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Microneedle patches have been widely used in a minimally invasive manner for various drug
delivery applications. However, for developing these microneedle patches, master molds are re-
quired, which are generally made of metal and are very expensive. Two-photon polymerization
(2PP) technique can be used for fabricating microneedles more precisely and at a much lower cost.
This study reports a novel strategy for developing microneedle master templates using the 2PP
method. The main advantage of this technique is that there is no requirement for post-processing
after laser writing, and that for the fabrication of polydimethylsiloxane (PDMS) molds, harsh
chemical treatments such as silanization are not required. This is a one-step process for manufac-
turing of microneedle templates which allows easy replication of negative PDMS molds. This is
done by adding resin to the master-template and annealing at a specific temperature, thereby mak-
ing the PDMS peel-off easy and allowing re-use of the master template multiple times. Using this
PDMS mold, two types of polyvinyl alcohol (PVA)-rhodamine (RD) microneedle patches were de-
veloped, namely, dissolving (D-PVA) and hydrogel (H-PVA) patches and were characterized using
suitable techniques. This technique is affordable, efficient and does not require post-processing
for development of microneedle templates required for drug delivery applications.

» Two photon polymerization can be used for cost-effective fabrication of polymer microneedles
for transdermal drug delivery.

* Post-processing or surface-modification procedures are not required for these master tem-
plates.

+ Using a simple annealing step, the master template becomes reusable and robust for peeling
off polymers like PDMS.
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Background

Medicated transdermal formulations have been attractive, suitable and affordable for treating many disease conditions. Drug
release from such topical ointments or dermal patches leads to absorption by the stratum corneum or diffusion through the epidermis
and uptake by the dermal papillary layers. However, this method has low drug diffusivity through the skin barriers [1]. Patches
with a tiny array of microneedles loaded with therapeutic agents can overcome these limitations and enhance the effectiveness
of drug permeation through the skin. These microneedles can deliver therapeutics by piercing the epidermis and dermis, thereby
bypassing the barrier layers. Microneedles can also be used to deliver specific genes to activate the immune mechanisms of the body
to fight against disease conditions. Microneedle patches are semi-invasive and relatively painless for administering drugs or medicated
formulations [2]. A plethora of biocompatible and biodegradable polymers and their composites have been used for the fabrication
of microneedle patches. Polymer microneedle patches are particularly useful because of their affordability and versatility in terms
of the development of a varied range of microneedle shapes, such as solid, hollow, tapered-end, or cylindrical needles of desired
length and arrays. Different polymers such as polyvinyl alcohol (PVA), polyvinylpyrrolidone, starch, cellulose, chitosan, and sodium
alginate have been used to develop dissolving, hollow, or solid microneedles for the delivery of drugs. However, preparation of a
robust master template is a prerequisite for the fabrication of polymer microneedles. From these master templates, PDMS-negative or
positive molds are made for casting the desired polymers with drug formulations and fabricating the microneedles [3]. These master
templates can be prepared from silicon or glass but are very expensive and fragile. Metal-based master templates are fabricated using
laser cutting techniques that are quite expensive and require expensive facilities and skilled personnel. 3D printing techniques such
as fused deposition modelling using polymer filaments such as acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA) can
be used. Although this method is cost-effective, the resolution that can be achieved is limited and allows printing only micron-scale
features [4,5]. Two-photon polymerization is an advanced technique used for printing nano- as well as micron-scale features with high
precision. Polymers or resins can be photopolymerized into any desired structure using a femtosecond laser beam. The advantages
of this technique are that different sizes and shapes of needles can be printed with high aspect ratio, high resolution, precision, and
reproducibility in a cost-effective manner [6].

Typically, the microneedle master templates fabricated using 2PP require multiple processing steps to develop polymer micronee-
dles. After printing the master template, PDMS cannot be cast directly on the structures because the elastomer adheres to the template
during the curing and de-molding process [4]. To prevent this, the surface of the master template is treated with hazardous chemicals
such as trichloro (1H, 1H, 2H, 2H-perfluorooctyl) silane or perfluorodecyltrichlorosilane [4]. Further, since these master templates
comprise high aspect ratio microneedle structures required for drug delivery applications, they need to be robust to prevent their
breaking during the process of PDMS molding. In this study, we have optimised a novel one-step approach that requires less than
6 min of processing time after the master template is fabricated. Further, it allows multiple replications of PDMS molds without dis-
torting the microneedle array or breaking the master template. The microneedle master templates created using 2PP were spin-coated
with the photoresist and annealed at high temperature. To our knowledge, this is the first report on a temperature-based annealing
technique that can be implemented for 2PP written microneedle master templates. Main advantage of this process is that PDMS can
be directly cast on the templates without any additional surface treatments and can be removed without distorting or breaking the
template. Using this method, we have fabricated two types of microneedle patches: the dissolving (D-PVA) and hydrogel (H-PVA)
microneedle patches. Rhodamine B was incorporated as a model drug to study the release profile. Furthermore, physical and bio-
logical characterization of these microneedle patches was performed to validate the potential of our technique. This strategy for the
development of polymer microneedle patches is cost-effective and scalable.

Method details
Designing the template

The microneedle array was designed in Solidworks software and imported as a .stl file in Nanoscribe software. This created a .gwl
job file, which was loaded into the Describe software for optimization of printing parameters and total hours of laser writing required
for fabricating a particular template.

Fabrication of template using 2PP

The master template design was imported to a Nanoscribe Photonic Professional GT (Nanoscribe, Germany) for direct laser writ-
ing or 2PP. The substrate used for 2PP was indium tin oxide (ITO) coated glass slide (Nanoscribe, Germany). A drop of IPS resin
(Nanoscribe, Germany) was placed on the surface of the ITO coated glass slide. For laser writing, a 25x objective with a numerical
aperture of 0.8 was used for focusing the laser beam. The desired structure was written on the glass slide in a layer-by-layer fashion
and monitored using a real-time camera. After completion of the writing process, another drop of resin was added on top of the master
template and spin-coated at 6000 rpm for 2 min and annealed at 190 °C for 3 min. An unannealed structure was also fabricated for
comparison.

Preparation of microneedle array molds

PDMS molds were cast out of the 2PP written templates. For this PDMS pre-polymer mix was prepared by mixing the base and
curing agent (10:1) and kept in a vacuum desiccator for 30 min for removal of gas bubbles. This PDMS pre-polymer mix was poured
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Table 1

Dimensions of microneedle master template.
PARAMETERS DIMENSIONS
Needle height 800 um
Needle base diameter 250 pm
Needle tip diameter 30 pm
Distance between needles 1 mm
Base height 50 pm
Array size 3x3
Total area of template 4 x 4 mm

onto the microneedle master template and again degassed using a vacuum desiccator. The master template with PDMS pre-polymer
was cured at 70 °C for 2 h in a vacuum oven and then allowed to cool at room temperature. The PDMS mold was peeled off slowly
from the master template and used as a negative mold for fabrication of polymer microneedle arrays.

Development of polymer microneedles

Polyvinyl alcohol (PVA) (10% w/v) was used for making microneedle patches. PVA was dissolved in distilled water and crosslinked
using a green crosslinker, citric acid (2% w/v). Rhodamine B was used as a model drug and incorporated (1 mg/ml) into the PVA
solution. This polymer mix was cast on the PDMS mold, degassed using a vacuum desiccator for 10 min, and then centrifuged at
3000 rpm for 15 min at room temperature. This was repeated twice and then kept for drying overnight in a vacuum oven at 40 °C.
The microneedle patch was then peeled off and used for further characterization. PVA microneedle patch without any crosslinker
was also developed using a similar method. Thus, the two different microneedle patches were as follows: dissolving microneedles
(D-PVA) without the cross-linker and the hydrogel microneedles (H-PVA) with the cross-linker.

Characterization of microneedles

For visual characterization, the master template and polymer microneedle patches were imaged using a stereomicroscope (SMZ
18, Nikon) as well as a scanning electron microscope (SEM). Confocal images (LSM780, Carl Zeiss) of rhodamine-incorporated poly-
mer microneedle patches were also taken. Crosslinked microneedles were subjected to swelling in PBS solution for 24 h and stereo
microscopy images were taken before and after swelling. A cumulative release profile of rhodamine from crosslinked PVA micronee-
dles was assessed. For this, a known concentration of the model drug was loaded into the microneedle patch and cast in the PDMS
mold. Patches were kept in PBS and at different time intervals, PBS was removed for analysis and fresh PBS was replenished. To
determine the concentration of rhodamine that was released, fluorescence of collected PBS samples was taken at 546 nm. A standard
curve at different concentrations of rhodamine was used to calculate the unknown concentration released at different time points. In
vitro degradation study was performed using simulated body fluids (SBF) (ASTM F1635-04) [7]. For this microneedle patches were
soaked in SBF solution and at different time points, samples were dried and weight was measured. The percentage of weight retained
was calculated as per the following equation:

Weight(%) = (Wi—W £)/Wi x 100

where Wi is the initial weight and Wf is the final weight of the patches.

A universal testing machine (UTM) was used to perform compression test for examining the mechanical characteristics of the
microneedles. For the analysis, a 3 x 3 array of the microneedle patch was used. Microneedles were compressed upto a height of 600
um and stress vs. strain graph corresponding to this compression was plotted.

Skin penetration analysis using computer simulation

The simulations were performed using COMSOL Multiphysics version 5.5. Skin was represented by three layers, namely the stratum
corneum (10 um thickness), epidermis (150 pm) and dermis (1000 um) [8], which had Young’s moduli of 26 MPa, 0.136 MPa, and
0.066 MPa, respectively and a Poisson’s ratio of 0.49 [9,10]. Microneedles were modelled as per the dimensions given in Table 1.
Different shapes such as cylindrical, pyramidal, and serrated microneedles were used to compare their stress profiles. Studies have
shown that skin is resistant to penetration upon application of an axial load of 3.18 MPa at the needle tip [11]. Young’s modulus of
microneedles was estimated via compression test, and the same was fed into the model for simulation. Simulations were performed
for single as well as an array of microneedles.

Hemocompatibility analysis
The effect of PVA microneedle patches on erythrocytes was determined by performing hemocompatibility analysis as per ASTM

F756-00 (2000) standard [8]. Microneedle patches were directly incubated with blood diluted in PBS (10:1 ratio) for 1 h at 37 °C.
RBC lysis buffer was used to completely lyse the blood, which was used as a positive control while only PBS with the patch was
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Fig. 1. (a) Microneedle template design; (b-c) stereomicroscopic images and, (d-e) SEM images of unannealed master template; (f-g) stereomicro-
scopic images, and (h-i) SEM images of annealed master template.

used as blank. After 1 h of incubation, samples were centrifuged at 2500 rpm for 5 min and supernatant was used to measure the
absorbance at 540 nm. The hemolytic index was calculated as reported in Pillai et al. [12] using the following equation:

Hemolysis(%) = [(OD of Sample — OD of Negative Control)/OD of Positive Control] x 100

In vitro cytocompatibility assay

For evaluating the cytocompatibility of polymer microneedles, human adult dermal fibroblast (HADF) cells were cultured in a
96-well plate and direct contact assay was performed as per the ISO 10993-5 guidelines [13]. Briefly, 1 x 105 HADF cells/well were
cultured in a 96-well plate for 24 h after which 6 mm punches of the patches were kept on top of the monolayer of cells for 72
h. MTT assay was performed as per Pillai et al. [12]. To study the effect of degradation products of microneedle patches on cells,
supernatants of patches incubated in SBF, were collected at different time intervals and incubated with HADF cells to assess their
cytocompatibility. This experiment was conducted in accordance with ISO 10993-13 (part 3) [14].

In vivo biocompatibility

To assess the penetration of skin by the microneedle patch, C57BL/6 female mice were used (Ethical committee approval no.
05/2020). Five animals were used for this study: two for dissolving microneedle patches, two for hydrogel patches, and one as
untreated control. Dorsal surface of the animal was shaved and two microneedle patches on opposite sides of the skin were inserted
using fingers. At the end of day 7, animals were euthanized and their skin was collected. These skin samples were freshly subjected
to cryo-microtome cutting for imaging with a fluorescence microscope (IX83, Olyumpus) for assessment of penetration and release
of rhodamine dye into the skin. Samples were then stained with hematoxylin and eosin (H&E) as per the protocol given in Saha et al
[15]. The extracted skin was also used for assessment of microneedle penetration using SEM after fixation.

Statistical analysis

All experiments were performed in triplicates and represented as mean + standard deviation. Statistical analyses were performed
using a one-way ANOVA with Tukey’s test using GraphPad Prism and p < 0.05 was considered significant.

Method validation
Microneedle design and direct laser writing
The dimensions of the microneedle array are shown in Table 1 . A 3 x 3 microneedle array design was made in Solidworks and

laser written using Nanoscribe Photonic Professional GT (Germany). Fig. 1a shows the microneedle design used for 2PP, which took
3 h for the entire structure to be fabricated.
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PDMS Mold

PDMS Mold
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Other master templates

Fig. 2. Digital micrographs of (a) an unannealed template and its (al) PDMS mold; (a2) Stereomicroscopic image of the PDMS mold; Digital
micrographs of (b) an annealed master template and its (b1) PDMS mold; (b2) Stereomicroscopic image of the PDMS mold. Other laser written
master templates of (¢) 5 x 3 array and (d) 7 x 7 array.

Annealed master template shows better PDMS peel-off

The microneedle master template was spin-coated with resin and annealed at a high temperature. Stereomicroscopic (Fig. 1b and
¢) and SEM (Fig. 1d and e) images of the annealed (Fig. 1b-e) and the unannealed (Fig. 1f-i) templates. SEM images of the annealed
template showed a uniform coating of the resin on the surface of the microneedles (Fig. 1h and i). This technique also provides
additional strength to the microneedles for casting PDMS molds. The entire process for the fabrication of annealed and unannealed
master templates is given in supporting information 1. PDMS molds casted from the unannealed (Fig. 2a) and annealed (Fig. 2b)
templates showed the annealed templates to be sturdy enough for easy PDMS peel off enabling its multiple reuse (Figs. 2al-a2). In
case of unannealed template, needles were displaced, and molds were also not formed properly as needles got stuck onto the PDMS
during casting and curing (Figs. 2b1-b2). To demonstrate the robustness of annealed templates, 5 x 3 (Fig. 2c) and 7 x 7 (Fig. 2d)
arrays of microneedle templates were fabricated using this technique.

Characterization of PVA microneedle patches

PVA was used as a polymer for the development of microneedle patches. D-PVA and H-PVA microneedles were fabricated with
and without the incorporation of rhodamine, which was used as a model drug. Fig. 3a shows the steps involving PDMS casting from
the template and development of PVA polymer microneedle patches from the PDMS mold with (and without) crosslinker. Surface
morphology and fluorescence of rhodamine-incorporated polymer microneedles can be seen in the SEM (Fig. 3b-c) and confocal
images (Fig. 3d), respectively.

PVA is a non-toxic biomaterial widely used for fabrication of hydrogel microneedles. H-PVA microneedle patches (Fig. 3e) exhibit
high swelling attributed to their hydrogel properties (Fig. 3f and g). The release profile of rhodamine (RD) from H-PVA-RD patches
was studied for 12 days in PBS and it was found that 80.8 + 1.9% of rhodamine was released at the end of the study (Fig. 4a).
Degradation profiles of H-PVA and H-PVA-RD patches in SBF showed a weight loss of 30% at the end of 30 days (Fig. 4b). The
compression test of RD-incorporated microneedle array performed as shown in the schematic of Fig. 4 reveals that after compression
only the needle tip gets broken due to stress as depicted by the SEM image (Fig. 4d). H-PVA-RD exhibits higher compressive strength
when compared to the un-crosslinked D-PVA-RD (Fig. 4e).

Fig. 5a shows complete degradation of the microneedle by day 24. Agar was used to simulate in vivo degradation wherein
microneedle deformation at various time intervals was imaged stereo microscopically to assess morphological changes of the mi-
croneedle due to degradation in SBF. For the D-PVA microneedle patches fabricated without a cross-linker, the dissolving time was
17 m (Fig. 5b).

Effect of microneedle shape on its stress profile and displacement profile of human skin

The skin was modelled as a cylinder depicting various layers of skin (stratum corneum, epidermis and dermis) along its length
(Fig. 6a). COMSOL was used to simulate microneedle penetration into human skin and a force of 5 N was applied to the needles
of various shapes. von Mises stress profile of individual needles was assessed and the influence of needle shape on skin penetration
was simulated. Stress profiles for cylindrical (Fig. 6b) and pyramidal (Fig. 6¢) microneedles were found to be similar while the
serrated microneedle showed highest stress (3.3 x 10 N/m?) as seen in Fig. 4d. Further, stress exhibited in microneedle array (4.89
N/m?) was found to be lower that than that of its corresponding single cylindrical needle due to distribution of force across multiple
microneedles (Fig. 6e). Skin displacement was found to vary depending on the needle shape as well. Lowest skin displacement was
seen when a serrated needle (1 pm) penetrated in the human skin while maximum displacement was observed in case of a pyramidal
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Fig. 3. (a) Steps for fabrication of PVA microneedle patch; SEM images of (b) 3 x 3 array and (c) single needle of PVA microneedle patch; (d)
Confocal image of rhodamine incorporated PVA microneedle. Stereomicroscopic images of (e) H-PVA patch and single microneedle (f) before and
(g) after swelling.
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Fig. 4. Characterization of microneedles. (a) Cumulative release (%) of rhodamine from H-PVA microneedle patch; (b) Degradation profile of H-PVA
microneedle patches in SBF upto 32 days; (c) Schematic showing compression test performed for microneedle array; (f) SEM image of microneedle
after compression; (d) Stress vs. strain profile of H-PVA- RD and D-PVA-RD microneedle arrays. Data are shown as mean =+ s.d. (p < 0.05).

needle (7.94 um) as seen in Fig. 6f - h. Skin displacement was substantially more for microneedle array (14.6 um) as compared to its
corresponding single cylindrical needle

The microneedle tip was most affected by the penetration into the skin, as seen by the stress profile and SEM image of the mi-
croneedle following compression test. This study also provides evidence for the capability of the developed microneedles to penetrate
human skin.

Microneedle patches and their degradation products are cytocompatible

In vitro cytocompatibility assessment for the microneedle patches was performed using three different methodologies, namely,
hemocompatibility and cell viability using direct contact and degraded products of PVA microneedle patches (Fig. 7a). Biomaterials
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Fig. 5. Stereo-micrographs of various stages of (a) Degradation of an H-PVA hydrogel microneedle and (b) Dissolution of a dissolving D-PVA
microneedle patch.
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Fig. 6. Penetration of microneedle into human skin simulating stress. (a) Model representing penetration of microneedle into human skin; Stress
profile of (b) cylindrical, (c) pyramidal, (d) serrated microneedle and (e) array of cylindrical microneedles inserted into human skin; Displacement
profile of human skin upon penetration of (f) cylindrical, (g) pyramidal, (h) serrated microneedle and (e) array of cylindrical microneedles.

with a hemolytic index greater than 5% are considered non-hemocompatible as per ASTM F756-00 (2000) standard. Hemolysis
percentage was found to be less than 2% (non-hemolytic) in the absence of RD in the patches with and without crosslinking, while
incorporation of RD increased it to above 2%, making them slightly hemolytic (Fig. 7b). This may be due to a high dosage of RD in
the patch. In vitro cytocompatibility of PVA patches was assessed using MTT assay. For the direct contact assay, patches were kept
directly on an HADF monolayer for 72 h after which MTT assay was performed. All patches, with and without RD, gave a cell viability
of ~90%. To assess the cytotoxicity due to degradation products of the patches, samples were incubated in SBF and supernatants
containing the degraded products of patches were collected at different time intervals. These samples collected over 32 days were
subjected to MTT assay and showed similar cytocompatibility.
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viability, and (d) Effect of degraded products of PVA microneedle patches on cell viability evaluated using MTT assay. Data are shown as mean +
s.d. (p< 0.05).

Microneedles can effectively penetrate the skin of mice

In vivo biocompatibility assessment of microneedle patches (D-PVA-RD and H-PVA-RD) was performed in C57BL/6 mice (Fig. 8a
and b). At the end of day 7, patches were removed and skin was excised followed by imaging via fluorescence (due to RD) or bright
field microscopy after H&E staining. There was no visible sign of sensitization or irritation on the skin where the patches were placed.
SEM image of skin indicated microneedle puncture mark confirming its penetration (Fig. 8c). Fluorescence images validated the
release of RD into the skin in both cases and showed a clear demarcation of the epidermis and dermis (Fig. 8d and e). H&E images
also showed clear anatomical demarcation of the dermal layers of skin similar to control (Fig. 8f-h). In D-PVA patches, burst release
of RD likely caused some immunogenic effects leading to immune cell infiltration (Fig. 8f). This result is in accordance with the in
vitro hemocompatibility observed for high dosage of RD, as discussed earlier. However, in case of H-PVA patches, no immune cell
infiltration was observed and patches were found to be biocompatible (Fig. 8g). Fig. 8h showing an H&E-stained image of untreated
skin of mice showed a similar anatomical profile of the dermal layers.

Discussion

Recently, transdermal drug delivery has gained a lot of attention for various diseases due to its semi-invasive mode. Drugs can be
systemically administered via transdermal route which avoids elimination in the gastrointestinal tract or first-pass hepatic metabolism
[16]. Microneedles are an array of micrometer-sized needles that puncture the outer layer of the skin to deliver drugs or biother-
apeutics into the body. Microneedle-based delivery could be a commercially appealing product that improves patient compliance,
especially for disease conditions that require repeated injections, such as hormone therapy, insulin delivery or even vaccination [1].

Most common methods for fabricating master templates for polymer microneedles include techniques such as stereolithography
[171, electro discharge machining [18], 3D printing [19], which are either time-consuming, expensive or limited by poor mechanical
properties, low aspect ratio, and precision (Table 2). Two-photon polymerization (2PP) enables fabrication of intricate micro-and
nanoscale structures and outperforms other approaches in terms of geometric control, scalability, resolution, while also lowering
the expenses associated with lithography and electro discharge-based techniques [20]. In this study, we have come up with a novel
strategy for development of microneedle master templates using 2PP. A simple and quick (~ 5 min) annealing process was shown to
be sufficient for fabrication of a robust master template of various microneedle arrays (3 x 3, 5 x 3 and 7 x 7) that could be reused
multiple times (Fig. 1). The shortest needle length that can be printed using our optimized technique is 100 pm. Generally, 2PP written
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Fig. 8. In vivo biocompatibility assessment of microneedle patches performed in C57/BL6 mice. (a) Schematic showing microneedle insertion and
subsequent rhodamine release in skin; (b) Digital micrograph showing insertion of PVA microneedle patch into the dorsal skin of mice; (c) SEM
image showing marks from microneedle insertion into the skin; Fluorescence images of skin after removal of (d) D-PVA and (e) H-PVA patches.
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Table 2
Comparison of different printing techniques for microneedles.
Technique Advantages Disadvantages Ref
3D printing Cost effective Low printing resolution [4,5]
SLA High printing resolution Requires additional processing [17]
(~10 pm)
Electro discharge machining Cost effective Creating pm-sized structures is difficult [18]
2PP High printing resolution Expensive equipment [6]
(~200 nm)

structures require 20-30 min of development using propylene glycol monomethyl ether acetate and isopropyl alcohol [6]. However,
in this study, such post-processing is not required after direct laser writing. Further, in many laser-based fabrication techniques, other
time-consuming post-processing steps are also involved before PDMS casting and curing. Hojatollah et al. [4] fabricated microneedle
master templates by engraving them in an acrylic sheet using a CO, laser. These master templates were dried for 30 min and passivated
overnight using trichloro (1H, 1H, 2H, 2H-perfluorooctyl) silane for subsequent fabrication of PDMS molds. Similar silane-based
hazardous chemicals are used for passivation of templates for which appropriate safety measures need to be taken.

The annealed master molds in this investigation were not subjected to any development, passivation or post-processing procedures
using hazardous chemicals, yet they could be reused more than 100 times. In this study, spin coating the photoresist on the fabricated
template resulted in an additional thin layer of resin covering the surface and base of the microneedle. The additional layer aided
in firmly anchoring the microneedle base and preventing it from falling off. Following the addition of the resin layer, a 1-minute
spin coating ensures uniform resin deposition without compromising the fidelity of the microneedles (Fig. 1f -i). Acrylic resins are
thermoset polymers, they can be hardened by a simple heat curing step [21]. The nanoscribe IPS resin contains photoinitiators, and
heating promotes free-radical polymerization, resulting in more durable master templates. Subsequent annealing or heat treatment
of these master templates at 190 °C considerably improved their strength and robustness. Fig. 2b shows that the resin coats the base
of the needles, thereby giving them more strength and keeping them from falling off. This functionality, however, was not seen in
the unannealed template (Fig. 2a). As a result, this approach aided in the non-adherence of PDMS to the templates allowing multiple
replications.
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PDMS negative molds were cast from these annealed master templates and different forms of PVA microneedles were fabricated,
including the dissolving and hydrogel-forming microneedles. PVA was used as it is a biodegradable, non-toxic biomaterial that has
already been cleared by the FDA for use in microneedle production [22]. Dissolving microneedles are designed with an ability to
dissolve quickly after insertion, thereby, limiting the potential of infection transmission [23]. Many medications and biotherapeutics
have been delivered transdermally and intradermally using dissolving microneedle patches such as insulin [24], ibuprofen sodium
[25], metronidazole [26], erythropoietin [27], etc. Hydrogel-forming microneedle patches, which are made up of swellable biomate-
rials, are polymerized using appropriate crosslinkers. The swelling property of such microneedles makes them useful for transdermal
delivery of drugs [28]. In this study, D-PVA microneedle patch showed dissolution after 17 m (Fig. 5b) while H-PVA microneedle
patch showed good swelling properties (Fig. 3e) and a consistent release of the model drug RD up to 12 days (Fig. 4a). Complete
degradation of the H-PVA microneedles was found to occur after 24 days. However, the backing layer of the microneedle array stayed
intact. Microneedles showed suitable mechanical properties to penetrate human skin which was confirmed using simulation studies
(Fig. 6). The findings confirm that the microneedles developed in this study are strong enough to penetrate human skin without
breaking.

From the cytocompatibility analysis of PVA patches and their degradation products, cell viability of more than 70% (as shown in
Fig 7c and d) indicates their nontoxic nature, as specified by ISO 10993-5:2009 [29]. The in vivo skin penetration studies for both
forms of PVA microneedle patches were found to be similar and showed no signs of skin irritation or sensitization at the end of 7
days (Fig. 8). Fluorescence microscopy of extracted skin also showed RD release in both cases. However, the histology of skin around
the dissolving needle patch demonstrated immune cell infiltration due to effects of high concentration of RD. The slow release of RD
from the H-PVA microneedle patch showed no signs of immune cell infiltration in the skin.

One of the major drawbacks of this technique is that it cannot be used to anneal very small microneedles (less than 100 pm).
Hollow microneedles cannot be printed using this technique because the temperature-based annealing technique hardens the entire
microneedle.

Conclusion

As new additive manufacturing technologies emerge, the potential for lowering the manufacturing time while maintaining high
precision and reproducibility for fabrication of a highly durable microneedle template is becoming more apparent. Using 2PP, we
were able to show a simple and cost-effective method for fabricating polymer microneedles. A high-quality, reusable and long-lasting
master template (equivalent to metal-based master templates) can be fabricated with a simple annealing step. Master templates do
not need to be subjected to time-consuming post-processing or surface-modification steps when using this method. Researchers will
be able to avoid using hazardous chemical treatments while also accelerating the fabrication of microneedles with desired dimensions
and shapes at high speeds and with exceptional precision better than any other microneedle fabrication technique.
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