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ABSTRACT

OPEN ACCESS

Received: October 16, 2023 Background: Despite the widespread use of opioids to manage severe pain,

Accepted: December 11, 2023 its systemic administration results in side effects. Among the subcutaneous

Published online: December 13, 2023 and transdermal drug delivery systems developed to deal with adverse
effects, microneedles have drawn attention due to their rapid action, high
drug bioavailability, and improved permeability. SUF is an effective injectable
opioid for treating severe pain. In this study, we investigated the analgesic
effects of SUF using dissolvable microneedles.
Methods: SUF polymeric dissolvable microneedles were constructed
through the mold casting method and characterized by SEM and FTIR
analysis. Its mechanical strength was also investigated using a texture
analyzer. Fluorescence microscopy was applied in vitro to measure the
penetration depth of microneedle arrays. Irritation and microchannel
closure time, drug release profile, and hemocompatibility test were
conducted for the validation of microneedle efficiency. Hot plate test was
also used to investigate the analgesic effect of microneedle in an animal

o model.
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INTRODUCTION

associated with actual or potential tissue

damagel™ and considered one of the most
common complaints of patients. Opioids are among the
drugs widely used to treat pain. Based on the analgesic
effect of opioids, they can be classified as strong
(SUF and fentanyl), moderate (partial agonists and
mixed agonist-antagonists), and weak (codeine)l.
Transdermal administration of potent opioids may
provide long-term effective analgesia for patients with
cutaneous nociceptive and neuropathic painst®l.

SUF is a fentanyl analog proven to be ~7-10 times
more efficient than fentanyl and ~1000 times more
effective than morphine in animal studiesll. It possesses
advantages including high potency, high therapeutic
index®], and shortened duration of actionl®l. Its high
affinity toward opioid receptorsl’l corresponds to its
analgesic effect, even at low concentrations(el.
Lipophilic nature of SUF results in its rapid distribution
in tissuesl®l, with a distribution time of ~1.4 min and
redistribution time of 18 min%. The metabolization
process of SUF involves dealkylation and
demethylation in the liver via cytochrome P-450 3A4[11
and the small intestinel*, which converts it into inactive
metabolitesl®] excreting in the urinel*?, Due to its poor
oral bioavailability, reconsidering its oral administration
in small amounts is advisable unless the sublingual
formulation demonstrates good absorption and
acceptable efficacy in controlling pain when the patient
is awake and conscious!*®l. However, when supplements
depend on caregiver prescribing, there is a risk of
long-term “analgesic gaps”*4l.  Among different
administration routes, subcutaneous injection s
considered to be safe and practical, providing effective
analgesia with minimal side effects!’®. As a method of
subcutaneous administration of SUF, the implanted
osmotic pump has demonstrated a 100% bioavailability.
Nevertheless, in this administration route, the drug
absorption is slower than that of the subcutaneous
method, which requires specialist intervention, as do its
intravenous forms!*€l, Other transdermal delivery
systems, such as TRANSDUR™ and the Labtec GmbH
transdermal system, are currently undergoing clinical
trials and are highly suitable for transdermal delivery of
SUF because of the low molecular weight, high potency,
and high lipophilicity of this drugf*"l. Since not all drugs
possess the necessary physicochemical properties to
penetrate the stratum corneum barrier effectively,
transdermal drug delivery presents a challenge. If this
barrier is broken, percutaneous delivery may be
considered an excellent method of drug delivery due to
its low cost[8], relative safety!'6], acceptable therapeutic

Pain is a sensory and emotional experience
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efficacy by circumventing first-pass metabolism, lack of
pill fatiguel®, and reducing the risk of injection site
infectionsl®l. One way to achieve these goals is to use
microneedles(*®],

Microneedles are micrometer-sized needles that line
the surface of small patches, offering advantages over
subcutaneous or other transdermal drug delivery
mechanisms!?°l, Microneedles with a diameter of 1000
pum easily penetrate the SC and effectively deliver
drugst?l. Dissolving needles are the best choice for
microneedles because they are easily designed and
biodegradable polymers, making them suitable for
sustained drug delivery#22 drug loading/® and one-
step administration[?3l. They also leave no biologically
hazardous residues after administration?*l, and they
regulate drug release by controlling the dissolution rate
of the microneedle polymerf?2,

In the current study, we fabricated a SUF DMN patch
for cutaneous nociceptive pain control, using the hot
plate technique in mice and evaluated the efficiency of
the DMN compared to subcutaneous administration.

MATERIALS AND METHODS

Materials

PVP K90, FITC, and PBS tablets were purchased
from Sigma-Aldrich (Missouri, USA) and SUF citrate
from Tofigh Daru (Tehran, Iran). Glycerol (glycerin)
and trypan blue were provided by Merck company
(Darmstadt, Germany). Ethanol was purchased from
Kimia Alcohol Zanjan (Iran), methanol from Daejung
company (South Korea), and polydimethylsiloxane
microneedle molds and MPatchTM Mini Applicator (5-
15 mm in diameter) from Microprint Technologies Pte
Ltd. (Singapore).

Fabrication of SUF DMNs

Microneedles were fabricated by the mold casting
method using PVP as the casting material. A 18% (w/v)
solution of PVP in deionized water was mixed with 300
pg/ml of SUF dissolved in 100 pl of methanol and 0.3%
glycerol (w/w). Next, 1,000 pl of this solution was
added to polydimethylsiloxane micromold and
centrifuged at 4,500 xg for 30 min to depressurize the
solution in the mold cavities (the shorter centrifugation
time or speed, the more air bubbles at the end of the
preparation). This procedure was performed twice.
Afterwards, a one-hour resting period was implemented
to allow the liquid to penetrate the cavities. Another
layer of polymer containing the drug was placed in the
mold and rested for 1 h. Thereafter, two layers of
polymer without the drug were added to the mold as the
backing layer of microneedles to fill the space. The
micromold was then placed in a desiccator for 36 h to
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accelerate drying. Finally, the microneedles were
detached from the molds (the cooler the weather, the
later the drying and the fewer the bubbles). To observe
the complete morphology of the needles, we employed
optical microscopy with a 10x and 40X objectives;
(Olympus, Japan) and SEM (MIRA3TESCAN-
XMU, LVSTD detector, Germany). Microneedles
characteristics = 10 x 10 arrays, height = 8 um, base =
200 pum, pitch to pitch = 500 pm; pyramid shape). The
fabricated microneedles were stored in a desiccator until
further use to protect them from the humidity of the
environment. In all stages, to ensure that the drug does
not affect the performance of the microneedles, the
drug-free microneedle (PVP DMN) was compared with
the microneedle containing the drug (SUF DMN).

Morphological analysis by SEM

The microneedles were fixed to aluminum rods with
adhesive carbon tapes and then examined under SEM to
determine  their morphology and topography.
Microphotographs of the patches were evaluated to
determine the morphology and dimensions of the
microneedles.

FTIR analysis

To confirm, identify and evaluate the functional group
interactions between the drug and excipients, pure PVP,
pure SUF, and combination of PVP and SUF were
analyzed by FTIR. The infrared spectra of the samples
were recorded using a FTIR device (PerkinElmer
Frontier, USA) with a Diamond ATR holder in a
wavenumber range of 500-4000 cm’!.

Compression test assay

The mechanical strength was investigated using a
texture analyzer (Santam Co., Iran; model DBBP-20,
capacity = 29 kgf, and RGO = 3mv/v). The patch was
attached to the flat probe with double-sided adhesive
tape. The axial force was applied by moving the probe
against a rigid stainless steel base plate in the vertical
direction with a force of 0 N to 73 N and a speed of 1
mm/min and kept for 90 s. Following photographing the
DMNs before and after the procedure, the height of the
microneedles was measured using Image J software
through the below formula in which the original height
of the needles is [H1] and the height of the needles after
compression is [H2].

Height reduction (%) = [%

1 %100
In vitro and in vivo insertion assay

PF (a mixture of hydrocarbon wax and polyolefin)
was used as a skin model to observe the penetration
ability of the patches. PF was folded into eight layers
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without being stretched. Then the patch was pressed in
PF using an applicator with thickness of 127 um for each
layer and the size of 3 x 3 cm. The PF was then unfolded,
and the number of pierced holes in each layer was
counted using an optical microscope (x40, Olympus
BX61, Japan) to determine the percentage of penetration
using the following formula:

Number of penetrated needles)

Penetration (%) = ( x 100

all needles penetrated

To do the in vivo penetration test, a trypan blue-loaded
patch of PVP and SUF DMN was inserted into the
dorsum of the anesthetized mouse as a model for human
skin. The patches were removed from the skin and then
the skin area where the patches were inserted was
biopsied and placed in 10% formalin for fixation. The
sample underwent an H&E test to determine if the
microneedles could effectively penetrate the SC of the
skin. The experiment was carried out in triplicates.

Study of skin irritation and microchannel closure
time

Male BALB/c mice (Mus musculus, 6-8 weeks old)
were gifted from Pharmacology Department at Medical
School of Zanjan University of Medical Sciences. To
acclimatize, animals were housed in a temperature-
controlled room (25 + 2 °C) for 7 days. During this
laboratory condition with a 12 h light-dark cycle,
animals were allowed to access food and water freely.
After mice were anesthetized with ketamine/xylazine
(20:80%), their skin was fixed, and a microneedle was
placed on the skin using a small flat metal piece as a
supporter. At intervals of 15 min, 1, 8, and 24 h after the
removal of the microneedle from the skin surface, the
animals were euthanized using a K/X overdose, and the
skin of the area was removed and fixed in formalin.
H&E staining was performed to investigate the side
effects and skin regeneration post microneedles
treatment. The experiment was carried out in triplicates.

Confocal microscopy analysis

Fluorescence microscopy was used in vitro on rat skin
to measure the penetration depth of microneedle arrays.
The FITC diffusion was also used throughout the skin
layers to show the capability of microneedles in
delivering the drug into the dermis and blood vessels.
The FITC/PVP microneedles were inserted into the rat
skin using an applicator and then held in place for 1 h
before being fixed in the skin with a TG band-aid for 4
and 8 h. Subsequently, the fluorescence signal in the
skin was imaged using a confocal microscope (Nikon
Eclipse TiE, 2011, Nikon, Osaka, Japan) to determine
the depth of insertion and the distribution of
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fluorescence in the skin. Finally, confocal microscopic
images of fluorescent DMN were obtained throughout
the entire thickness of rat skin at 1, 4, and 8 h; the images
of each layer of the skin, up to a depth of 2400 um, were
obtained at 50-um intervals.

In vitro release assay

To evaluate the release profile of the microneedles, 10
dried microneedles containing the drug were immersed
in 5 ml of PBS (pH 7.4), to simulate the pH of skin
interstitial fluid and then placed on a magnetic stirrer (40
rpm). The sample was kept at 37 °C. At predetermined
time points (30 s, 1, 2, 5, 10, 20, 30, 45, 60, 90, and 120
min, 3, 4, 5, and 6 h), 500 pl of the solution was
withdrawn, and 500 pl of fresh PBS without drug was
simultaneously added to the environment to equilibrate
and maintain the sink condition. Then the absorbance of
the samples was read at 228 nm using a UV/Vis
spectrometer (T80+, PG Instruments, China) and placed
into the SUF calibration curve to obtain the cumulative
release graph and determine the amount of the drug.

Hemocompatibility test

To determine the hemocompatibility properties of
PVP and PVP/SUF polymers, lyophilized samples were
tested at different time points with consecutively
increasing concentration of the compounds (50, 100,
200, and 400 pg/ml) with water as a positive control
(100% hemolysis) and PBS (pH 7.4) as a negative
control (0% hemolysis). Fresh whole blood sample from
a healthy volunteer was collected in an anticoagulated
tube and used within 2 h of collection. Next, 20 ml of
PBS (pH 7.4) was lightly added to 10 ml of whole blood
sample and centrifuged at 3000 xg for 6 min. The
supernatant was discarded, and the precipitated RBC
was collected and washed five times with a 1:2 ratio of
RBCs to PBS. The PBS was then added to the RBCs to
reach a concentration of 5% v/v and incubated with
samples of PVP and PVP/SUF polymers at 37 °C. After
incubation for 1, 4, 8, and 24 h, the tested samples were
centrifuged at 4000 xg for 5 min, and 150 pl of the
supernatant was transferred to a 96-well plate. The
optical density of the samples was measured at 540 nm
using an ELISA reader (Tecan Infinite M200 microplate
reader, Austria). The percentage of non-hemolyzed
erythrocytes was determined using the following
equation. The experiment was performed in four
replicates.

Non-hemolysis (%) = (1 -

(Absorbance of sample—Absorbance of negative control)

)x100

[(Absorbance of positive control—Absorbance of negative control)

Iran. Biomed. J. 28 (4): 192-205

In vivo toxicity assay

Two weeks after treatment, mice groups, including
PVP DMNs, SUF DMNs, SUF and N/S (control group),
were anesthetized using ketamine/xylazine, and whole
blood sample (1.5 ml) was collected via cardiac
puncture. The serum level of blood urea nitrogen,
creatinine, lactate dehydrogenase, alkaline phosphatase,
total protein, albumin, aspartate and alanine
transaminase, calcium, phosphorus, and the number of
blood cells were measured. Moreover, major organs
(liver, kidneys, and spleen) of animals from four
experimental groups were harvested and stained with
H&E to evaluate histopathological changes.

In vivo transdermal dissolution

A dissolution experiment was performed on live rats
and mice. Animals were anesthetized via K/X injection
and shaved. Afterward, the patches were applied to the
animal’s skin using an applicator, with and without a
supporter, small flat metal piece, for both microneedle
groups. Thumb pressure was used for fixing the
applicator in the injection era. Following the insertion,
the microneedles were rapidly dissolved in the skin's
interstitial fluid. At various time points (0, 2, 5, 10, 20,
30, and 45 min), the patches were removed and
visualized wunder a bright-field microscope for
measuring the length of inserted arrays. Moreover, SEM
images were obtained to achieve a precise view of the
dissolution.

Hot plate test

The analgesia hot plate test was performed as
described previously[?®. The experimental study was
conducted on adult male mice weighing 18 and 22 g. All
animals were kept under standard conditions and
acclimated to the environment before the experiment to
prevent the stress caused by environmental changes.
The mice were divided into four groups of six mice
each. Then N/S, SUF (0.3 pg), SUF DMN (0.3 pg of
SUF), and PVP DMN were administered
subcutaneously to the control, SUF SC, SUF DMN, and
PVP DMN groups, respectively. Mice were placed on a
hot plate (Stoelting, USA) at 0, 5, 15, 45, 60, 240 and
360 min. The jump time of the mice on the surface of
the hot plate (55 °C £ 0.1) was recorded. The cut-off
time was 20 s. The percentage of MPA was calculated
for each group using the equation as follows:

MPA (%) =

((Reaction time for treatment—reaction time for control)
(Cut—off time (20)—reaction time for control)

) x 100
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Statistical analysis

Data were analyzed using SPSS version 26. Data are
presented as mean * standard deviation. In all cases, a
one-way ANOVA was performed with Tukey's post hoc
test, and p < 0.05 showed a significant difference among
the experimental groups.

RESULTS

Fabrication and characterization of SUF DMNs

SUF DMN was fabricated by a typical micromolding
process (Fig. S1A). SEM analysis revealed a pyramidal
shaped structure. Each patch consisted of 100 needles
(10 x 10 array), with a length of ~800 um (Fig. S1B).
Based on the standard curve of SUF, the amount of the
drug in each patch was nearly 0.3 pg. The FTIR
spectrum was examined between 500 and 4000 cm'! to
identify the functional groups of the DMN polymers and
evaluate interactions between the compounds. Starting
from pure PVP, the peak absorption at 1580 cm™* could
be referred to the stretching vibration of C=0 in the
carbonyl group. The peaks for the C-H stretching
vibrations were observed at 2932 and 2885 cm!, and the
bending vibration was at 1428 cm. In addition, peak at
1284 cm™ was identified as the C-N bending vibration
of the pyrrolidone structure. Due to the hydrophilic
nature of PVP, the peak at 3432 cm™ was associated
with the OH stretching vibration. FTIR of the pure SUF
showed the following peaks: 650 and 570 cm’
(stretching of the C-S group), 1418 cm™* (bending of C-
H in the C-H; group), 1375 cm™ (bending of C-H in the
C-Hs group), 1177 cm'® (stretching of C-N group), 1109
cm® (stretching of C-O group), 1610 cm™ (aromatic
ring), 1591 cm (stretching of C=0 group), 2932 and
2824 cm™ (stretching of C-H group), and 3462 cm*
(stretching of OH group). According to the FTIR peaks
of PVP/SUF, the combination of the two substances
showed a slight shift, and the reaction of the two
substances together resulted in the formation of a
stretching NCO group at 2133 ¢cm™. The observation
of all the SUF peaks also suggested that the process of
fabrication and the ingredients of DMN had no
deleterious effects on the structure of the drug (Fig.
S1C).

Determination of the mechanical strength of PVP
MN arrays

The mechanical strength of the PVP MN arrays was
measured using a compression test involving various
predetermined forces generated by a tissue analyzer.
The height reduction of PVP DMN (without drug)
ranged from 6.87% to 50.18% of the original height
when forces between 15 and 60 N/patch were applied.
The height reduction of SUF DMN was in the range of
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9.11%-74.63% when the same forces were used
(Fig. 1). The breaking force of both DMNs was 73
N/patch. The DMN patches showed a proper potential
to resist forces greater than 9 N/patch (0.09 N/needle)
with negligible height reduction.

Penetration of DMNs into PF layers and animal skin

The microneedles were subjected to in vitro skin
penetration test using paraffin. SUF DMNs and PVP
DMN penetrated the third and fourth layers of PF (Fig.
2A). As the thickness of each layer of PF is ~127 um,
the total puncture depth for each of our DMNs was ~381
and 508 pm, respectively (Fig. 2B), which represents
47.625% and 63.5% of the total height of deployed
DMN arrays. This result shows that DMNs can
penetrate the SC (~10 up to 20 pum) and easily pass
through the skin. To evaluate the in vivo insertion
capability of DMNs, we administered trypan blue-
loaded DMNSs to the full thickness of hairless animal
skin. The needles were successfully inserted into the
skin and passed SC (Fig. 2C). We also used confocal
microscopy to determine the depth of permeation.
As shown in Figure 2D, FITC was able to penetrate
the deeper layers of the skin over 8 h, reaching depths
of ~700, 1,200, and 2,000 um at 1, 4, and 8 h,
respectively. It was also able to reach the depth of
the dermis and blood vessels excellently, showing
that our DMN can effectively transport its drug
content to the target site and successfully penetrate the
skin.

Examination of skin irritation and inflammatory
reaction

After insertion and removal of microneedles at
predefined times, we examined local skin irritation and
inflammatory reactions. Neither apparent erythema nor
inflammatory reactions were observed at the
administration site, although mild and transient skin
irritation was detected (Fig. 3A). We also evaluated the
transient disruption of SC by the formation of
micropores. Based on ex vivo histologic studies of the
skin for 24 h (Fig. 3B), the depth of the micropores
decreased over the mentioned time, and the resealing
process began within 1 h of insertion, and completed
after 24 h.

Cumulative release profile of SUF DMN

The cumulative release profile of SUF showed an
initial release percentage of nearly 60% within 15 min
(Fig. 4). Also, almost 84% of SUF was released into the
medium within 25 min of initiation. Finally, after 45
min, the cumulative amount of SUF remained almost
unchanged, with a final cumulative release percentage
of 100% of SUF.

Iran. Biomed. J. 28 (4): 192-205
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Fig. 1. Mechanical performance of PVP and SUF DMNs, and SEM micrographs of microneedle patches at different forces. The

breaking force of the DMNs is 73 N/patch.

Hemocompatible properties of MNs

The hemolysis test exhibited satisfying hemo-
compatibility at all concentrations og PVP and
PVP/SUF polymers. The results for non-hemolyzed
erythrocytes were >99%, in contrast to the positive
control, which showed 100% erythrocyte lysis (Fig.
5A). The transparency of the supernatant in all tubes
(Fig. 5B) validated our data, as it closely resembled that
of the negative control group (zero RBC lysis).

Biocompatible properties of DMNs

Toxicity studies were conducted to assess
hematological parameters, serum biochemical indices,
as indicators of the systemic effects of DMN. Our study
found no statistical difference between the control and
treated groups for the above parameters (Fig. 6A; p >
0.05). Histological examination of major organs,
including the spleen, liver, and kidney, revealed no
noticeable histopathological abnormalities or damage in

Iran. Biomed. J. 28 (4): 192-205

the experimental groups compared to the control group
(Fig. 6B).

Transdermal dissolution of DMNs

The dissolution data showed that when a supporter
(small, flat metal piece) was used, almost 50% of the
arrays were dissolved in the skin of both animals (rats
and mice) within 5 min after insertion. Of note, they
were completely dissolved within 20 min. Without a
supporter, almost 85% of the arrays were dissolved
within 40 min. These observations exhibit that placing a
hard object under the skin may assist the microneedle in
better skin penetration and faster dissolution (Fig. 7A).
Comparing the two different groups of animals (rats and
mice) displayed that varying skin thicknesses at the
same time point had different degrees of dissolution
(Fig. 7B). In other words, there was a significant
difference between the mice and rats and also between
the animals with and without supporters (p <0.05).
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Fig. 2. Penetration test with DMNs. (A) Light microscopic images (1-5 layers) of DMN infiltration into PF layers. PVP DMNs
penetrated the fourth layer of PF and SUF DMNs completely pierced the third layer (the thickness of each layer is 127 pm, with a
dimension of 3 x 3 cm). (B) Percentage of each DMN penetration versus the number of PF layers and penetration depth. The total
insertion depth is approximately 508 pm for PVP DMN and 381 pm for Suf DMN. The experiment was conducted in triplicates. (C)
Insertion of trypan blue DMN and trypan blue/SUF DMN into mouse skin using H&E staining. (D) Transdermal administration of FITC
DMN. Two-dimensional confocal microphotographs of FITC emission at different times after insertion (1, 4, and 8 h; for normalization
of images, all images were taken at a depth of 2400 pum), the diffusion depth was (i) ~700 um at 1 h, (ii) 1200 um at 4 h, and (iii) ~2000
pum at 8 h after insertion.
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Fig. 3. Inflammatory and histological examination of the skin. (A) Mild and transient skin irritation immediately after the removal of
the DMN patch. (B) H&E images of the process of skin healing. As shown in the image, the depth of micropores decreases over time.
Arrows indicate the perforated ducts and their closing process (Olympus BX61, Japan). SC: subcutaneous
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Fig. 4. Cumulative release percentage of SUF. Up to 60% of
SUF is released within 15 min, which may be due to the suitable
water solubility of PVP. About 84% is released within 25 min,
and the cumulative percentage remains almost unchanged 45 min
after initiation. The experiment was carried out in triplicates.

However, no significant difference was observed in
dissolution between the microneedles with or without
the drug (p > 0.05).

Anti-nociceptive effect of SUF

In examining the four animal groups using the hot
plate technique, we observed no significant difference
in anti-nociceptive activity between the SUF DMN
group and the group that received SUF subcutaneously
within 1 h of injection. In contrast, there was a
significant difference between these two groups and the
control groups (p <0.05). However, over time, the effect
of SUF DMN decreased. Also, at the end of the period,
the SUF DMN group, but not the SUF subcutaneous
group, lost its efficacy after 6 h (Fig. 8).

DISCUSSION

Herein, we fabricated SUF DMNSs by a typical micro-
molding processi?®! with a height of 800 pm. In

Iran. Biomed. J. 28 (4): 192-205

agreement with our results, other studies have used
pyramidal microneedles with the same height because
of their proper mechanical strength?71,

The FTIR spectrum of the components of the
constructed microneedle ranged between 500 and 4000
cml, confirming the existence of functional groups of
the DMN polymers and the interactions between the
compounds of DMN. The FTIR results of our study
aligns with those of another study?®l,

Various tests indicated the proper physical resistance
of PVP for skin infiltration?, for this reason, we
measured the mechanical strength of the PVP MN arrays
using a compression test involving various
predetermined forces generated by a tissue analyzer.
Obtained data show the favorable mechanical strength
of microneedles to withstand the maximum insertion
force that a person would typically exert when
puncturing the MN patches into the skin without an
applicator. The application of artificial skin models
solves challenges associated with biological skin test,
including limited access to skin samples, the difficulty
of stretching the skin into its in vivo configuration, and
concerns about occupational safety and cost*%. In an
earlier investigation, PF has been used as a skin
simulator and also as an alternative to biological tissues
to analyze insertion depth®H, Our results of in vivo PF
insertion assay showed the proper potential of
microneedle patch for SC penetration(32l,

The DMNSs are able to penetrate the subcutaneous of
the skin sufficiently without breaking or bending during
insertionBY. In this context, several types of skin
samples from rodents can be used for in vivo insertion
analysist®l, We inserted the DMN into rat skin to further
verify the in vivo insertion of PVP MN. Application of
a dye, such as trypan blue, to the skin surface or
measurement of transepidermal water loss after the
removal of MN can confirm whether the skin has
been breached!®. Trypan blue was used in our study to
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Fig. 5. Hemocompatibility test of DMNs. (A) Hemolysis percentage graph of the study groups vs. the negative control (PBS). As
shown in all tested concentrations of both PVP DMNs and SUF DMNSs, the results for non-hemolyzed erythrocytes were >99%, in
contrast to the positive control with 100% erythrocyte lysis. (B) The transparency of supernatants in the tubes. Water was used as a

positive control. The experiment was performed in four replicates.

measure the depth of permeation. The results of staining
and confocal microscopy (FITC) both indicate the
penetration of the microneedle into the hairless animal
skinl3l,

Since the microneedles are a minimally invasive tool,
it is important to investigate local skin irritation and
inflammatory reactionsf®4l. In this study, no erythema or
inflammatory  reactions were detected at the
administration site, although mild and transient skin
irritation was observed. The transient disruption of SC
by the formation of micropores must be closed to
prevent adverse physiological effectsi®®; therefore, the
timing of micropore closure is criticall®l, Our
histological assessments of the skin for 24 h indicated
that the depth of the micropores decreased over time.
This data is in consistent with other studies performed
on the closure of micropores resulting from
microneedles application[37-41],

In our study, in vitro release assays revealed a time-
dependent release profile for SUF. The initial release
percentage of SUF was about 60% within 15 min. Du et
al. also observed a time-dependent release profile for
hyaluronic acid from their designed microneedle,

200

with the accumulated release percentage of HA
reaching up to 52% within 10 min. These findings
are in agreement with our data and can be attributed
to the appropriate water solubility of both
compounds*2,

Hemocompatibility and the absence of erythrocyte
lysis are two of the the most common biocompatibility
assays*l. Our data demonstrated an appropriate
hemocompatibility for PVVP and PVP/SUF polymers.
This result is supported by the study that Elim and
collogues performed on polymeric microneedle drug
delivery systems[*l. We also examined the in vivo
toxicity of SUF DMN and found no toxic effect in the
serum or histological examination. The data from the
toxicity tests in our study represented a consistency with
the results of the study conducted by Chen et al.
conducted on DPMNM I, exhibiting no significant
erythrocyte lysis in DPMN samples!*],

Dissolution studies were also conducted to predict
the time needed for drug release from DMN arrays. The
DMNSs fabricated using PVP as the primary polymer
dissolve quickly in the skint®l, In our study, when a
supporter was used, almost 50% of the arrays dissolved

Iran. Biomed. J. 28 (4): 192-205
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Fig. 6. In vivo toxicity assay. (A) Graph of hematological parameter assay in the studied groups. No statistical difference was observed
between the control group (N/S SC) and the treated groups (SUF SC, SUF DMN, and PVP DMN) for each of the parameters (data
reported as mean + SD; one-way ANOVA, Tukey post hoc (p > 0.05). The experiment was performed in triplicates. (B) H&E staining
of the kidney, liver, and spleen of mice 14 days after treatment. No noticeable histopathological abnormalities or damage were detected
in the experimental groups compared to the control group. SC: subcutaneous
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Fig. 7. In vivo transdermal dissolution test. The (A) image and (B) graph of microneedle dissolution in different experimental groups.
The DMNSs exhibit different results in the presence or absence of supporter. The difference in the thickness of the animal's skin also
significantly affected the dissolution (p < 0.05); the experiment was performed in triplicates. On the other hand, in each group, there was
no significant difference between the microneedles containing the drug and those without the drug (p > 0.05).
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in the skin of both animals within 5 min after insertion,
while they were entirely dissolved within 20 min.
Dissolution time in our study is longer than other PVP
MNs, showing a sustained drug release. This
discrepancy could be due to the differences in the
manufacturing method™”l. The hot plate technique is
one of the common methods used for pain assessment.
The subcutaneous administration is a conventional
method for prescribing SUF, a potent opioid with a rapid
analgesic effect!*®l, Data obtained from hot plate test
showed a significant difference between the control
group and the group administrated with SUF. However,
no significant difference in response to the hot plate was
observed between the SUF DMN group and the
subcutaneous SUF group. In general, our proposed
microneedle provides adequate analgesic effects.
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Fig. 8. The graph of hot plate test. Jumping times of mice on
the surface of the hot plate (55 °C + 0.1) were recorded. Test was
performed on four different groups of male mice (n = 6 in each
group, weighing 18-22 g). The cut-off time was 20 s. The
percentage of MPA was calculated for each group. There was no
significant difference in hot plate response between the SUF
DMN group and the group received subcutaneous SUF within 1
h of injection. However, a significant difference was observed
between these two groups and the control groups (p < 0.05). From
6 h, the SUF DMN group also lost its efficacy in pain control,
with a notable difference from the subcutaneous SUF group
(p <0.05).

Iran. Biomed. J. 28 (4): 192-205

CONCLUSION

In this study, we successfully developed a rapid
dissolving PVP microneedle using micromolding
technique for transdermal delivery of SUF. The in vitro
and in vivo evaluation of the DMNs exhibited satisfying
characteristics in terms of mechanical properties, skin
penetration, chemical structure, drug release, and
microneedle formulation, with respect to blood
compatibility and histological assessments. Our study
highlights the effectiveness of microneedle-mediated
pain management for providing immediate pain relief as
a substitute for traditional pain control methods, without
complications associated with opioids.
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