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Abstract

Neuropathic pain caused by nerve injury is debilitating and difficult to treat. Current systemic
pharmacological therapeutics for neuropathic pain produce limited pain relief and have
undesirable side effects, while current local anesthetics tend to nonspecifically block both sensory
and motor functions. Calcitonin gene related peptide (CGRP), a neuropeptide released from
sensory nerve endings, appears to play a significant role in chronic neuropathic pain. In this study,
an analgesic microneedle (AMN) patch was developed using dissolvable microneedles to
transdermally deliver selective CGRP antagonist peptide in a painless manner for the treatment of
localized neuropathic pain. Local analgesic effects were evaluated in rats by testing behavioral
pain sensitivity in response to thermal and mechanical stimuli using neuropathic pain models such
as spared-nerve injury and diabetic neuropathy pain, as well as neurogenic inflammatory pain
model induced by ultraviolet B (UVB) radiation. Unlike several conventional therapies, the AMN
patches produced effective analgesia on neuropathic pain without disturbing the normal
nociception and motor function of the rat, resulting from the high specificity of the delivered
peptide against CGRP receptors. The AMN patches did not cause skin irritation or systemic side
effects. These results demonstrate that dissolvable microneedle patches delivering CGRP
antagonist peptide provide an effective, safe, and simple approach to mitigate neuropathic pain
with significant advantages over current treatments.
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Pain is one of the most frequent complaints for patients. Certain types of peripheral nerve
injury produce localized persistent neuropathic pain, which can result from trauma,
infections, inflammation, tumors, metabolic disease, or endocrine diseases (e.g., diabetes
mellitus).1:2 Neuropathic pain is often associated with a stimulating or burning sensation in a
specific area,3 which is one of the most difficult chronic pain symptoms to treat successfully
with pharmacotherapy or surgery.24-8 Neuropathic pain forms a large subset of the chronic
pain-related patient population; this condition affects approximately 10 million people in the
US and 26 million people worldwide.” Current pharmacotherapy for neuropathic pain is
principally derived from other medications such as antiepileptics (e.g., gabapentin,
carbamazepine and lamotrigine),8 antidepressants (amitriptyline and duloxetine),%°
nonsteroidal anti-inflammatory drugs (NSAIDs, e.g., tramadol),10 and narcotic analgesics
(e.g., oxycontin).11.12 However, these treatment options provide pain relief only in around
50% of patients and have significant systemic side effects.8-11.13

Transdermal injection of a local anesthetic such as lidocaine or bupivacaine has long been
used to relieve localized acute nociceptive pain,1#1% such as post-operative pain. However,
this has less efficacy for treating chronic neuropathic pain. Moreover, due to its nonspecific
blockage of voltage-gated sodium channels in both sensory and motor nerve fibers, local
anesthetics tend to numb skeletal muscles or peripheral tissues leading to unwanted side
effects. Thus, transdermal injection of a local anesthetic is not suitable for long-term
treatment of persistent neuropathic pain (Supporting Information S1).16.17

There is a need for alternative treatments that can provide more selective and safer analgesia
for neuropathic pain without affecting normal nociception. There is also a need for improved
delivery techniques, particularly for large molecules, such as peptides and proteins to
minimize systemic side effects and toxicity. Calcitonin gene-related peptide (CGRP), a
neuro-peptide synthesized and released by nociceptive sensory neurons, appears to be
critical in the development and maintenance of neuropathic pain states (Supporting
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Information S2).18:19 Nerve or tissue injury caused by trauma or inflammation, for example,
triggers the release of CGRP from nociceptive sensory nerve endings and enhances
nociceptive neuronal activity by augmenting voltage-gated sodium channels and transient
receptor potential cation channel subfamily V member 1, which leads to thermal
hyperalgesia and mechanical allodynia.19-20 Selective inhibition of CGRP signaling by
systemic blocking of CGRP receptors has demonstrated a promising therapy to treat
migraines.21-23 Although orally available small molecule CGRP antagonists mitigate
migraines, they also produced unwanted systemic side effects leading to suspension of
clinical trials.24-26

CGRP receptor antagonist peptides (or anti-CGRP peptides), such as CGRP8-37, have been
long studied in basic research as a CGRP biological probe (Supporting Information S3).
Peptides used as therapeutics are generally safer compared to small molecular drugs due to
their higher selectivity and effective metabolism after action. However, there are many
challenges to peptide delivery including limited absorption in the gastrointestinal tract and a
short half-life in blood circulation, leading to low potency and a short duration of action.
30-32 Therefore, special delivery routes are often required. For example, intrathecal
administration of CGRP8-37 has been shown to produce an antinociceptive effect, and
CGRP receptors in the spinal cord may be involved.2527.28 One report indicates that local
injection using a metal needle produces analgesic effects in a rodent model of chronic
central neuropathic pain,2 but this conventional delivery method itself can cause pain.
Challenges remain in developing an alternative therapy that meets the following criteria: (i)
selective and effective analgesia for persistent pain without interfering with normal
nociception or motor function, (ii) local or special delivery avoiding systemic side effects,
and (iii) convenience of application.

The present study demonstrates that analgesic microneedle (AMN) patches utilizing
dissolvable microneedles (MNs) can transdermally deliver an anti-CGRP peptide locally,
producing effective and safe analgesic effects for localized neuropathic pain (Figure 1). The
anti-CGRP peptide was employed to produce selective antihypersensitivity through
antagonism of peripheral CGRP receptors. Dissolvable MNs delivered the anti-CGRP
peptide directly to a painful area in a painless and convenient way, avoiding systemic
exposure and its resultant side effects. The short MNs used were designed to penetrate the
stratum corneum (the outermost layer of the epidermis), making minimal contact with blood
capillaries or nerve endings in the dermis layer, enabling painless application (Supporting
Information S4).33-36 While MN patches have been previously demonstrated to be
successful, particularly in vaccination, insulin delivery, and tumor therapies,33:37-41 ysing

MNss to achieve local analgesia with neuropathic pain treatment has rarely been explored.
35,42,43

Biodegradable AMN patches were fabricated with a centrifugation casting method using an
inverted cone-shaped template.3”44 Local analgesic effects of the released anti-CGRP
peptide were evaluated by testing the thermal and mechanical behavioral responsiveness of
rats. Our technique produced effective analgesia on multiple persistent pain models
including rat spared-nerve injury and diabetic neuropathy, as well as neurogenic
inflammatory pain induced by UVB radiation. Normal nociception and motor functions
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were spared by the anti-CGRP peptide. Negligible skin inflammation and neuro-behavioral
toxicity were induced by the MN-mediated delivery. These results demonstrate that
dissolvable MN patches delivering CGRP antagonist peptide can provide a safe, effective,
and simple approach to relieve localized neuropathic pain and have significant potential
advantages compared to currently available clinical treatments.

AMN Patch Fabrication, Application, And Characterization.

Dissolvable MN patches were fabricated using sodium carboxylmethyl cellulose (SCMC,
molecular weight ~90,000), a safe and highly biocompatible material 4> The MNs were
prepared by centrifugation casting SCMC solution onto an inverted cone-shaped
polydimethylsiloxane (PDMS) mold and then allowed to dry. 3346 Briefly, CGRP8-37, a
model anti-CGRP peptide, was dissolved in 8% (w/w) SCMC solution, which was then spun
onto the mold at 4000 rpm for 5 min to form the needle tips. A second layer of gel
containing 8% (w/ w) SCMC alone was applied onto the mold to create a mechanically
robust substrate (Figure 2a). The as-fabricated MN patches were air-dried overnight and
separated from the mold (Figure 2b). The density of MNs in the patch (0.785 cm?) was 56
needles/cm?, with MN length of 800 zm. When gently inserted to the skin of the rat, the
MNs were readily dissolved and gradually released anti-CGRP peptide. The length was
found to be reduced by ~3/4 at the time of removal 20 min after the application (Figure 2c).
To visualize the distribution of drug molecules within the MN patch, Rhodamine B-labeled
(red fluorescence) dextran, a polysaccharide with a similar molecular weight (MW ~ 3000)
to CGRP8-37 (MW ~ 3128), was used as a surrogate marker of CGRP8-37 and loaded in
the MNSs. Confocal fluorescence microscopy revealed that most of the fluorescent molecules
were distributed in the MN tips (Figure 2d). The amount of CGRP8-37 in the AMN patch
was determined with enzyme immunoassay (EIA, Supporting Information S5) and found to
be 1.42 £ 0.65 yg in the MN tips and 0.064 + 0.037 /g in the patch substrate base (Figure
2e), confirming that most of the peptide was loaded in the MN tips. To evaluate the stability
of the peptide CGRP8-37 retained in the MNs, the effective amounts of intact CGRP8-37
after MN fabrication and storage were evaluated using EIA (Figure 2f).47 In this experiment,
when 10.4 + 2.3 ;g CGRP8-37 was loaded in an MN patch, 91.5 + 15.3% of the peptide
remained stable after MN fabrication and 81.1 + 23.2% remained stable following storage of
MN patch at 4 °C for 1 week (Supporting Information S5). These are in contrast to the
negative control samples where the peptide was destabilized to 3.1 + 0.2% when the MN
patch was shortly stored at high temperature (at 90 °C for 30 min). This result confirms the
stability of the anti-CGRP peptide within MN patch under general storage conditions.

To observe drug molecule distribution of drug released from the MNs following skin
penetration, MNs containing dextranRhodamine B were used. Confocal fluorescence
microscopy was conducted to visualize the release of fluorescent molecules from the MNs
into the rat skin and their spatial distribution. MNs were applied to the rat’s dorsal surface
for 20 min and then removed. Two or 6 h after MNs insertion, the skin near the penetration
sites was dissected and prepared for imaging. As shown in Figure 2g, the MNs disrupted the
epidermis, and the fluorescent molecules were found to deposit in the dermis layer (at depths
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of approximately 100 um or greater) and diffused locally near the needle penetration site 2 h
after MNs application. After 6 h, the fluorescent molecules were observed to continue to
diffuse and spread over a larger area within the dermis layer (Figure 2h), in the vicinity of
the needle penetration site (Supporting Information S6). These results indicate the successful
utilization of MNs for stably carrying anti-CGRP peptide and locally delivering drug
molecules into the skin.

Spared Nerve Injury (SNI) Model.

We employed a relatively localized neuropathic pain model, the SNI model in rodents, 4849
to assess the analgesic effects produced by the AMN patch which mediated CGRP8-37
delivery through MNs (i.e., MN/CGRP8-37). The SNI in the rat involves a lesion of two of
the three terminal branches of the sciatic nerve (tibial and common peroneal nerves), leaving
the sural nerve intact. After the peripheral nerve lesion, the remaining primary afferent
develops spontaneous abnormal excitability and heightened sensitivity to thermal and
mechanical stimuli. The hindpaw is one of the most commonly tested areas when dealing
with rodent models of inflammatory pain or chronic neuropathic pain.4® Nociception on the
hindpaws of the SNI rats in response to thermal and mechanical stimuli was tested using the
Hargreaves thermal stimulator and von Frey monofilaments,3%-1 which measured the ability
of the rats to withstand thermal or mechanical stimulation, respectively. The MN/CGRP8-37
patch was applied to the hindpaws of the rats for 20 min to allow the microneedles to
dissolve and subsequent peptide release, and then the patch base was removed. The
nociceptive response after MN treatment was reassessed to evaluate pain responses
compared to pretreatment (Figure 3a). Each rat’s thermal and mechanical measurements
were expressed as a percentage of the rat’s individual normal nociception measured before
SNI surgery (baseline).

At 2 weeks post-surgery, the SNI rats showed reduced thermal pain thresholds to 46.1

+ 4.2% of pre-SNI baseline, confirming the presence of hyperalgesia. Four groups received
either treatment of MNs containing CGRP8-37 (~1.4 wg/ patch), MNs without drugs as
blank control, subcutaneous (SC) injection of CGRP8-37 (~1.6 xg in 50 L), or SC injection
of blank vesicles on the left hindpaws of the rats. After 20 min of MN treatment or
conventional SC injections using metal needles, the SNI rats were tested every hour for up to
5 h (Figure 3b). Of the four treatment groups, the rats treated with MN/CGRP8-37 exhibited
a reversal to normal thermal nociception as early as the first time-point 1 h after the MNs
application. The observed antihyperalgesic effect reached a maximal effect at 2 h post-MN
application and lasted for up to 5 h. Similarly, the rats treated with SC injection/CGRP8-37
showed substantial and significant alleviation of hyperalgesia, peaking at 1 h post-injection,
which confirms the analgesic effects of CGRP8-37 are independent of delivery methods. In
contrast, the MN/blank and SC injection/blank controls had no observable analgesic effects.

In addition to examining thermal responsivity, mechanical nociceptive thresholds were
measured (Figure 3c). At 2 weeks post-surgery, the rats exhibited significant mechanical
allodynia with a mechanical threshold reduced to 29.7 + 8.2% of pre-SNI baseline. The rats
that received CGRP8-37 exhibited a peak analgesia recovering to 59.2 + 24.9% with MNs,
and 43.9 + 11.0% by SC injection, lasting up to 3 h. After 3 h post-treatment, the
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antiallodynia effect began to gradually subside. The treatments with blank controls did not
show any analgesic effects. Thus, application of CGRP8-37 either by MNs or SC injection
can mitigate both thermal hyperalgesia and mechanical allodynia resulting from peripheral
nerve injury.

To compare with current treatments, SC injection of lidocaine (1.5% w/w, a typical
concentration used in clinic, 50 £4.)>2 and intraperitoneal (IP) administration of gabapentin®3
(100 g/kg) were used as a benchmark for comparison (Supporting Information S7 and S8).
Both treatments with lidocaine and gabapentin achieved full analgesic effects on thermal
hyperalgesia that peaked at 1 h post-administration and gradually declined over a 3 h period
(Figure 3d). Lidocaine produced a peak elevation of allodynia, as indicated by an increase in
the mechanical pain threshold from 31.9 + 6.3% to 67.5 + 9.1% of presurgical thresholds on
mechanical pain; while gabapentin produced only a small analgesic effect on mechanical
allodynia 36.9 £ 11.5% compared to the 33.1 + 4.0% pretreatment (Figure 3e). The
measured peak effects of different groups in Figure 3b-e are summarized n Figure 3f. These
results suggest that the CGRP8-37 delivered by MNs was able to achieve analgesic effects
against neuropathic pain as effective as CGRP8-37 or lidocaine delivered by SC injection,
and CGRP8-37 delivered by MNs was superior to systematic gabapentin treatment.

Diabetic Neuropathy Model.

UVB Model.

Effects of the treatments were also evaluated in animals with peripheral neuropathy induced
by streptozotocin (STZ)-induced damage to the pancreas in the rat resulting from high blood
glucose levels (Figure 4a).>* Prior to STZ administration, each rat’s normal nociceptive
responsiveness of their left hindpaws was assessed as a baseline. Two weeks post-STZ
administration (50-55 mg/ kg, IP), the rats developed significant peripheral neuropathy,
manifested as thermal hyperalgesia (thermal pain threshold dropped to 52.7 + 5.4% of
baseline) and mechanical allodynia (mechanical pain threshold dropped to 15.9 + 10.3% of
baseline). In addition, each rats’ blood glucose levels were measured using a basic glucose
level monitor to verify hyperglycemia status (pre-STZ 115 + 17 mg/100 mL vspost-STZ
405 + 25 mg/100 mL).

As described above, MN patches were applied on the rats’ left hindpaws for 20 min and then
removed, and the rats were tested 1 h after removal of the patches. Similar to results with the
SNI model, rats receiving MN/CGRP8-37 showed a full return to their baseline thermal pain
thresholds in responding to thermal stimulation (Figure 4b), and the mechanical stimulation
test indicated a significant analgesic effect in which the rats displayed a partial recovery to
55.9 + 25.7% of baseline mechanical pain threshold (Figure 4c). In contrast, for the rats that
received blank MN control patches, the hyperalgesia persisted, with the thermal thresholds
remaining at 46.3 = 5.9% and the mechanical thresholds at 17.5 + 7.3%.

In a third model, the antihyperalgesic or antiallodynic effects of MN/CGRP8-37 were
studied in a rat neuroinflammation model adapted from a simple pain model in healthy
subjects®® (Figure 4d). The rat’s hindpaws were exposed to an inflammatory dose of UVB
radiation (1200mJ/cm? for 25 s). UVB exposure caused significant thermal hyperalgesia and
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mechanical allodynia, as indicated by decreases in the rats’ paw withdrawal latencies in
response to noxious heat and von Frey hair stimulation, respectively. One day post-UVB
exposure, the thermal pain thresholds decreased to 49.7 + 8.1%, and the mechanical
threshold decreased to 29.0 + 11.0%, compared to responsiveness before UVB radiation.
MN/CGRP8-37 or blank MNs were applied to the UVB-radiated hindpaws, and the thermal
and mechanical pain thresholds were measured once every hour for 5 h. The MN/ CGRP8-
37 produced both antihyperalgesic and antiallodynic effects in the rats. The rats that received
MN/CGRP8-37 exhibited a complete return on thermal pain thresholds (Figure 4e) and a
maximal recovery to 71.4 + 23.0% of baseline mechanical thresholds (Figure 4f) at 2-3 h
post-treatment, with significant analgesic effects that lasted for 5 h. In contrast, the rats
treated with blank MNs exhibited no pain attenuation. These results suggest that locally
applied CGRP8-37 is an effective analgesic in neuroinflammatory pain.

The MN patches could be flexibly applied on different surfaces of the rat body, owing to the
superior mechanical strength and malleability of the patches. Given these features, we also
tested the MN/CGRP8-37 patch on the rat cheek, a larger and flatter surface than the
hindpaw. The latency of each rat to withdraw its cheek from a beam of noxious heat which
was applied directly to the rat’s cheeks was measured and treated as a baseline (100%;
Figure 5a). UVB (1200 mJ/cm? for 25 s) was applied to rat’s depilated cheeks (both left and
right) to produce significant neuroinflammation. One day post-UVB radiation, the rat’s
cheeks exhibited hypersensitivity to thermal stimuli (Figure 5bl), as indicated by the cheek
withdrawal latencies decreased from 10.4 £ 0.2 s (blue curve, prior to UVB)t0 6.8 + 0.2 s
(pink curve, post-UVB), and the degree of hypersensitivity was consistent among all
separate experiments.

MN/CGRP8-37 patches were applied on the rat’s left cheek for 20 min. After removing the
patch, cheek withdrawal latencies for avoiding noxious heat were assessed at different time
points up to 3 h. The rat’s right cheek was assessed as negative control (pink curve), which
was UVB-exposed as well but without MN treatment. As shown in Figure 5b3, MN/
CGRP8-37 produced a potent antihyperalgesic effect (red curve), compared to the right
cheek (pink curve). In contrast, the cheek treated with blank MN control patches did not
produce any analgesic effects (orange curve in Figure 5b2). MNs containing 450 + 87 g
lidocaine (comparable dose with SC injection of 50 uL 1-2% lidocaine solution; Supporting
Information S8) produced significant thermal analgesia (Figure 5b4) and served as a positive
control.

Ideal therapeutics of antihypersensitivity or analgesics should not interfere with normal
physiological pain sensation.14:56 To investigate whether MN-mediated CGRP8-37 delivery
alters normal nociceptive sensation, naive rats without induced neuropathic or inflammatory
pain were subjected to the treatment procedure and the thermal pain test (Figure 5c). The
rat’s left cheek was treated with MNs for 20 min, while the right cheek, without any
treatments, was used as a negative control. After removing the MN patches, noxious heat
was alternatively applied to both cheeks at different time points, and the cheek withdrawal
latencies were measured. As shown in Figure 5d, the withdrawal latencies of the cheeks
treated with MN/CGRP8-37 (~1.4 1qg/patch, Figure 5d3, red curve) or blank MNs (Figure
5d2, orange curve) showed insignificant differences compared to the right cheeks without
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any treatments (pink curves), indicating that MN/CGRP8-37 did not produce discernible
analgesic effects on normal nociception. In contrast, MNs containing lidocaine (450 + 87
1) produced local anesthetic effects on normal nociceptive pain as expected (Figure 5d4,
green curve). In addition, SC injections of CGRP8-37 (1.6 xg in 50 4L) or lidocaine (750 (g
in 50 4L, ~ 1.5%) in the rats’ left cheeks were conducted to verify the differential effects
between CGRP8-37 and lidocaine (Supporting Information S9). To make a more clear
comparison among all groups tested, the left cheek withdrawal latencies with treatments
were subtracted from the individual right cheek without treatment, and the mean difference
indicates analgesic effects resulting from the treatment (Figure 5e). Taken together, these
results demonstrate that CGRP8-37 can preferentially produce antihyperalgesia without
affecting normal pain sensation.

In addition to differential modulation of hypersensitivity and normal nociception, local
application of CGRP8-37 was investigated to determine whether and to what extent this
treatment might interfere with motor function (as do local anesthetics). In this experiment,
rats were fasted for 1 day and then received an injection into the oral mucosa of either a high
dose of CGRP8-37 (~5 g in 50 L) or a standard clinical dose of lidocaine (~750 g in 50
UL, ~ 1.5%) for comparison. After injection, the rats were given 20 min to to freely eat one
piece of ordinary solid rodent chow placed on the homecage floor (Figure 5f). The rats
injected with lidocaine displayed dysfunction of chewing and eating presumably due to
anesthetic effects blocking the motor nerve conductivity. In contrast, the rats injected with
CGRP8-37 could eat normally (Supporting Information S10). The food intake was assessed
(Figure 5g), and the results showed that the rats injected with CGRP8-37 could eat as much
(3.02 + 0.32 g) as the control group (3.16 + 0.45 g). Both CGRP8-37 and control groups
consumed food amounts approximately 4-fold greater than that the lidocaine group did (0.74
+ 0.46 g). These results demonstrated that targeting CGRP receptors provides a selective
analgesic approach without interfering with normal sensation and motor functions, which is
highly advantageous compared to traditional sodium channel blockers that tend to eliminate
local sensation and benumb peripheral mucles.14:56

Skin Irritation Test.

The safety of the local application of the AMN patch (i.e., MN/CGRP8-37) was evaluated
by testing skin irritation following treatment. MN/CGRP8-37 was applied to the dorsal
surface of mouse for 20 min once every day for 3 consecutive days. There was no visible
irritation observed on the skin treated with MN/CGRP8-37 compared to the untreated skin
(Figure 6a). On the fourth day, the skins surrounding the microneedle penetration sites was
dissected and prepared for histological examination. Compared to the untreated skin (Figure
6b), there were no overt infiltrated inflammatory cells observed on the skin after repeat
insertion of MNs (Figure 6c¢), indicating the applications of MN/CGRP8- 37 did not induce
significant inflammation in the skin.

Spontaneous Behavior Assessment.

Although CGRP8- 37 was delivered by MN patch in this study, avoiding systemic exposure,
it is possible some CGRP8-37 entered circulating blood. The potential systemic side effects
of such exposure were assessed by monitoring general neurobehavior following intravenous
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injections to the mouse tail (Figure 6d). A high dose of CGRP8-37 (10 mg/kg) was injected
once a day for 3 consecutive days. The concentrations of CGRP8-37 in the plasma
(estimated around 100 M, Supporting Information S11) should be significantly higher than
the local concentrations of CGRP8-37 (<10 ¢M) transdermally delivered by MNs or SC
injections. Following each daily injection, the health conditions and spontaneous behaviors
of the mice were assessed, including the body weight, water and food intake, clinical
observations, righting reflex (a measure of unconsciousness and rolling response), 57:58 and
locomotion. There were no significant differences between the CGRP8-37 group and the
control group in body weight and water intake for all 3 days and food intake for the first 2
days (Figure 6e-g). Only food intake showed a small yet significant difference on the third
day, where the group treated with CGRP8-37 showed less food intake than the control
group. However, the amount of food intake was still within the normal range for mice (4-5 g
per day). The mice from all groups appeared clinically normal, and none of the mice from
either group showed any righting reflex defects (Figure 6h), indicating normal consciousness
and rolling response. Locomotion was continuously monitored using the SmartCage, an
automated noninvasive monitoring system for 3 days (Figure 6h).5° The CGRP8-37 group
displayed similar travel distances as the control group, with increased activities in the dark
phase corresponding to the normal active behaviors of mice, especially in the first day when
the mice were placed in fresh homecages and in a new environment. These results indicate
that the systemic exposure of high dose of CGRP8-37 did not alter the animals’ general
health state and behaviors, suggesting the safe nature of this peptide CGRP antagonist
(Supporting Information S12).

CONCLUSION

AMN patches transdermally delivered CGRP antagonist peptide in a painless manner,
producing effective and safe analgesia on neuropathic pain models including SNI, diabetic
neuropathy, and neurogenic inflammatory pain induced by UV radiation in rats. Effective
analgesia was selectively achieved without disrupting normal pain sensation and motor
functions. These differential actions result from the high specificity of the CGRP antagonist
peptide on blocking the overactivation of the CGRP receptors that causes nociceptive
hypersensitivity under pathological conditions. Peptide drugs are generally safe with regards
to off-target effects, owing to their high selectivity against their targets and highly efficient
peptide degradation into recyclable amino acids by proteinases (or peptidases). In contrast,
small molecular drugs often suffer from systematic side effects and detoxification issues.
30.31 However, there are many challenges to peptide delivery including limited absorption in
the gastrointestinal tract and duration of action in vivo. In our studies, we took the
advantages of peptide drugs while overcoming these challenges by using the MN
transdermal delivery technology.3260 The present study demonstrates that peptide-bearing
AMN can be safely applied without inducing skin irritation or undesirable systemic side
effects, presenting an important technical advance toward alternative treatments for
neuropathic pain. This new approach may potentially lead to a reduction in the use of opioid
analgesics and open alternative opportunities for pharmaceuticals to use peptide-bearing
MNss for other clinical applications.
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AMN Patch Fabrication and Application.

AMN patches were fabricated by a two-step centrifugation casting method using a
polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, USA) mold containing cone
cavities (44 cone cavities, each 0.8 mm in depth and ~440 xm in base diameter; TheraJect,
Inc., CA, USA). For MN patched loaded with CGRP8-37 (MN/CGRP8-37), in the first
step, ~2 mg CGRP8-37 (VTHRLAGLLSRSGGVVKDNFVPTNVGSEAFNH,, synthesized
by GenScript, NJ, USA) was dissolved in 500 s 8% (w/w) sodium carboxylmethyl
cellulose (SCMC, Sigma-Aldrich, MO, USA) solution, and then 50 zL of this solution was
added to the mold and centrifuged at 4000 rpm for 5 min to drive the solution into the
cavities. The solution out of the cavities was removed after centrifugation and collected for
reuse. After air-drying overnight, another 200 £ solution containing 8% (w/w) SCMC
alone was poured on the mold and centrifuged at 4000 rpm for 1 min. The solution was dried
overnight to form an MN patch, and the patch was peeled off from the mold.

For MN patches loaded with dextran labeled with Rhodamine B, 0.5 mg dextran-Rhodamine
B (MW ~ 3000 Da; Nanocs, USA) was dissolved in 500 /L 8% (w/w) SCMC solution, and
this solution was used to prepare the MN tips. For MN patches loaded with lidocaine (MN/
lidocaine), 75 mg lidocaine hydrochloride (Sigma-Aldrich) was dissolved in 500 /1 8%
(w/w) SCMC solution, and this solution was used to prepare the MN tips. The rest of the
procedures were similar to the preparation of the AMN patches. After fabrication, AMN
patches were stored at 4 °C (in a freezer) until application. Typically, the AMN patches were
stored in 24-well plates sealed with parafilm. These plates were generally further stored in a
plastic tight head secondary container to protect from moisture. Upon use, MNs were gently
inserted into the skin of animals and were held on the skin with adhesive tape. Twenty min
after insertion, the MN patches were removed, and the pain behavior test was performed.

MN Characterization.

For scanning electron microscope (SEM) imaging, MN patches were sputter-coated with
gold-palladium using DESK V HP (Denton Vacuum, NJ, USA) and then imaged with FEI/
Philips XL30 FEG ESEM. For confocal fluorescent microscopy, MN patches were imaged
with a Zeiss LSM 700 Laser Scanning Confocal.

The amount of CGRP8-37 in the AMN patch was determined with Calcitonin Gene Related
Peptide (CGRP) - Enzyme Immunoassay (EIA) Kit (Phoenix Pharmaceuticals, Inc., CA,
USA). This EIA kit has 100% cross-reactivity with CGRP8-37. The MN tips were
immersed in 1 mL DI water to allow the tips to be dissolved. The patch substrate was
immersed into another 1 mL DI water to dissolve. The CGRP8-37 concentration of each
solution was measured with the EIA according to the standard protocol of the product.

The stability of CGRP8-37 in MN patches was determined with EIA assay. In order to get
higher signals for quantification, a higher amount of CGRP8-37 (~10 4g) was loaded in
each MNs or aqueous sample, and the CGRP8-37 was loaded homogeneously in the whole
MN patch rather than localized in the MN tips in order to avoid the variation of peptide
loading during MN fabrication.
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The preparation method and storage conditions for different samples were as follow. “Before
MN fabrication”: 10.0 pg CGRP8-37 was dissolved in 100 gL DI water. “After MN
fabrication”: 10.0 pg CGRP8-37 was dissolved in 100 ~L 8% SCMC solution, and the
solution was poured to the mold and dried overnight to form MN patch. “In MNs at 4 °C,
1week”: the MN samples containing ~10.0 g CGRP8-37 were stored at 4 °C for 1 week.
“In MNs, heated to 90 °C “: the MN samples containing ~10.0 ;g CGRP8-37 were heated
up to 90 °C for 40 min to destabilize the CGRP8-37. This was used as a negative control to
confirm that the EIA can be used to determine the effective amount of CGRP8-37. “MNs
w/o peptide”: the MN was fabricated without loading CGRP8-37. This was used as a
negative control to confirm that the EIA is specific to CGRP8-37 rather than SCMC. Each
sample was diluted with another 900 wL DI water, and the CGRP8-37 concentration of each
solution was measured with the EIA according to the standard protocol of the product.

For the dextran-Rhodamine B releasing experiment, MN patches loaded with dextran-
Rhodamine B were applied to the dorsal skin of rats for 20 min and then removed. After 2 or
6 h, the treated sites were dissected. Frozen sections were imaged by confocal microscopy
(Olympus FV-1000) to determine the distribution of the released dextran-Rhodamine B.

Experimental Animals.

Male Sprague-Dawley rats weighing 300-350 g and male C57BL/6 mice weighing 25-35 ¢
were used (Envigo, former Harlan Laboratories, IN, USA). Rats or mice were housed in a
climate-controlled room under a 12 h/12 h light/dark cycle and provided food and water ad
libitum. The Animal Care and Use Committees of Stanford University and AfaSci approved
all surgical and testing procedures prior to initiation of studies. For all surgical procedures,
deep anesthesia was maintained throughout surgery with 2% isoflurane. All incisions were
closed in layers with 4-0 silk sutures.

Thermal Hyperalgesia Testing.

For the thermal pain threshold determination on rat hindpaw, the Hargreaves test was used
with the a paw thermal stimulator system (Department of Anesthesiology, University of
California, San Diego, CA, USA), which applies a high-intensity beam of light directed to
the hindpaw to induce pain. The time it takes for the animal to withdraw its hindpaw
(withdrawal latency) was measured. A cutoff of 20 s is employed to avoid excessive tissue
injury. For the thermal test on cheeks, thermal stimulation was provided by a custom-built
infrared laser stimulator (Lasmed, Inc. Mountain View, CA, USA), which uses a fiberoptic
to allow precise, hand-held positioning of the beam. The beam itself was collimated,
allowing for approximately 5 cm working distance, while producing a reliable 3 mm spot
size. This stimulator has been used successfully in animal and human behavioral and
electrophysiological experiments. After habituation, withdrawal latencies from low-intensity
laser heat were assessed (typical latencies ~10 s). Responses of the injured as well as the
uninjured cheeks were assessed by measuring withdrawal latencies in response to
stimulation of the middle surface of cheeks.

ACS Nano. Author manuscript; available in PMC 2019 January 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Page 12

Mechanical Allodynia and Hyperalgesia Testing.

Mechanical allodynia was measured using von Frey monofilaments (Bioseb, Chaville,
France). Individual rats were subjected to habituation within a cylinder on a suspended metal
mesh; mechanical withdrawal threshold to the application of a von Frey probe to the foot
was measured using the up-down method. An ascending series of von Frey hairs of
logarithmically incremental force (3.2, 5.2, 8.3, 15, 29, 44, 64, 94, and 160 mN) were
applied to sites in the middle (tibial nerve distribution) aspect of the plantar surface of the
affected hindpaw. Each von Frey hair was applied to the test area for about 2-3 s, with a 1-2
min interval between stimuli. If the animal showed no response to the highest von Frey hair
(160 mN), a von Frey threshold of 260 mN, corresponding to the next log increment in
potential von Frey probes, was assigned as the threshold.

Spared Nerve Injury (SNI) Model.

Of the three branches of the sciatic nerve, the tibial and the common peroneal nerves were
cut and ligated, while leaving the sural nerve intact. Deeply anesthetized animals were
placed on a heated surgical bed. The posterolateral aspect of the left thigh was shaved and
prepared with iodine surgical prep. An incision was made through the skin and underlying
biceps femoris muscle just deep enough to expose the sciatic nerve and its trifurcation into
tibial, common peroneal, and sural nerves. The tibial and common peroneal branches were
then ligated and cut distal to the point of ligation, taking care not to touch the sural nerve.
The intact, or ‘spared,” sural nerve normally conveys pain sensation from the lateral aspect
of the hindpaws. The incision was then sutured in layers. In sham animals, the procedure
was the same, except that the nerves were only exposed and not ligated. Animals were
allowed to recover from surgery for approximately 2 weeks before continuation of the study.
WT Sprague-Dawley rats each underwent SNI on their left hind leg. Thermal and
mechanical pain thresholds of the ipsilateral hindpaws were measured using the Hargreaves
thermal stimulator and von Frey hair monofilaments (up-down method). The baseline
thermal and mechanical thresholds of the rats prior to surgery were assessed. Five weeks
post-surgery, the thermal and mechanical thresholds of each rat were reassessed, confirming
the presence of hyperalgesia and mechanical allodynia in each rat. These pain conditions
lasted for 6-8 weeks, modeling chronic neuropathic pain. Each rat (n = 8 per group)
received MN/CGRP8-37 (~1.4 wg/patch), MN patch without drugs (MN/blank), local
subcutaneous injection of CGRP 8-37 (~1.6 pg in 50 z1, dissolved in 2% DMSO in 0.5% %
hydroxyl propyl cellulose, HPC), lidocaine (1.5%, 50 z1.), vehicle (50 /L, 2% DMSOQO in
0.5% HPC), or intraperitoneal (IP) administration of gabapentin (100 mg/kg, Sigma-Aldrich,
MO, USA). Thermal and mechanical thresholds were assessed every hour for up to 5 h after
treatment. Each rat’s thermal pain threshold was represented by its withdrawal latency (s),
while mechanical pain threshold measurements were expressed as a percentage of the rat’s
individual normal nociception prior to SNI surgery (baseline).

Diabetic Neuropathy Model.

Prior to STZ administration, each rat’s baselines of thermal and mechanical thresholds on
their individual hindpaws were assessed using the Hargreaves thermal pain test and von Frey
mechanical pain test, respectively. In a naive rat, the average paw withdrawal latency using
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the Hargreaves thermal stimulator was approximately 15 s. Once these baseline values were
recorded, a dose of STZ (50-55 mg/kg, IP, Sigma-Aldrich) was administered to each rat (7=
6 per group). Two weeks post-STZ administration, the rats’ average withdrawal latency
dropped by 45% (withdrawal latency around 8.5 s), confirming the development of
neuropathic pain. In addition, each rats’ blood glucose levels were measured using a basic
glucose level monitor and verified hyperglycemia status, confirming that the diabetic model
was established. MN/patch or MN/blank was patched on the rat hindpaw for 20 min. After
removing the patches, thermal and mechanical thresholds were assessed in 1 h.

UVB/Paw Model.

Baseline thermal and mechanical pain thresholds of each rat’s left hindpaws were measured
prior to UVB exposure. Each rat received 1200 mJ/cm? of UVB (over a 25-s span) on its left
hindpaw using a fiberglass applicator of the UV Curing Device (Dymax Bluewave 200).
Twenty-four h post-UVB exposure, the thermal and mechanical pain thresholds of each rat
were reassessed; the presence of hyperalgesia and mechanical allodynia in each rat was
confirmed. MN/patch or MN/blank was applied to the left hindpaw, remaining on the
hindpaw for approximately 20 min. After treatment, the thermal and mechanical thresholds
were measured once every hour for 5 consecutive hours.

UVB/Cheek Model.

When the skin of a rat’s cheek was stretched, the circular (8 mm in diameter) fiberglass
applicator of the UV Curing Device was applied to the center of the rat’s depilated left
cheek. To produce an appropriate inflammation, a total dose of 1200 mJ/cm? UVB was
administered to one rat cheek for 25 s. The same procedure was performed on the rat’s
depilated right cheek. Upon completion of UVB radiation, all rats were returned to their
home cages and were assessed for thermal pain 24 h later. At this period, persistent UVB
inflammation could be induced. The rats were lightly anesthetized with urethane (800
mg/kg, IP), and heat-induced withdrawal latencies of the cheeks (an indicator of C fiber
stimulation responses) were measured. MN/CGRP8-37, MN/lidocaine, or MN/blank was
applied to the left cheeks for 20 min. After removing patches, cheek withdrawal latencies
induced by continuous and noxious heat were assessed at different time points for up to 3 h
post-treatment. Likewise, the same application process and test were carried out on the
untreated right cheeks as a negative control. For the sham group, the rats’ left cheeks were
not exposed to UVB, but the right cheeks were exposed and used as a control.

For the normal nociception model, the procedure was similar to the UVB/Cheek model,
except that all the rats’ cheeks were not exposed to UVB radiation.

At each time point, the measured withdraw latency of the left cheek was subtracted by the
withdraw latency of the right cheek, and the differences from all time points were averaged
as the “Withdrawal Latencies Difference.”

Eating Experiment To Assess the Local Interference with Active Physical Functions.

WT Sprague-Dawley rats were fasted for a full 24 h, but water was freely accessed. After 24
h of fasting, each rat was lightly anesthetized with 2% isoflurane and received a local oral
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injection of a high dose of CGRP8-37 (~5 pg in 50 4L, dissolved in the vehicle), lidocaine
(1.5%, 50 ¢, dissolved in the vehicle), or vehicle (50 wl, 0.5% HPC containing 2%
DMSO). The injection was made in the oral mucosa directly behind the left
temporomandibular joint. After receiving injections, each rat was returned to its homecage
for 1 h, then individually placed in fresh homecage (without bedding), and given ~10 min to
acclimate to the new environment. Each rat was then given 1 single intact rodent chow
biscuit (Rodent Chow 5001, 4.5-5.0 g/biscuit) and permitted exactly 20 min to eat freely.
The eating process of each group was recorded with a video camera. Each rat’s biscuit was
weighed before and after the 20 min eating test.

Skin Irritation Test.

MN/CGRP8-37 patches were applied to the dorsal skin of mice for 20 min and then
removed. Mice were treated on the same area once per day for 3 days. On the fourth day, the
treated sites were dissected, fixed, and stained by a standard H&E staining procedure. The
slides were scanned and analyzed with NanoZoomer (Hamamatsu, Japan).

Spontaneous Behavior Testing.

Mice were given daily intravenous injections of either CGRP8-37 (10 mg/kg, dissolved in
2% DMSO in 0.5% HPC) or vehicle (2% DMSO in 0.5% HPC) once per day for 3 days. At
15 min post each injection, animals were evaluated for righting reflex and clinical
observations. Immediately after clinical observations, the animals were placed in an ordinary
rat homecage, which was placed in the SmartCage (AfaSci, Inc. Redwood City, CA, USA)
that continuously recorded locomotion (traveling distance, speed and trajectory). The weight
of animals, water intake, and food intake were evaluated once a day during each day of the
experimental period.

Statistical Analyses.

Rats or mice were randomly assigned to different treatment groups for each experiment. All
pain tests and behavioral assessments were conducted in a blinded manner to the
experimenter. Data were presented as mean + SEM, unless specified otherwise. The
statistical significance of observed differences was calculated using a two-tailed Student’s #
test when comparing two different groups. A one way ANOVA with a Tukey-Kramer post
hoc test was performed when three or more groups were compared. The differences were
considered significant for p< 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of dissolvable MNs mediating local delivery of peptide CGRP antagonist to

produce analgesia for the treatment of neuropathic pain. (a) Peptide CGRP antagonist
mitigates neuropathic pain by selectively blocking CGRP receptors and inhibiting CGRP
signaling. (b) Dissolvable MNs transdermally delivered CGRP antagonist peptide directly to
the local neuropathic pain area in a painless manner.
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Figure2.
(a) Schematic of MN fabrication process. (b and c) Optical images and SEM images of (b)

as-fabricated MNs and dissolved MNs (c) after inserting into skin for 20min. (d) Confocal
fluorescence microscopy image showing MNs-loaded with dextran-Rhodamine B (red). The
fluorescent molecules were localized compared to the group “Peptide in Substrate” at the
level of p< 0.05 using a Student’s #test; /7= 4/group. (f) The stability of CGRP8-37 peptides
retained in the MNs, determined with EIA. The * indicates statistically significant compared
to the group “in water, before MN fabrication” at the level of p < 0.05 using ANOVA
followed by a post hoc test; 7= 3/group. (g and h) Confocal fluorescence microscopy
images shwing the release of fluorescent molecules from the MNSs into rat skin and their
spatial distribution. The skin near the penetration sites were dissected (g) 2 h or (h) 6 h after
MNs insertion and then prepared for imaging. Scale bar: 2000 zm in (b —d) and 100 4m in (g
and h).
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Figure 3.

SNI model in the rat and different treatments. (a) Illustration of the experiment on testing
MN-mediated CGRP8-37 delivery for the treatment of neuropathic pain on SNI model. Rats
were subjected to SNI operation and allowed to develop thermal and mechanical
hypersensitivity over 1-8 weeks. After treatment on the hindpaws, the rats’ nociception to
thermal and mechanical stimuli was tested. (b) The thermal pain threshold and (c)
mechanical pain threshold were tested every hour for up to 5 h after the treatment with AMN
(i.e., MN/ CGRP8-37), compared to MN/blank (control), injection/CGRP8-37, and
injection/blank (control)/ (d) The thermal pain threshold and (e) mechanical pain threshold
were tested every hour for up to 5 h after the treatments with MN/CGRP8-37, compared to
MN/ blank (control), injection/lidocaine, and IP administration of gababpentin. In (b-¢),
each rat’s thermal and mechanical measurements were expressed as a percentage of the rat’s
individual normal nociception before SNI surgery (baseline); n= 8/ group. (f) The measured
peak thresholds of each 0.05 using ANOVA followed by a post hoc test. The ** indicates
statistically compared to the group “Post-SNI (Mechanical)” at the level of p < 0.05 using
ANOVA followed by a post hoc test; 7= 8/ group.
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(a-c) Diabetic peripheral neuropathy model in rats and treatments. (a) Illustration of the
experiments on testing MN-mediated CGRP8-37 delivery for the treatment of STZ-induced
diabetic neuropathy. After treatments on the hindpaws, the rats’ nociception to thermal and
mechanical stimuli was tested. (b) The thermal pain threshold and (c) mechanical pain
threshold were tested 1 h after the treatments with MN/CGRP8-37 (i.e., AMN), compared to
MN blank control. Each rat’s thermal and mechanical measurements were expressed as a
percentage of the rat’s individual normal nociception before STZ treatments (baseline). The
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* indicates statistically significant compared to the group “2 Weeks Post-STZ (MN/blank)”
at the level of p< 0.05 using ANOVA followed by a post hoc test; 7= 6/group. (d-f)
UVB/Paw model and treatments. (d) Illustration of the experiments on testing MN-mediated
CGRP8-37 delivery for the treatment of UVB-induced inflammatory pain on hindpaws. The
rats’ hindpaws were exposed to UVB and allowed to develop hypersensitivity over a 24 h
time course. After the hindpaws were treated, the rats’ nociception to thermal and
mechanical stimuli was tested. (e) The thermal pain thresholds and (c) mechanical pain
thresholds were tested every hour for up to 5 h after the treatments with MN/ CGRP8-37,
compared to MN blank control. Each rat’s thermal and mechanical measurements were
expressed as a percentage of the rat’s individual normal nociception before UVB treatments
(baseline). The * indicates statistically significance compared to the group “Post UVB (MN/
blank)” at the level of p < 0.05 using ANOVA followed by a post hoc test; /7= 6/group.
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(aand b) UVB/cheek model and treatments. (a) Illustration of the experiments on testing
MN-mediated CGRP8-37 delivery for the treatment of UVB-induced inflammatory pain on
cheeks. The rat’s left and right cheeks were exposed to UVB and allowed to develop
hypersensitivity over a 24 h time course. After treatment, the rats’ nociception to thermal
stimuli was tested. (b) The ability of the rats to withstand thermal stimulation (withdraw
latency) was tested for up to 3 h after the treatments with MN/CGRP8-37 (i.e., AMN),
compared to a sham control, MN blank control, and MN/lidocaine. In each group, treatment
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was applied on the left cheek, while the right cheek was untreated as control (pink curves).
(c and d) Normal nociception model. (c) Ilustration of the experiments on testing the
interference on normal sensation after MN-mediated CGRP8-37 delivery. Both of the rat’s
cheeks were not UVB irradiated. After treatments, the rats’ nociception to thermal stimuli
was tested. (d) The ability of the rats to withstand thermal stimulation (withdraw latency)
was tested for up to 3 h after the treatments with MN/CGRP8-37, compared to a sham
control, MN blank control, and MN/lidocaine. In each group, treatment was applied on the
left cheek, while the right cheek was untreated as control (pink curves). (e) The results in (b
and d) are summarized. In each group, the withdrawal latencies after treatments were
compared to those without treatment (pink curves), and the averaged differences, which
indicate analgesic effects due to treatments, are shown. The * indicates statistically
significant compared to the group “Blank MN (UVB model)” at the level of p< 0.05 using
ANOVA followed by a post hoc test. The ** indicates statistically significant compared to
the group “Blank MN (Normal Nociception)” at the level of p < 0.05 using ANOVA
followed by a post hoc test; n= 6/group. (f and g) The assessment of local interference with
active physical functions after oral mucosa injection of CGRP8-37 or lidocaine. The ability
for food-deprived rats to eat and chew after injection was tested. (g) The food uptake was
measured. The * indicates statistically significant compared to the group “Control” at the
level of p< 0.05 using ANOVA followed by a post hoc test; 7= 6/group.
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Figure 6.
(a-c) MN/CGRP8-37 (i.e., AMN) treatment did not induce over skin irritation. Mice were

treated with MN/CGRP8-37 once a day image represents four similar results. (d-i)
Evaluation of the risk of systematic exposure to CGRP8-37. (d) lllustration of the
experiment on testing neurobehavioral toxicity. CGRP8-37 ( 10mg/kg) was intravenously
injected in the blood once per day for up to 3 days. The spontaneous behavior of the mice
was assessed after injection every day. (e) The weight, (f) water intake, (g) food intake, and
(h) righting reflex were assessed every day after injection. The * indicates statistically
significant compared to the control group at the level of p< 0.05 using a Student’s #test; 7=
6 / group. (i) Locomotion was continuously monitored with an automated noninvasive
system for 3 days. The gray color indicates the dark phase (night time); n= 6/ group.

ACS Nano. Author manuscript; available in PMC 2019 January 26.

50 60

70



	Abstract
	RESULTS
	AMN Patch Fabrication, Application, And Characterization.
	Spared Nerve Injury (SNI) Model.
	Diabetic Neuropathy Model.
	UVB Model.
	Skin Irritation Test.
	Spontaneous Behavior Assessment.

	CONCLUSION
	METHODS
	AMN Patch Fabrication and Application.
	MN Characterization.
	Experimental Animals.
	Thermal Hyperalgesia Testing.
	Mechanical Allodynia and Hyperalgesia Testing.
	Spared Nerve Injury (SNI) Model.
	Diabetic Neuropathy Model.
	UVB/Paw Model.
	UVB/Cheek Model.
	Eating Experiment To Assess the Local Interference with Active Physical Functions.
	Skin Irritation Test.
	Spontaneous Behavior Testing.
	Statistical Analyses.

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.

