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ABSTRACT: Dissolvable microneedle (MN) patches have been
widely investigated for transdermal drug delivery. The dissolution
rate of MN controls the status of drug release from the MN, which
in turn determines drug absorption through skin. However, no
systematic approaches have been reported to tune the dissolution
profile of dissolvable MN matrices. This is the first study to show
polyvinylpyrrolidone (PVP)-based dissolvable MN patches with
varying dissolution profiles when PVP is copolymerized with
cellulose materials. The MN patches were fabricated through
thermal curing and photolithography in tandem. The various
grades of pharmaceutical cellulose, such as hydroxypropyl
methylcellulose and methyl cellulose, have been investigated as
dissolution modifier incorporated in the MN patches. The
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resultant MN patches had dissolution profiles ranging from 45 min to 48 h. The dissolution rates varied with the grades of
cellulose materials. Besides dissolution examination, the MN patches were characterized for their mechanical strength, moisture
absorption, and skin penetration efficiency. All of the MN patches were able to penetrate the human skin in vitro. Overall, the PVP
MN patches have great potential for skin applications as drug carriers with tunable dissolution profiles.
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1. INTRODUCTION

The microneedle (MN) has been utilized for local and
systemic applications in various disease conditions, such as
pain, dermatitis, alopecia, atopic diseases, diabetes, and
influenza." Each disease condition requires a distinct delivery
strategy, such as immediate or sustained delivery. For instance,
the tetanus vaccination requires immediate skin delivery in a
single dose, while immunotherapy involves the exposure of an
immunotherapeutic agent at progressively increasing dose.”
Hence, the characteristics of an ideal MN delivery system vary
with the need of therapies, skin conditions, and target of
delivery.’

Compared with hypodermal injections, a dissolving MN
patch is more appealing as it is painless, generates no sharp
waste, and avoids gastrointestinal adverse reactions. Poly-
vinylpyrrolidone (PVP) has been widely used as a
pharmaceutical and food ingredient. The PVP MN patch for
transdermal delivery using various fabrication methods, such as
micromolding™ and photolithography,”” has been reported
previously. However, the rapid dissolving nature of PVP MNs
limits its applications. For instance, the immediate delivery in
some disease conditions, such as peanut immunotherapy for
peanut allergy, could lead to potential local irritation or
systemic anaphylactic reactions caused by rapid exposure of
loaded allergens vaccine.® Therefore, MN patches with suitable
dissolution rates are necessary for such disease conditions.
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However, dissolvable MN patches with controlled dis-
solution profiles remain largely unexplored. Sullvian et al
reported a photolithography approach to form slow-dissolvin
PVP MN when copolymerized with methacrylic acid.
Machekposhti et al. also reported slow-dissolving PVP MN
with methacrylic acid copolymerization.” Wang et al. reported
sustained release of antibodies from nanoparticles loaded into
MN."’ However, the release rate is controlled by loading drugs
in nanoparticles rather than in the MN matrix. Hong et al.
summarized the various strategies for sustained delivery with
dissolvable and biodegradable MN patches.” In most cases of
dissolvable MN patches, the sustained delivery is achieved
using microparticles, nanoparticles, and passive diffusion from
backing layers rather than base matrix itself. The use of
particulate systems and/or backing layers may potentially
increase the complexity of the MN fabrication process and
poses as an obstacle for mass production.

To this end, it is preferable if the MN matrix itself has a
tunable dissolution profile. Recently, Shakya et al. has shown
the peanut immunotherapy using peanut protein coated on
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Figure 1. Schematic representation of the (A) polymerization of N-vinyl-pyrrolidone into PVP and (B) preparation of the thermopolymerized

homogeneous solution and fabrication of the MN patch.

stainless steel MN, where coating and controlled dehvery were
achieved with the use of carboxymethyl cellulose."" Celluloses
are widely used in both pharmaceutical and food products. As
hydrogels, they can be used to thicken the bulk mixture to
prolong drug release. We hypothesize that cellulose materials,
such as hydroxypropyl methyl cellulose (HPMC) and methyl
cellulose (MC), are useful to control MN dissolution.

In this study, we fabricated the dissolvable PVP MN patch
with the incorporation of dissolution modifiers, mainly
cellulose materials of various molecular weights. Subsequently,
the MN patches were investigated for their functional
parameters, such as mechanical strength, moisture absorption,
dissolution, and penetration efficiency into skin membranes. A
unique method of fabrication was used that allowed the
polymerization in a two-step process, i.e, preheating and
ultraviolet (UV) light exposure.'” Through optimization of
preheating and UV light exposure, the MN fabrication with
modifiers was faster than existing methods, which is another
effort toward MN mass production.

2. MATERIALS AND METHODS

2.1. Materials. N-Vinylpyrrolidone, 4,4’-azobis (4-cyanovaleric
acid) (ABCV), methacrylic acid (MAA), carboxymethyl cellulose
sodium (CMC Na), gelatin, and Tofacitinib citrate (TOF) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Hydroxypropyl
methylcellulose (HPMC), methylcellulose (MC), and ethyl cellulose
(EC) were provided as samples from Colorcon Asia Pacific
(Singapore). Peanut protein was purchased from Stallergenes Greer
(Lenoir, NC, USA). All materials were used as supplied.

2.2. Fabrication of MN Patches and Loading. N-Vinyl-
pyrrolidone was mixed with ABCV (100:1 w/w) in an amber bottle
and subsequently heated at 90 °C for 12 min (for a 10 mL mixture)
(Figure 1). The resultant heated prepolymer solution was cooled, and
each modifier was added to form a homogeneous mixture.
Subsequently, the homogeneous mixtures were filled into poly-
dimethylsiloxane (PDMS) micromolds lubricated with oil and were
placed in a vacuum chamber at 90 kPa for 20 min to remove air from
the MN channels. The PDMS was fabricated, as previously
described'” and also reported in the Supporting Information (SI1).
UV irradiation was performed using a UV lamp (OmniCure $2000)
for 30 min before gently being removed from the micromolds (Figure
1B). The UV power and time to cure were optimized to control the

texture of MN patches (SI2). As model therapeutics, 1% w/v peanut
protein and 1% w/v TOF were also loaded into MN of the dissolvable
MN patch to further investigate the effect of the MN properties. TOF
was chosen as the model drug, while peanut protein was chosen as the
allergen, where both are immunotherapeutic agents.

2.3. Incorporation of Dissolution Modifiers. The common
pharmaceutical-grade excipients which have been known to delay
drug release in conventional dosage form were tested. The different
types of biocompatible cellulose and MAA were selected as potential
modifiers to study the delay in dissolution and its application in
fabricating dissolvable PVP MN (Table 1).

Table 1. Dissolution Modifiers for PVP MN Patch

dissolution

modifier grade composition
CMC Na PVP with CMC Na
ethyl cellulose S10, S20 PVP with EC
HPMC E3LV, E1SLV, K100LV, K100M PVP with HPMC
methyl cellulose ~ A1SLV PVP with MC
MAA PVP with MAA
gelatin PVP with gelatin

There were two prerequisites for successful microfabrication. First,
the modifier should be miscible with the prepolymer solution to form
a homogeneous solution. Next, the homogeneous solution must have
enough fluidity to ease filling of micromolds for MN patch fabrication.
Investigation of the miscibility was performed by incorporating 1% w/
v of an individual modifier into 1 mL of prepolymer solution. The
mixture was vortexed for 10 min and was left to stand for 15 min
(Figure 1B). The rheological properties of the homogeneous solution
depended on the concentration of modifier incorporated. Each
modifier was added at progressively increasing concentration into the
prepolymer solution to determine the maximum concentration that
could keep adequate fluidity for filling the micromold.

To study the dissolution behavior of the materials, a 4 mm hole was
punctured in PDMS sheets using a biopsy punch (SI3). This formed a
mold for fabricating solid discs of equal volume of the mixtures (Table
1). Afterward, the solid discs were gently removed after being
subjected to UV curing. The discs were tested for dissolution in 10
mL of distilled water in a beaker with continuous magnetic stirring.

2.4. Dissolution of MN Patches. Dissolution of MN was tested
in a saturated moisture chamber (SI4) at room temperature. First, the
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chamber was saturated with moisture overnight. The dissolvable MN
patch was fixed on the glass slide using double-sided tape and was
placed slanted inside a prefabricated PDMS fixture. The PDMS fixture
together with dissolvable MN patch was kept in a closed chamber
with statured moisture for observation under a stereomicroscope
(Nikon SMZ2S, Japan). The dissolution process was recorded with
the microscope.

2.5. Moisture Absorption. The PVP is hygroscopic, which could
affect the functionality of MN patches under storage conditions. In
addition, it can also affect the dissolution profile of MNs. Therefore,
the MN patches were tested for moisture absorption. The moisture
absorption rate was investigated under two different conditions. In
first the condition, the MN patches were kept at laboratory conditions
(20 °C). In the second condition, the MN patches were placed in a
chamber with saturated moisture (SI4). The weight change of the
MN patches, caused by moisture absorption, was recorded at various
time intervals.

2.6. Mechanical Strength, Penetration Efficiency, and
Assay. The mechanical strength of MN was tested using a strain
gauge (JSV H1000, JISC., Japan). The MN patches were individually
placed on the stage of the strain gauge and were compressed at a
compression speed of 20 ym/min up to a load limit of 90 N. The
force displacement curve was plotted for all MN patches. In addition,
the area under the curve (AUC) was calculated using eq 1. The AUC
was calculated up to a displacement of 0.3 mm

area under curve (AUC) = Z X, -x)(¥,+ Y,)/2 (1)

where X is an independent variable, i.e., displacement (m), and Y is a
dependent variable, i.e., force (N), corresponding to displacement.

The skin penetration ability of MN patches was measured using
parafilm'>"* and human cadaver skin. Briefly, for the parafilm model,
the 8 layers of folded parafilm were placed on a PDMS support with a
MN patch on the top parafilm layer. The MN patch was pressed using
the strain gauge at a speed of 20 mm/min until a force of 25 N was
exerted and held for 1 min. Afterward, the number of penetrated holes
in each parafilm layer was counted using the stereomicroscope.
Further analysis was performed using human cadaver skin samples
(Science Care, Phoenix, AZ, USA). The use of cadaver human skin
for this study was approved by the National University of Singapore
Institutional Review Board. The cadaver skin came from a 92-year-old
Caucasian female. Frozen skin samples were thawed at room
temperature and cut into 4 cm X 4 cm pieces. The skin pieces
were placed on wet tissues to equilibrate for 15 min. The MN patch
was applied using the strain gauge with a force of 25 N for 1 min."?
Afterward, the treated skin was flooded with trypan blue dye for 30
min, the excess dye was removed, and the skin was wiped with 70%
ethanol and tissue wipes. The stained micropunctures were recorded
under the stereomicroscope.

The amount of TOF encapsulated inside the MN patch was
analyzed using a high-performance liquid chromatography (HPLC)
method as reported previously.'® The TOF-loaded MN patches were
dissolved in water purified using Millipore Direct-Q_prior to the
HPLC assay.

3. RESULTS AND DISCUSSION

3.1. Selection of Materials for MN Patch Fabrication.
The preliminary studies narrowed the list of potential
modifiers. The modifiers of CMC Na, EC, and gelatin did
not form a homogeneous solution when mixed with the
prepolymer solution. Instead, a suspension was formed with
these polymers, which settled down inside the micromold
upon application of a vacuum, leading to a phase separation
and hence was not amenable for fabrication of the MN patch
(Table 2). In contrast, HPMC, MC, and MAA formed
homogeneous solutions with the prepolymer solution and were
further investigated to fabricate into the MN patches (Table

3).

Table 2. Dissolution Modifiers Not Amenable for Further
Investigations

dissolution modifier concentration reason

CMC Na all form a suspension
concentration

EC (S10 and S20) all form a suspension
concentration

gelatin all form a suspension
concentration

HPMC (E3LV, EISLV, KIOOLV,  10% w/v too viscous to fill

K100M) molds
MC AISLV 10% w/v too viscous to fill

molds

Table 3. Dissolution Modifiers Amenable for Further
Investigation®

MW MN dissolution

modifier substitution'” (kDa) time (h)

HPMC hydroxy propyl (7—12%), 10" ~16 h
E3LV methoxy (28—30%)

HPMC hydroxy propyl (7—12%), 13" >24 h
E15LV methoxy (28—30%)

HPMC hydroxy propyl (7—12%), 25" ~2.5h
K100LV methoxy (19—24%)

HPMC hydroxy propyl (7—12%), 140, ~2h
K100M methoxy (19—24%) 250"

MC AISLV  methoxy (27.5—31.5%) 92> ~4h

“The concentration of the modifier in vinylpyrrolidone (VP) is 5%
(w/v).

Concerning the rheology, we observed that a 5% w/v of
HPMC (all grades) and MC could be incorporated into a
prepolymer solution while retaining enough fluidity to fill the
micromold. The 10% w/v of HPMC (all grades) and MC were
viscous forming a gel-like mixture, which was difficult to fill
into microcavities. MAA is liquid, which did not affect the
viscosity of the homogeneous solution in a concentration-
dependent manner, and we selected a concentration of 20% v/
v for further investigations as it allowed easy mixing with the
prepolymer solution.

The various modifiers incorporated into the MN patches
varied in physical characteristics, which resulted in varying
degrees of dissolution delay of the MN patches. The
dissolution time of various materials were studied using solid
discs made of these materials (SIS). The HPMC caused a
delay in dissolution in the following order: EISLV > E3LV >
K100LV > KI100M. This increasing trend for the various
grades of HPMC was found at both concentrations of the
modifiers, i.e., 5% w/v and 10% w/v. Incorporation of 5% w/v
MC A1S5LV caused a dissolution delay of 3.8 times more than
that of the blank PVP. A further increase in dissolution time
(compared to 5% w/v) was observed when the concentration
of the various grades of HPMC and MC were increased to 10%
w/v. HPMC and MC may form a viscous gel that slows down
the diffusion of water molecules required for dissolution to
take place.

Across the grades of HPMC from E3LV, E1SLV, K100LV,
and K100M, the HPMC with a lower MW is associated with
greater dissolution delay they conferred (Table 3). The higher
methoxy-substituted cellulose (E-grade HPMC) showed
slower dissolution compared to lower methoxy-substituted
cellulose (K-grade HPMC). MAA, on the other hand, has been
proposed to form chemical bonds with PVP, leading to the
dissolution delay. Furthermore, incorporation of modifiers
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Figure 2. Stereomicroscopic images of dissolving MN patch consisting of various compositions, where rapidly dissolving MN contains PVP,
moderately slow dissolving MN contains PVP and 5% HPMC K100LV (or 5% HPMC K100M), slow dissolving MN contains PVP and 5% MC
A1SLV (or 20% MAA), and very slow dissolving contains PVP and 5% HPMC E1SLV (or 5% HPMC E3LV). Base width of the MN is 200 ym.
Scale bar for blank PVP MN patch is 1000 and 250 um for all other MN patches.
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Figure 3. Dissolution of MN patches shown as a microscopic time-lapse image in saturated moisture conditions at room temperature. MN patches
with and without modifiers showed different dissolution behavior. Base diameter of the MN is 200 ym.

caused dissolution delay in a concentration-dependent manner.
This finding offers a method to alter the concentration of
modifiers to fabricate slow-dissolving MN with required
dissolution profiles.

3.2. Physical Characteristics of PVP MN Patches. The
dimensions of MNs were similar, and the main observable
differences among the MN patches were their color and
opacity as shown in Figure 2.

3.3. Categorization of Dissolvable MN Patches Based
on Dissolution Time. Investigation of the dissolution delay
of the MN patches was more complex due to the extensive
surface area of the MN, which limited the methods of testing.
The observation of MN patches under a microscope upon

submerging into distilled water or phosphate buffer saline was
not clearly discernible. As a result, we were unable to track the
differential dissolution profiles under the stereomicroscope. In
addition, submerging the MN patch in water is not an ideal
approach for dissolution study, where artificially high water
exposure would not mimic the skin conditions, leading to
instant dissolution of dissolvable MN patches. In contrast,
when investigated under saturated moisture condition, the
differences in dissolution times among the MN of various
compositions can be clearly visualized (Figure 3 and Videos
S1—S4). More importantly, the testing inside saturated vapor
would be closer to skin conditions, where the penetrated MN
will be dissolved in the interstitial fluid of skin matrix rather
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than bulk water. Therefore, dissolution testing in saturated
vapor was performed. Subsequently, the MN patches were
categorized into 4 types based on their dissolution time (Table
4).

Table 4. Categorization of PVP MN Patch with Dissolution
Modifiers Based on Dissolution Time Recorded under
Saturated Moisture Chamber

dissolution
dissolution category time dissolution modifier
rapidly dissolving 4S5 min none
moderately slow 2-25h HPMC K100LV, HPMC
dissolving K100M
slow dissolving 4-8 h MC AISLV, MAA
very slow dissolving >16 h HPMC E3LV, HPMC E1S5LV

3.4. Moisture Absorption. It was noteworthy that the
MN patches were hygroscopic and had to be stored in
desiccators. The absorption of moisture caused the MN patch
to become flaccid, which could compromise its mechanical
strength. In addition, the absorption of moisture may lead to
instability of moisture-sensitive drugs. When exposed in the
laboratory environment, the blank PVP MN patch absorbed up
to 18% weight of moisture while dissolving MN with modifiers
gained about 14—16% weight (Figure 4A). On the other hand,
exposure to saturated vapor led to amplified differences in
moisture absorption between pure PVP MN patch and MN
patches with modifiers (Figure 4B). While the former gained
37% extra weight, the latter absorbed amounts ranging from
17% to 27%.

Under both conditions, the MN patches with modifiers
gained less weight than the blank PVP MN patch. This may be
attributed to low hydrophilicity of tested modifiers as
compared to PVP, leading to slow moisture absorption.
Therefore, dissolving MN with the modifiers may be more
stable as compared to blank PVP MN patches.

3.5. Mechanical Strength, Penetration Efficiency, and
Assay. The mechanical strength of the MN patch is an
important factor to determine the ability of the MN to pierce
the barrier layer of the skin. As Sun et al. had shown that blank
PVP MN patch ?I_)ossessed enough mechanical strength to
penetrate the skin,”" we had to ensure that the incorporation of
modifiers would not compromise the mechanical strength of
the MN patches. The mechanical strength of MN was
compared by plotting their respective force against displace-
ment curves and AUC (Figure 5).

@ Blank PVP

W 5% HPMC K100LV
M 5% HPMC K100M
M 5% MC A15LV

H 20% MAA

Blank PVP
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Figure S. Mechanical properties of PVP MN patches with and
without modifiers. (A) Force displacement curve. (B) Area under the
curve (AUC) up to displacement of 0.3 mm. Higher AUC shows
stronger MN. *p < 0.05, **p < 0.0085.

The resultant curves of the MN patches with modifiers were
steeper than that of blank PVP MN patch, showing that greater
force could be sustained per unit displacement of compression.
Likewise, the higher AUC showed stronger MN. The higher
peak strength shown by MNs with modifiers suggested that the
MNs were strengthened by addition of the modifiers.

The penetration studies on paraffin film as a model of
human skin allowed us to determine the penetration efficiency
as well as the depth of penetration, where each layer of the film
was measured to be ~150 pm. The penetration efficiency of all
MN patches was above 90% for the first parafilm layer. The
MN patches managed a maximum penetration depth of 300
pm in paraffin film, albeit at varying efficiency (Figure 6). The
varying penetration efficiency displayed at 300 ym could be
due to the bending of MN in the process of being compressed
against the paraffin film. We recommend the use of a MN
applicator in the future to allow a uniform force distribution
among the MN.

Next, the penetration studies done on human cadaver skin
samples revealed the differences in penetration efficiency,
which could be the consequence of varying degrees of their
mechanical strength. Incorporation of MAA resulted in a MN
patch with the highest mechanical strength. Simultaneously,
dissolving MN with MAA was categorized as “slow dissolving”
from the dissolution studies. Therefore, it was consistent that
MN with MAA displayed the greatest penetration efficiency in
human skin regardless of loading status.
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Figure 4. Moisture absorption of dissolving MN patches at room temperature: (A) percent weight gain and (B) percent weight gain in a closed

saturated moisture chamber.
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Figure 6. MN penetrations in parafilm and human skin. (A) Microscopic images of micropuntures after MN treatment in parafilm model (layer 1)
and human cadaver skin. (B) Percentage penetration of MN patches at different depths in parafilm layers. (C) Percentage penetration of MN
patches in human skin. Scale bar = 1000 ym. *p < 0.05, **p < 0.005, ****p< 0.00005.

The skin penetration efficiency depends on the condition of
the human cadaver skin, where the skin surface is wet after
thawing while the human skin surface is dry. We reduced the
surface wetting by use of tissue wipes, but it still inevitably
resulted in variability in measurements of the penetration
efficiency across MN patches. However, the penetration
efficiency was enough for all of the MN patches to penetrate
human skin when measured with a widely reported in vitro
skin penetration model using parafilm,'*'***~*°

Nevertheless, encapsulation of TOF or peanut protein
resulted in functional MN as the skin penetration efficiency
values remained above that of blank PVP MN, which was taken
as our benchmark of a functional MN patch. Skin penetration
of TOF and peanut protein-loaded MN patches is shown in
SIe6.

Finally, the TOF remained stable after fabrication in all MN
compositions (SI7). The stability of TOF could be attributed
to the method of fabrication, where the use of ABCV, which is
a thermal—photo dual-function initiator, allowed TOF to be
loaded after partial thermal curing in the fabrication process.
As a result, TOF was not exposed to excessive heat. Since the
loading of peanut protein was carried out similarly, the benefit
of reduced thermal exposure was extended to peanut proteins
as well.

3.6. Polymer Safety for MN Applications. PVP less than
20 kDa has been shown to be safely excreted to urine after
subcutaneous injection in humans.” The PVP in this study is
estimated to be ~§ kDa (SI8), which would be excreted by the
kidney in humans.

It has been shown that the subcutaneous injection of HPMC
(MW = 29 kDa”®) was mostly absorbed into the blood and
then excreted into the urine and faeces in mice.”” In this study
for the dissolving MN, the cellulose with a low MW, ie,,
HPMC E3 LV (MW ~ 10k), E15 LV (MW =~ 13k), and

HPMC K100 LV (MW = 25k), should be absorbed into
systemic circulation and excreted through the kidney. The
cellulose with a high MW, i.e, MC A1S LV (MW = 42k) and
K100 M (MW = 240k), requires future investigation regarding
its excretion. The recent finding of the phagocytosis of HPMC
is linked to decomposition of cellulose facilitating excretion,
where HPMC with both low and high MW were
phagocytized.””

In this study, the MN has also been prepared with
copolymerization of VP with MAA. Machekposhti et al
performed the toxicity study in rats using MN fabricated with
PVP and MAA, which did not show any adverse effects or
abnormal changes in mice over 14 days.”

4. CONCLUSION

This is the first report to show that dissolution of MN can be
tuned with the use of dissolution modifiers, such as
pharmaceutical-grade cellulose-based materials. The dissolv-
able MN patches had enough mechanical strength for skin
applications. It can be potentially used as a drug delivery device
for different disease conditions requiring controlled drug

delivery through the skin.
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Bl ABBREVIATIONS

AUC, area under curve; ABCV, 4,4-azobis(4-cyanovaleric
acid); CMC Na, carboxymethyl cellulose sodium; EC, ethyl
cellulose; HPMC E15LV, higher viscosity “E” grade of HPMC;
HPMC E3LV, lower viscosity “E” grade of HPMC; HPMC
K100LV, lower viscosity “K” grade of HPMC; HPMC K100M,
higher viscosity “K” grade of HPMC; HPMC, hydroxypropyl
methylcellulose; MAA, methacrylic acid; MC, methylcellulose;
MC AISLV, grade of MC; MN, microneedle; PDMS,
polydimethylsiloxane; PVP, polyvinylpyrrolidone; TOF, Tofa-
citinib citrate; UV, ultraviolet
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