating solution. These two criteria
form a general basis for designing coating solution
formulations to produce uniform coatings on μNDs. Addi-
tionally, the thermodynamics of wetting postulates that only
formulations that can completely wet the substrate (i.e., have
contact angles approaching zero) can produce uniform films
on the substrate.63 The static contact angle of DI water on the
3D printed methacrylate solid surface was measured to be 88.7
± 3° (Figure 7m-iii, water droplet). This large contact angle is
the result of the aqueous coating solution having a high surface
tension (72.25 ± 0.094 mN/m at 25 °C; Figure S6). Adding
Tween-20 and CMC to the coating formulation D, lowered the
surface tension (38.06 ± 0.293 mN/m, Figure 7m-ii) thus
reducing the contact angle to 66.3 ± 3° (Figure 7m-i).
However, the greatest reduction in the contact angle occurred
in formulation A containing sucrose and Tween-20 (54.7 ±
1.2°, Figure 7mi), which was attributed to its low surface
tension (41.63 ± 1.432 mN/m, Figure 7m-ii).
Since formulations A and D produced uniform coatings on

the μND shaft, they were used to quantitatively determine the
amount of fluorescein coated onto the μND shaft. The
fluorescein coated μND arrays were rinsed with ethanol (200
μL, 100% v/v), and the supernatant was then measured using a
spectrophotometer. The fluorescence intensity was propor-
tionate to the amount of coated fluorescein (for fluorescein
calibration of absorbance vs concentration, see Figure S7). The
coating was performed over 3 days to assess for interday
precision (n = 3 μNDs/treatment/day). Coating formulations
containing sucrose (formulation A) and CMC (formulation D)
were separately examined for the amount of fluorescein coated
on the μNDs. The number of coating dips increased both the
mass of drug coated onto μNDs and the thickness of the
coating (Figure 7k,l). However, the amount of fluorescein
coating with sucrose as the viscosity enhancer showed less
spread (Figure 7k, Relative standard deviation 7.1) compared
to CMC (Figure 7k, Relative standard deviation 10.1), which is
indicative of the accuracy of the coating process conducted
over 3 days. The average amount of fluorescein coated on the
μND shafts using sucrose as the viscosity enhancer was 132 ±
20.8 to 281 ± 40.3 μg compared to the average amount coated
when CMC was used as the viscosity enhancer which was 118
± 46.2 to 238 ± 84.6 μg. These results show that sucrose is a
better viscosity enhancer compared to CMC not only because

of the amount of fluorescein coated onto the μNDs but also
the low concentration of sucrose (5% w/v) used to make the
formulation compared to CMC (1% w/v). Guided by these
relationships, a single coating or multiple coatings through dip-
coating method or a combination can be used to coat a
predetermined mass of drug onto μNDs.
4.3.3. Coating Efficiency of NMN on 3D Printed μNDs.

Following the optimization of the coating solution and the
fabrication of the microtanks, we then investigated the amount
of NMN coated on the μNDs using formulation A (replacing
fluorescein with NMN). The number of dips examined here
was 3, 5, 7, 9, and 27 dips, with 5 min drying interval between
dips, conducted at room temperature consecutively over 3 days
to account for the precision of the dip coating.
The average amount of coated NMN on the μND shafts

increased with the number of dips (Figure 8a,b). However,
only 5 (185 ± 54.9 μg) and 7 (311 ± 154 μg) dips showed
coatings concentrated on the μND shaft (Figure 8a). The 9
and 27 dip μNDs also achieved a larger coating amount (9
dips: 395 ± 38.5 μg and 27 dips: 491 ± 206 μg), and the drug
was also coated at the bottom of the needle shaft (SEM images
of coated μND, Figure 8b). While standard deviation bars are
shown for the specific experiments in the graphs in Figure 8a,
the average relative standard deviation (RSD) for 5 and 7 dips
was relatively high (between 16 and 19%). This relatively high
variation could be attributed to the manual coating process
that involved careful loading and refilling of the microtanks,
drying, and multiple repeats of this process. The coating of
μND arrays was performed manually in a laboratory with high
water loss percentage (Figure S8); therefore, improved control
of temperature and humidity in the coating environment and
automation of the coating process are postulated to further
reduce the RSD to within acceptable limits.
To effectively pierce the stratum corneum and deliver

therapeutics, the μND must possess strong mechanical
properties. However, the mechanical integrity of μNDs can
be compromised by the coating solution applied to their
tips.105,106 To assess the impact of this coating, mechanical
failure and transdermal drug delivery tests were conducted in
vitro. Specifically, the mechanical properties of the NMN-
coated polymer μNDs were evaluated with a texture analyzer
using a compression test. As illustrated in Figure S9a, the force
vs displacement graph showed that uncoated μNDs exhibited a
higher compressive force compared to NMN-coated μNDs
(with 5 and 7 dips), indicating structural weakening due to the
coating. For all μNDs tested, the force increased until the
ultimate load was reached, at which point elastic deformation
occurred (Figure S9b, post mechanical test). For the 5-dip

Figure 8. Effect of the number of dips on the coating efficiency of NMN drug on 3D printed μNDs. (a) Quantitative analysis of the average NMN
coated amount (μg) as a function of the number of dips (n = 6, data shows Avg ± SD, plotted in PRISM; *Statistical significance [<0.1] was
determined using the one-way ANOVA). (b) SEM images of coated μNDs (3/5/7/9/27 dips).
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NMN-coated μNDs, buckling was observed at approximately
14.4 ± 0.59 N, followed by a significant drop in load as the
μNDs continued to be compressed against a metal block after
buckling. The 7-dip NMN-coated μNDs exhibited an even
lower buckling load of 8.52 ± 2.64 N. In contrast, the uncoated
μNDs showed a discontinuity at around 19.8 ± 1.69 N,
marking the initial needle failure, after which the load
continued to increase under compression. Despite the
weakening effect of the coating, both the 5-dip and 7-dip
NMN-coated μNDs retained fracture strengths well above the
minimum force required to penetrate human skin, which is
reported to be greater than 0.03 N per needle.107 These results
confirm that both 5 and 7 dip coated NMN μNDs were
mechanically robust enough for practical application and thus
identified for further skin studies.
4.4. Coated μND Skin Dye Visualization and NMN

Permeation. 4.4.1. Dye Visualization in Skin. To assess the
insertion depth of coated μNDs into the human skin explant
and visualize the distribution of drugs released from coated
μNDs, 3D printed μNDs were coated with a thin uniform layer
of the coating solution containing RB dye. Sucrose and Tween-
20 were also added to the dye coating solution to increase
adhesion and protect the integrity of the coated dye.108 The
RB dye has been shown to uniformly coat the μND shaft only
(Figure 9a-i,ii), with a discontinuation of dye film seen on the
base of the μND shaft (Figure 9a-ii). This confirmed the visual
coating of the 3D printed μNDs. The coated μNDs were then
inserted into the skin (Figure 9a-iii, skin with no μND
insertion) in vitro and removed after 45 s application. The
holes on the surface of the skin indicate microchannels created
by the μNDs (Figure 9a-iv).
To examine coated RB dye diffusion into the skin, a confocal

laser scanning microscope was employed to image the μND
treated skin. Imaging was taken up to a depth of 150 μm into
the skin, as illustrated in Figure 9b. The confocal images
demonstrate the successful deposition of RB dye at 30 μm into

the skin (Figure 9b, L2), whereas a disruption was visible to a
maximum depth of 150 μm. The μND treated areas were
clearly identifiable as circular, regular dots in the stratum
corneum (SC) and all the way into viable epidermis (VE).
This confirmed that the coated μNDs array not only can
puncture the skin but also can deliver the coated payload into
the skin.
4.4.2. In Vitro NMN Permeation Efficiency from Coated

μNDs. To better understand the NMN release kinetics from
the coated μNDs, NMN coated μNDs were dissolved in PBS
(pH 7.4) before being analyzed in the HPLC-UV (Figure S10)
and LC-MS systems (Figure S11), respectively. Both the
HPLC and LC-MS data indicated clear release of NMN from
the NMN coated μNDs without any degradation products.
To examine the permeation of NMN from NMN coated

μNDs in human skin in vitro, 3, 5, and 7 dip coated NMN
μNDs were applied on full thickness human skin on Franz
diffusion cell setup (Figure 10a-i) with the permeation profile
tracked for 24 h. First, to confirm microporation created by the
μNDs, the μND treated skin was examined using SEM and
histology cryosection. Micropore puncture on the skin surface
due to the NMN μND arrays was characteristically showed as
holes circular in shape (Figure 10a-ii). To ensure that the skin
did not fold onto itself, cross-sectioning of μND treated skin
tissue showed visible stratum corneum membrane disruption
(Figure 10a-iii). Clear puncture sites due to NMN coated
μNDs represented by the disruption of the stratum corneum
and the viable epidermis were visible. This barrier breach also
confirms the efficacy and the ability of these μND arrays to
create microchannels in the stratum corneum, thus facilitating
the passage of molecules across the skin.
For this study, only 3 dip (102.4 ± 19.5 μg), 5 dip (185 ±

54.9 μg), and 7 dip (311 ± 154 μg) coated μNDs were used.
Detectable quantities of NMN were observed in the receptor
chamber of Franz cells within 15 min of μND application (3
dip: 5.07 ± 0.51 μg, 5 dips: 21.5 ± 19.9 μg, and 7 dips: 30.5 ±

Figure 9. μND surface coating and visualization of deposition of Rose Bengal (RB) dye into the skin using coated μND array. (a)
Stereomicroscopy image of a single coated needle (i) Bright field image of RB coated μNDs; RB coat is indicated as a very light red hue on the
surface of the needle. (ii) Fluorescence microscopy image showing that the dye has penetrated inside the needle. (iii) Preinsertion skin and (iv)
coated μND treated skin. (b) Confocal laser scanning microscopy images of the Rose Bengal (RB) μND array insertion on full thickness excised
human skin. The red dots on the treated skin are representative of RB dye deposition in the skin. An illustration next to the confocal images shows
the depth of imaging. The respective pseudocolored green and red channels indicate the laser excitation/emission range of 545/562 nm and 640/
665 nm.
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19.0 μg of NMN) (Figure 10a-iv). This suggests rapid
dissolution of NMN from the coated layer on the μND
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 62.8 ± 7.34 μg (3 dips), 189 ± 34.5 μg (5
dips), 215 ± 30.8 μg (7 dips) of NMN. Quantitative analysis of
the overall NMN used for this study (Figure 10a-v) indicated
that approximately only 11.2 ± 4.52% and 3.68 ± 0.44% (5
and 7 dips) of the nominal NMN coating was recovered from
the μND arrays. The tape-stripping of the μND array treated

skin indicated approximately 17.1 ± 3.13% and 7.68 ± 0.55%
(5 and 7 dips) of NMN remained in the skin and 78.7 ± 14.4%
and 86.3 ± 12.3% (5 and 7 dips) of the nominal NMN was
detected in the receptor chamber of the Franz diffusion. This
study focused on quantifying the amount of NMN on skin SC
using tape stripping, which was performed with 20 strips. This
process only removed approximately 10 μm thickness of skin.
Our aim (unlike studies on intact skin86,87) was to demonstrate
little or no drug in the skin, as the skin barrier is breached, and
moreover, our work has demonstrated there was no drug
coated on the base of the μND patch (Figure 8)
4.4.3. Mechanistic Understanding of NMN Pharmacody-

namics. NMN is an established precursor molecule used in the
NAD+ synthesis pathway;74,109,110 therefore we hypothesized
that delivering NMN into the skin epidermis would increase
the amount of NAD+ synthesis. For this study, only 5× dipped
NMN coated μND arrays were applied onto mouse ear ex vivo
skin samples. The skin samples were then imaged using
multiphoton tomography (MPT), quantitatively assessing
NAD+ fluorescence lifetimes (τm) and those of free unbound
NADH (τ1).
The fluorescence of the stratum granulosum (SG) cells’

endogenous fluorophores allows visualization of the detailed
morphological cellular structure as well as changes caused by
an external stimulant (in this case NMN) noninvasively using
MPT.90 All fluorophores have a second characteristic to
distinguish them from other fluorophores, their fluorescence
lifetimes (τm). The photon counts over time for NAD(P)H of
the SG layer can in turn be used to define the fluorescence
decay curve, mean τm, and α1/α2. These parameters are
important to assess cellular metabolic function in a noninvasive
manner. We found a significant (p = 0.0076) increase in the
NADH mean τm in NMN coated μND treated skin (Figure
10b-i Coated μND + NMN; Figure 10b-ii, 867 ± 113 ps)
compared to control skin (Figure 10b-i Control; Figure 10b-ii,
1172 ± 85.1 ps). The ratio of the coefficient amplitudes for
free and bound NAD(P)H α1/α2, however, did not change
(data not shown), although the τ1 (free unbound NADH
lifetime in picosecond) reduced to 594 ± 154 ps for Coated
μND + NMN treated skin (Figure 10b-ii) compared to both
untreated skin (control, 742 ± 65.1 ps, Figure 10b-ii) and
Coated μND − NMN treated skin (768 ± 90.1 ps, Figure 10b-
ii). This suggests that the reduced lifetime of free unbound
NADH in the epidermal keratinocytes of mice ear skin is due
to the NMN released from the NMN coated μND arrays.

5. DISCUSSION
The surface resolution of μND arrays made in this study
compares favorably to previously developed μND arrays
fabricated using low-cost DLP (vat photopolymerization)-
based AM methods reported in the literature.29,34,54 The two
main advantages of the DLP-based AM method over the Fused
Deposition Modeling (FDM) based AM method are significant
improvement in the printing resolution within the micrometer
range and in the single fabrication step, rendering a smoother
surface compared to the two-step fabrication method
(FDM).29 Despite those advantages, replicating superior
dimensional resolution using low-cost SLA 3D printers in
the past has shown variable results,38,43−47 since most 3D
printed μNDs were fabricated using highly expensive 3D
printers.34,54 In this study, a significantly lower-cost benchtop
vat photopolymerization 3D printer (Phrozen, Taiwan) with
higher printing resolution (40 μm spot size) was used to

Figure 10. Illustration of skin puncture and NMN permeation profile
due to NMN coated μND arrays. (a) (i) Illustration of the Franz
diffusion cell setup to study the NMN diffusion kinetics in the skin.
(ii) SEM image of μND treated skin with inset showing magnified
image of one puncture site. (iii) Hematoxylin and eosin image of
μND hole in excised human skin. The image shows a H&E stained
cryosection of a μND penetration site in human skin indicated by
membrane disruption. Graphical presentation of the NMN perme-
ation profile from the NMN coated μND array (3/5/7 dip coated
μNDs) treated skin showing (iv) the cumulative average NMN
permeation amount (μg) and percentage (%) profiles, and (v) total
NMN reconciled in this study (n = 3 μND arrays). Individual
permeation amount and percentages represented as Avg ± SD. (b)
NAD+ regulation in the NMN coated μND array treated mouse ear
skin ex vivo (n = 2) in the stratum granulosum (SG) epidermal layer.
(i) Multiphoton tomography−fluorescence lifetime microscopy
images of SG cells of epidermis at 30 μm in depth, control (untreated
skin), μND treated skin, and coated μND ∓ NMN treated skin.
Graphical presentation of subsequent (ii) mean fluorescence lifetime
(τm) and (iii) free unbound NADH (τ1) quantified from photons
from the SG. Images are pseudocolored by offset values to distinguish
cellular NAD+ fluorescence levels (indicated by the color bar below
the set of composite images, ranging from 0−2000 ps). **Statistical
significance (p < 0.01) was determined using one-way ANOVA.
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produce μNDs with increased surface resolution, thus
improving the 3D design input to output ratio. This was
achieved by a combination of modifying the original 3D printer
resin and optimizing other key printing parameters. By
controlling key design parameters, such as print layer
(controlled by the movement of the build plate), print angle
(spatially rotating the model in CAD design), and aspect ratio
(height/base diameter ratio), this study demonstrated quick
and facile production of high-resolution μND arrays.
The first design parameter investigated in the parametric

study was the effect of the layer height on the μND quality.
The Phrozen 3D printer was able to print needles of acceptable
quality using 15, 25, 50, and 100 μm layer height. Decreasing
the print layer height resulted in a markedly improved and
smoother surface finish as the edges of the μND surface at an
angle to the z-axis became smoother. Edge ridge mismatches
are a consequence of the stair-stepping phenomenon that is
inherent to printing in layers but become less pronounced with
decreasing layer height.52 At 100 μm layer height, the
structural integrity was compromised by the relatively large
layer height which resulted in more pronounced edge ridge
mismatches thus increasing local stress concentrations (Figure
3c-i). Increasing the layer height print setting involves shorter
print time and decreased risk of print failure due to a smaller
number of individual layers to be cured. As the μNDs printed
in this study were in the micrometer range, consisting of a
relatively low number of layers, even with a 25 μm layer height
print setting, both of these advantages were negligible. We
therefore decided to continue with the parametric study using
a 25 μm layer height, which resulted in a smooth needle
surface finish. Despite the smoother surface of the μNDs, the
output needle height was still lower than the input value
(Figure 3c-ii). Therefore, we sought to improve that parameter
by optimizing the print angle. In general, μND arrays are
designed using a CAD program and then 3D printed, where
the backing layer and the base of μNDs are produced in a
similar manner to the input design due to the curing of a
sufficiently wide single stacking layer (at 0° print angle). The
limitation here is that the single stacking area becomes
narrower (reaching the μND tip) producing inaccurate and
inconsistent printing of tip shape. In our study, the stacking
area, including the tip, was widened by adjusting the print
angle. In doing so, the stacking area, including the μND tip,
increased as the stacking direction of the object was spatially
changed during the CAD design (Figure 4a-i). This study
demonstrated improved input to output height % and tip
diameter as the print angle approached 90°, yielding high
output μNDs (Figure 4a-ii). Despite this, the output needle
height was still lower than the input value; therefore, we sought
to improve that by optimizing the print aspect ratio. The
aspect ratio of a μND is defined as the ratio of the μND height
to base diameter, and this value is generally lower for a real
μND with respect to that of a perfect μND (i.e., a needle of
infinite tip sharpness) due to its inherently decreased base
diameter resulting from tip rounding. Our study demonstrated
that increasing base diameter was relatively proportionate to
the input value for μNDs of greater output height (Figure 4b-
i). As the needle input base diameter decreased below a value
of about 400 μm, we observed a greater increase of the height
discrepancy, resulting in μNDs with high aspect ratios. This
can be seen in Figure 4b-i and Figure 5a, where the smaller
base diameter μNDs appear asymmetrical, unlike their input
shape. This limitation is most likely related to the minimum

feature size in the x−y print plane and the realistic laser spot
size, even though the 3D printer manufacturer claims a 40 μm
spot size. Nonetheless, the output μND height was closer to
the input value (86−90%), and the tip diameter was smaller
(<40 μm) at a lower aspect ratio of 1:1.7 (Figure 4b-iii). To
further improve the 3D print input to output height %, we
examined whether increasing the print curing time would
improve the μND output height. The output height of the 3D
printed μNDs showed a trend of increasing tip radius with
decreasing needle height (Figure 5a). While the printed μNDs
were shorter than specified in the input model, this appeared to
be a predictable factor.
This difference between input and output dimensions is

attributed to the tessellation effect by the software which
converts the CAD design model to a printable model, the
minimum UV dose supplied during the photopolymerization
process, and the way a layer is drawn.34,52 UV light is
diffractive, and instead of focusing on a single spot, it will
smear out into a blurred spot at the image plane.34,52 A layer is
typically cured by a laser tracing the outline of the “cross-
sectional slice” and “cross-hatching” the space between.34,52

The gap between the laser traces while hatching is known as
hatch spacing and that controls the overlap.34,52 The closer the
hatch spacing, the more overlap exists, and that consequently
yields a more complete cure.34,52 With conical μND design, the
decreasing size of the cross-sectional slice (relative to the
center of the slice) results in reduction in overlapping
occurrence, and therefore an overall lesser UV dose for a
given point, i.e., areas closer to the center of the slice would be
affected less compared to areas further away by not receiving
the critical UV dose required for the polymerization process.
This process continues gradually as the cross-sectional area
further decreases as it reaches round shaped μND tips before
reaching full needle input height.34,52 This also explains the
increased input-to-output height discrepancy for higher aspect
ratio μNDs compared to that for lower aspect ratio ones, due
to a lower cross-sectional surface area in the x−y plane, as seen
in Figure 4b. Regardless, the tip diameter in this study is
among the sharpest needles printed using a low-cost 3D printer
to date.
The successful delivery of therapeutics through coated

μNDs depends on the reliability and uniformity of coating a
controlled drug film on the μND surfaces. Another important
component of the micro-dip-coating process is the dip-coating
device itself. Simply dipping μNDs into a large container
containing coating formulation has resulted in contamination
of the μND base (Figure 6a-vii). Capillary forces are mainly
responsible for the rise of the free meniscus along the μND
shaft, eventually pulling the formulation to touch the μND
base. This effect is amplified in an array due to the close
spacing of the μNDs, which enhances the capillary effect and
can lead to bridging of the coating solution between adjacent
μNDs, as demonstrated in our study. To address these issues,
we have developed a 3D printed dip-coating microtank design
that uses dip holes with dimensions similar to that of individual
μNDs instead of a large space, thus preventing the meniscus
rise and physically masking the base substrate between μNDs,
as individual needles are now independent determinants of
microsurface phenomena (Figure 6b-iv). Using this micro-dip-
coating device, coating deposition can be highly controlled to
localize only on the μND shaft and, when desirable, in a
reproducible manner (Figure 6a). Concerning the practicality
of the microtank dip coating device developed in our study, it
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only required very small volumes of coating solution (Figure
8c), ranging from 4 μL/well for 3 dip to 36 μL for 27 dip out-
of-plane arrays. This is important since many experimental and
established biotherapeutics are expensive and available only in
limited quantity. Prausnitz et al. also identified the formation of
air bubbles, which can interfere in the coating process,
therefore rendering the coating process less effective.63 To
alleviate this, holes were added into the back of the array to
prevent the formation of air pockets (Figure 6b-i).
Using the new microtank coating device, our initial attempts

to coat μNDs by dipping into an aqueous drug solution
containing fluorescein resulted in zero coating surface coverage
on the μND shaft (Figure 7a). Our first approach to solve this
problem was modifying the coating formulation by increasing
the viscosity and reducing the surface tension using 5% (w/v)
sucrose and 0.01% (w/v) Tween-20 as the viscosity enhancer
and surfactant, respectively. This enabled complete and
uniform coverage of the dipped μND surface (Figure 7g).
This coating formulation has been shown to be very versatile in
our study. The two excipients used to modify the coating
formulation are FDA approved excipients used in injectable
formulations; therefore, this coating formulation should also be
safe for use in humans.
The administration of the nicotinamide mononucleotide

(NMN) to increase plasma NAD+ levels has been shown to
ameliorate age-associated pathophysiologies and disease
conditions, such as restoring NAD+ biosynthesis in impaired
pancreatic beta cells69 and improvement of metabolic disorders
such as obesity and diabetes through NAD+ mediated
pathways.70−74 However, due to first pass metabolism, an
increased amount of NMN is currently orally delivered.110−113

Therefore, the objective of this study was to deliver NMN
transdermally by using coated μNDs as a potential alternative
to oral delivery. Our coated μNDs were capable of penetrating
the skin of up to 150 μm deep into the dermis layer of the skin
tissue (Figure 9b), even though the μND height was
approximately 800 μm. This notable difference is due to the
skins’ resistive force acting against the μND insertion,2 since
the elastin fibers and collagen within the dermal layer provide
strength and flexibility, with increasing stiffness as the fibers
straighten.2,114,115 This, however, had minimal effect when
delivering a model dye molecule (Rose Bengal) deep into
human donor skin in vitro, as evident by the μND coated Rose
Bengal dye fluorescence signal detected as deep as 100 μm in
the skin (Figure 9b), and NMN permeation through full
thickness skin (Figure 10a-iv). It is important to note, however,
that two different insertion methods were employed for skin
insertion studies: thumb force for initial application and a
texture analyzer for assessing skin membrane disruption, each
serving specific purposes. Thumb force was used to simulate
real-world patient application, ensuring practical relevance,
while the texture analyzer provided a controlled and consistent
force of 20 N to ensure reproducibility in assessing micropore
creation. The texture analyzer data establishes a benchmark for
optimal insertion force, addressing concerns about translational
reproducibility and informing the design of patient instructions
or applicator devices. Although both methods have produced
micropuncture sites on the skin, it is noteworthy that a force
beyond 20 N is sufficient to effectively pierce the skin in these
experiments.
NMN permeation from the coated μND arrays in the skin

included two stages: the dissolution of the coated NMN in the
skin and the diffusion/permeation of NMN in the skin. The

dissolution of the coated NMN from the μND arrays was quick
soon after insertion, as evident by the NMN detection in the
receptor chamber within 30 min postapplication, followed by a
gradual release over 24 h of approximately 250 μg of NMN
(Figure 10a-iv). A past study demonstrated significant
pharmacodynamic effect when NMN plasma levels were
above 40 μM within 14 h after intraperitoneal (ip)
administration of NMN (500 mg/kg body weight) in female
mice.71 Assuming that the biodistribution route of drug
released from μND arrays is similar to the ip rather than the
oral route, to achieve NMN plasma levels of 40 μM, we would
require an NMN amount equivalent to 12.6 mg (40 μM ×
314.219 μg/μmol). By this rationale, NMN μND arrays
containing a NMN nominal load of approximately 1695 μg of
NMN (approximately 6 arrays with 16 μNDs each) could
potentially deliver therapeutically relevant doses of NMN in
mice studies in vivo.
The μND patches in our study were engineered for single-

use applications, aligning with standard practices in drug
delivery systems to guarantee both efficacy and safety. By
limiting μNDs to a single use, we eliminate any potential
impacts on subsequent applications that could arise from the
drug loading method. While surface coating techniques,
especially those utilizing viscosity enhancers and surfactants,
can influence drug loading capacity and release profiles, these
effects are primarily relevant during the first application. Our
findings demonstrated 78.7 ± 14.4% and 86.3 ± 12.3% of the
nominal NMN amount (5 dip: 185 ± 54.9 μg and 7 dip: 311 ±
154 μg) successfully dissolved from the μND tips and diffused
through full-thickness human skin in vitro (Figure 10). For
single-use applications, the critical factors are the uniformity
and reproducibility of the drug loading across each patch.
Research consistently shows that single-use μND patches
deliver precise medication doses, minimizing variability risks
associated with repeated use.66,67,117 Consequently, the drug
loading method’s influence is effectively confined to the initial
intended use of each patch, ensuring reliable and consistent
therapeutic outcomes. In addition, our results indicate a faster
and higher release/permeation with the 7× dip coated μNDs
compared to the 5× and 3× coatings that can be attributed
primarily to the increased dose rather than just the coating
thickness (Figure 10a). While a thicker coating might suggest a
longer dissolution time, it also results in a greater quantity of
the active ingredient available for release, creating a steeper
concentration gradient and thereby enhancing permeation.
The dissolution time may not linearly correlate with coating
thickness if dissolution is diffusion-controlled and the surface
area exposed to the receptor medium remains consistent across
different dipping cycles.118,119 Therefore, the higher dose
provided by the 7× coating significantly impacts the overall
release and permeation profile. This highlights the importance
of optimizing coating thickness not only for dissolution
kinetics but also for controlling dose-dependent permeation
characteristics of the μND system.
Currently invasive/destructive methods such as immunohis-

tochemistry, metabolic assays, and PCR used to measure cell
metabolism both in vitro and in tissues are used to determine
NAD+ regulation in cells. These techniques are laborious and
invasive, which often render cells unviable and unrecoverable
for in vivo dynamic observations. We also report a noninvasive
optical technique to interrogate the upregulation of NAD+ in
keratinocytes (ex vivo) when treated with NMN coated μND
arrays. This technique exploits intrinsic autofluorescence of
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cells and tissues using multiphoton microscopy. We demon-
strate that fluorescence of the endogenous NADH in the
HaCaT cells show a decreasing trend in both the average
fluorescence lifetime (τm) and the free unbound NADH (τ1),
while we see an increasing trend in the NADH/NAD+ cellular
redox ratio, with increasing dosage of NMN administration.
Haridass et al. have previously demonstrated a similar trend
and concluded it was indicative of cell death due to cellular
metabolic stress after the application of their Nanopatch.116

This was, however, not the case in our study, since our data
showed a difference in both the fluorescence lifetimes τm and
free unbound NADH τ1 between the skin treated with NMN
μND arrays and the skin treated with μND arrays without
NMN (Figure 10b-ii,iii). This confirms that the reduced τm
and τ1 is caused by the NMN embedded in the μND rather
than the mechanical stress exerted by the microprojections on
keratinocytes. This pharmacodynamic effect elicited by NMN
coated μND arrays demonstrates a viable and alternative route
of drug administration through the dermal route.
The application of 3D printing in the fabrication of solid

μNDs is a relatively simple method that can be adapted by
researchers with only basic skills in CAD design required. Our
proposed optimization method offers a viable alternative to
manufacturing highly resolved μND arrays, including the
ability to design and fabricate multiple μND array designs in a
short time (approximately 2 h/30 arrays) at a relatively low
cost. Additionally, as benchtop 3D printers are suitable for use
in the lab, molds can be fabricated in-lab without requiring
expensive machining instruments.
While the AM method generally allows for fabrication of

more complex geometries which is not possible with
conventional subtractive manufacturing methods, our study
chose to manufacture conical-shaped straight μNDs as our
choice of design for several reasons. Conical-shaped needles
are extensively used in μND research and the most common
and preferred design, therefore offering a simple low-cost
manufacturing method that greatly benefits the researcher.
Lastly, the resolution of the Phrozen printer could pose a limit
on more complex μND structures, although recent advances in
light technology have resulted in improved 3D printer
performance by reducing the spot size to 20 μm. Desktop
3D printers (Phrozen 4K and 8K) are becoming rapidly
abundant in the research environment since they allow for
rapid prototyping. Therefore, such printers may already be
available to laboratories focusing on μND research, aiding in
the adaptation of this fabrication technique. The methods
outlined here could also facilitate the optimization of direct
fabrication of μND arrays made from biocompatible
photocurable polymers, which are becoming more readily
available.

6. CONCLUSION
This study developed a very low-cost, simple, and customizable
method for the fabrication of μND arrays by means of a
commonly used, commercially available, and affordable 3D
printer. The resin viscosity was modified to help with the
manufacturing of μNDs with enhanced micrometer surface
topography. A parametric study showed that printing μNDs
with excellent tip sharpness beyond the 3D printer’s defined
resolution limits is possible with correct print settings. Printed
μND parameters showed a discrepancy from those in the
virtual CAD model. Compared with the model, the printed
needles were found to be shorter and have a greater than

specified aspect ratio, but this was corrected by controlling the
print layer height, print angle, and aspect ratio.
To our knowledge, this is the first study where an innovative

micro-dip-coating device was designed and fabricated on
demand with a low-cost benchtop 3D printer to control surface
tension driven wicking of coating solution up μND shafts. The
coating formulation was also developed to achieve uniform
coating and spread on μNDs by using low concentrations of
the viscosity enhancer sucrose and reducing the surface tension
by adding the surfactant Tween-20 as coating excipients.
Taking these findings into consideration, μND arrays were
coated for the first time with a NAD+ precursor small
molecule, NMN, with increased accuracy and without
contaminating the μND base. The coated 3D printed μND
array was able to deliver the nutraceutical molecule NMN into
human skin, as well as regulate the NAD+ levels in the mouse
ear model. The fabrication method demonstrated here can be
directly applied by μND researchers in-lab regardless of
microfabrication expertise or access to workshops with
specialized instruments, while allowing rapid prototyping of
μND arrays with parameters tailored toward their specific
requirements.
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