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KEY WORDS Abstract  Growth hormone deficiency (GHD) has become a serious healthcare burden, and presents a
huge impact on the physical and mental health of patients. Here, we developed an actively separated mi-
croneedle patch (PAA/NaHCO;3-Silk MN) based on silk protein for sustained release of recombinant hu-
man growth hormone (thGH). Silk protein, as a friendly carrier material for proteins, could be constructed
in mild full-water conditions and ensure the activity of thGH. After manually pressing PAA/NaHCO;-

Microneedle;

Silk protein;
Self-administration;
Sustained-release;

Actively separated; Silk MN patch to skin for 1 min, active separation is achieved by absorbing the interstitial fluid (ISF)
Growth hormone to trigger HCO3 in the active backing layer to produce carbon dioxide gas (CO,). In rats, the MN patch

deficiency; could maintain the sustained release of rhGH for more than 7 days, and produce similar effects as daily
Growth hormone; subcutaneous (S.C.) injections of rhGH in promoting height and weight with well tolerated. Moreover,
Long-acting GH the PAA/NaHCO;-Silk MN patch with the potential of painless self-administration, does not require cold

chain transportation and storage possess great economic benefits. Overall, the PAA/NaHCOj3-Silk MN
patch can significantly improve patient compliance and increase the availability of drugs, meet current
unmet clinical needs, improve clinical treatment effects of GHD patients.
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1. Introduction

Growth hormone deficiency (GHD) is a chronic disease with
various causes'. It leads to short stature (in children), abnormal
metabolism, osteoporosis, etc., reduces the quality of life' . In
recent years, studies have shown that GHD can increase the risk of
depression and anxiety in children and adolescents, seriously
affect the physical and mental health of patients™. The current
treatment for GHD is an alternative therapy, namely daily sub-
cutaneous (S.C.) injection of recombinant human growth hormone
(rhGH), which has the same structure and pharmacological effects
as endogenous GH. This method has been proven to be safe and
effective after years of clinical practice’. However, GHD usually
requires continuous treatment for many years, which brings
thousands of S.C. injections to patients. Frequent dosing causes a
heavy mental and economic burden on the patients and leads to
poor compliance, thus obtaining suboptimal outcomes’ ''. Ac-
cording to a research survey in the United States, only 18.4% of
medicaid patients and 32.3% of commercial patients persisted in
the proportion of days covered was more than 80%, while more
than 40% of patients stopped treatment before the age of 13'%.
More importantly, the follow-up healthcare costs of untreated
GHD patients are approximately twice than that of treated GHD
patients. Therefore, GHD has become a significant healthcare
burden, but many patients are still untreated or undertreated.
Developing a long-acting GH (LAGH) is an effective way to
improve the compliance of GHD patients and the treatment ef-
fect'®. To date, there are nearly 20 LAGHs reached various stages
of development based on two basic approaches’. Increasing the
half-life of GH through protein amplification technology is the
most common method. However, this method will modify the
molecular weight of GH, thereby changing the physical and
chemical properties of GH, resulting in unpredictable clinical
results. For example, an LAGH developed by Teva Pharmaceutical
Industries, Ltd. that fused human serum albumin to the N-terminal
gene of thGH has produced neutralizing antibodies in the phase II
of clinical trials for the treatment of GDH in children. Therefore,
the development of the product was terminated'*. Another method
is to use reservoir or prodrug technology to achieve slowly release
of unmodified GH. Considering that GH receptors are distributed
throughout the body and have multiple functions, it would be safer
and more effective to directly release unmodified GH which
maintains the same tissue and organ distribution as endogenous
GH. This method has produced two LAGHSs that have been
approved by the U.S. Food and Drug Administration (FDA)'.
Unfortunately, despite LAGHs being available on the market, the
available types and regions were extremely limited®. Cold chain
transportation and storage were required to maintain active of
LAGHs. Besides, professional medical personnel or medical de-
vice were needed to administration. These reasons lead to acces-
sibility of LAGHs significantly reduce. Moreover, all marketed
LAGHs require subcutaneous injection and inevitably cause in-
jection pain, which is still not conducive to the management of
GHD patients, especially for children. A survey from the Munich
University Hospital showed that only 36% of adult GHD patients

are willing to receive LAGH treatment'®

GHD still faces great challenges.

Microneedle (MN) is a novel drug delivery system with
minimally invasive manner'’~'’. Most previous experience with
MN has demonstrated self-management and painless admin-
istration””*%. MN is a versatile platform mostly using solid MN
or dissolving MN involved in the delivery of drugs or
vaccines™ *°. Lee et al.”® explored a water-soluble MN delivery
rhGH. This type of MN still requires frequent administration,
which cannot meet the current management of GHD. Based on the
previous literature, most of LAGHs are made of biodegradable
materials such as polylactic acid (PLA) and polylactic-co-glycolic
acid (PLGA)*"?°. Organic solvents are unavoidable in the pro-
cess of fabricating MN from these materials®”, which are not
conducive to keeping the activity of proteins, such as rhGH. For
example, Nutropin Depot is a LAGH built by PLGA which was
approved by the FDA for treatment of GHD. rhGH was stabilized
by forming an insoluble complex with zinc, which lead to a
lengthy production process. This product was withdrawn from the
market in 2004 due to high production costs and no market
competitiveness'.

Silk fibroin, a protein extracted from silkworm, has good
biocompatibility and biodegradability’>*>. Different from tradi-
tional sustained-release materials (such as PLGA), the processing
of silk protein can be carried out under mild conditions of whole
water’*. Two major structural models, termed silk I and silk II,
have been reported for silk fibroin™~°. Silk I refer to the complex
helix-dominated structure, which is significantly different from the
soluble random-coil dominated silk protein conformation of un-
crystallized silk. Silk II is the insoluble antiparallel G-sheet crystal
conformation®’. Therefore, the content of 8-sheet in silk protein
can be adjusted to achieve controlled release of therapeutics®®°.
To date, various methods have been used to induce 3-sheet crys-
tallization. For example, contact the silk protein with organic
solvents such as methanol or ethanol***', or expose silk protein to
high humidity or high temperature conditions***. In addition,
studies have shown that biologically active substances can stably
exist in dried silk membranes for a long period*”. Researches on
silk protein in sustained-release MN mainly focus on vaccines and
contraception. One study reported a silk protein-based MN for
long-acting contraception®®. These patches need to be worn
throughout the drug release period, which is not conducive to the
administration of GHD patients, especially for children, they are
naturally active and have poor self-control. The development of an
ideal LAGH MN requires the preparation process of MN is simple
and mild, which is beneficial to directly encapsulate unmodified
GH. The engineering of MNs that can be easily implanted into the
skin and rapidly separated from the backing paper.

To address these challenges, we developed an active separation
MN patch made from silk protein for the sustained release of
rhGH. The active backing layer containing effervescent material
NaHCOj; was designed between the MNs and the backing paper.
Thereby, MNs enabled to actively and quickly separate from the
backing paper when applied to the skin. Subsequently, the backing
was removed with no biohazardous sharps waste, which endows
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good patient compliance through self-management. Detached
MNs were embedded in the skin for slowly release of thGH over 7
days. Silk protein was employed as thGH-friendly carrier, got rid
of the cold chain for transportation and storage of thGH, greatly
reduced costs and increased drug accessibility. We believe this
MN patch can increase patients accessible to LAGH and improve
clinical treatment effect.

2. Materials and methods

2.1.  Materials

Silk protein was obtained from Simatech Biotechnology Co., Ltd.
(Suzhou, China). Polyacrylic acid (PAA) (M,, = 250 kDa) was pur-
chased from Sigma—Aldrich Biochemical Technology Co., Ltd.
(Shanghai, China). Tetramethylrhodamine-6-isothiocyanate (TRITC),
fluorescein5(6)-isothiocyanate (FITC, >96%) and sodium bicarbonate
(NaHCO3, >99.5%) were purchased from Macklin Biochemical
Technology Co., Ltd. (Shanghai, China). Recombinant human growth
hormone (I'hGH, >95%, C990H1528N262030057, Mw =22 kDa) was
purchased from Nuptec Biotechnology Co., Ltd. (Hangzhou, China).
PVP K90 was obtained from MBCHEM Co. (New Jersey, USA).
Polydimethylsiloxane (PDMS, Sylgard 184 Silicone Elastomer Kit)
was purchased from Dow Corning Co. (Michigan, USA). Human
Growth Hormone ELISA kit and Mouse/Rat IGF-1 ELISA Kit were
obtained from Multi Sciences Biotechnology Co., Ltd. (Hangzhou,
China). Cell Counting Kit-8 (CCK-8) was purchased from Dojindo
Molecular Technologies, Inc. (Kyushu, Japan).

2.2.  Fabrication of MN patches

NaHCO3/PAA-Silk MN patch was prepared by centrifugal infu-
sion PDMS mold method. PDMS mold was copied from the brass
master mold contain a 12 x 12 array with a centre-to-centre in-
terval of 750 um. The dimension of each needle was 300 um in
diameter and 800 pum in height. Briefly, silk protein was prepared
into 100 mg/mL aqueous solution, then 200 pL solution was
added to PDMS mold with pipette followed by centrifuged
(Centrifuge 5910R, Eppendorf, Shanghai, China) for 10 min
(4500 rpm, 4 °C) to fill the caves. Residual silk protein solution
was removed with a pipette. Subsequently, the mold was centri-
fuged at 25 °C for 30 min to dry. Repeat the centrifugal filling and
centrifugal drying operations to obtained silk needle tips with
sufficient length. Then, PAA aqueous solution is added to the
mold followed by centrifuged (Eppendorf) for 10 min (4500 rpm,
4 °C). Similarly, remove the remaining liquid, centrifuged
(Eppendorf) for 30 min to dry. Subsequently, suspend NaHCOj3 in
the ethanol solution of PAA at a concentration of 1% (w/v),
NaHCO3/PAA ethanol solution was fill the mold, centrifuged
(Eppendorf) for 10 min (4500 rpm, 4 °C), remove the excess
solution, placed in a desiccator to dry overnight. The mold was
taken out, fill it with PVP ethanol solution 20% (w/w), centrifuged
(Eppendorf) for 10 min, put it in the desiccator again to dry
overnight, untreated MN patch obtained.

For preparation of rhGH loaded NaHCO5/PAA-Silk MN, rhGH
was dissolved in silk protein solution, and the subsequent prepa-
ration process is the same as NaHCO3;/PAA-Silk MN.

To preparation of PAA-Silk MN, NaHCO3/PAA ethanol solu-
tion was replaced with PAA aqueous solution.

For preparation of PVP-Silk MN, PAA aqueous solution was
replaced with PVP aqueous solution. PAA MN was fabricated by

direct centrifugation (Eppendorf) of PAA aqueous solution
without silk protein.

2.3.  Annealing of NaHCO3/PAA-Silk MN

After the silk protein solution was filled with the mold, the mold
was taken out, placed in a constant temperature shaker at 37 °C for
2 h (W-2 h) and 4 h (W-4 h), respectively, or put into a vacuum
dryer with 100 mL methanol to annealing for 0.5 h (M-0.5 h).
After the annealing was completed, mold was centrifuged for
30 min to dry. Annealing is required every time the silk protein
solution is filled.

2.4.  Mechanical strength test

The mechanical strength of NaHCO5/PAA-Silk MN, PAA-Silk
MN and PAA MN was evaluated by a texture analyzer (TA-XT
Plus, Stable Micro Systems, London, UK). Briefly, a single piece
of MN patch was placed on the detection platform of the texture
analyzer with the MNs facing upwards. The probe moved down
according to the procedure until the MN was mechanically
broken, the probe moved up immediately. The force change with
the moving distance during the whole process was recorded.

2.5.  Detachment test of the MN patches

To study the influence of the effervescent substance NaHCO; on
the separation behavior of the MN patches in vitro, the MN
patches were cut into single rows and fixed on the petri dish with
double-sided tape. PBS solution was added to the petri dish to
simulated the body fluid, the separation of different patches at
different time points was observed and taken pictures using a
fluorescence microscope (NIKON ECLIPSE Ti, Shanghai, China).

2.6.  Skin insertion of the MN patches ex vivo

To better observe the penetrating effect of the MN patches on the
isolated skin, TRITC-modified BSA was loaded into the MN patch
as a model drug. Used thumb to press the patch into the isolated
porcine skin. After 1 min, the backing paper was peeled off from
the pig skin, the separation and penetration efficacy of the MN
patch was observed with a stereo fluorescence microscope (SZ61-
SET, Olympus, Japan).

In order to evaluate the drug delivery efficiency of the MN
patch, the peeled backing and the incompletely penetrated MNs
were carefully collected, and then released into the PBS solution
for 20 days. The cumulative release of TRITC-BSA was deter-
mined by fluorescence quantitative method. The drug delivery
efficiency in the MN patch was calculated by the amount of
TRITC-BSA in the MN patch before implantation subtract the
amount of TRITC-BSA in the backing paper and the MNs not
inserted into the skin.

2.7.  rhGH release from the MN patch in vitro

The TRITC-modified rhGH was loaded into the MN patch, release
of TRITC-thGH was quantified by fluorescence quantitative
method. The MN patch obtained from different annealing methods
was put into a centrifuge tube with 5 mL PBS solution as release
medium incubated in a shaker water bath at 37 °C and shaken at
100 rpm. All the released medium was collected and replaced
equal volume of fresh release medium at different time points (2,



Microneedle patch for sustained-release of growth hormone

347

6, 12 h, and Days 1, 3, 5, 7, 10, 12, 14, 16). The content of TRITC-
rhGH in the released medium was measured with a microplate
reader (SpectraMax i3x, Molecular devices, Shanghai, China).

2.8.  Fourier transform infrared (FTIR) spectroscopy

FTIR (Vertex 70 Hyperion 3000, Bruker, Billerica, USA) was
used to characterize the secondary structure of silk protein®®. To
explore the effects of different annealing conditions (W-2 h, W-4
h, M-0.5 h) on the secondary structure of silk protein, MNs treated
with different annealing conditions were collected, and spectral
scans were run from 1550 to 1750 cm™' of each sample. The
second-derivative and curve-fitting were used to analyse the re-
sults using the PeakFit v4.12 software (SeaSolve software Inc.,
Framingham, USA)**. Exposed W-4 h MN to room temperature
for one month, or immersed W-4 h MN to release condition for 16
days, the same method was used to investigate the secondary
structure changes of silk protein before and after treatment.

2.9.  The stability of rhGH in the MN patch

2.9.1.  Circular dichroism (CD)

The classical CD was used to study the structural stability of rhGH
during the preparation of MN patch or after exposure to room
temperature for one month in the MN patch. Briefly, thGH from
freshly prepared MN or MN that has been placed in a desiccator
for one month was extracted by release method. Subsequently,
rhGh was concentrated by freeze-drying, the final concentration of
rhGH was 10 umol/L. Free rhGH was served as the control group,
representing thGH without any processing. The CD spectra of
different treatment thGH were acquired using a Chirascan spec-
tropolarimeter (Chirascan, Applied Photophysics Ltd., UK).
Spectra were recorded from 250 to 200 nm with bandwidth set at
1 nm. CD spectra were measured three times of each sample and
the data of PBS buffer were subtracted as the blank.

2.9.2.  Cell proliferation

To study the biological activity of thGH during fabrication or
placed in a desiccator for one month, Nb2-11 cell proliferation
experiment was conducted*’. Briefly, cells were grown normally
in 10% serum for three days, and then planted in a 96-well plate at
a certain concentration, serum starved for one day. Subsequently,
the thGH to be tested in different concentrations was added. The
concentration of rhGh from the MN was determined by the release
profile of TRITC-rhGH in vitro. Considering that the release
medium contained silk protein, the same concentration of silk
protein was sat as a control. After 2—3 days of culture, CCK8 was
added with 2 h of incubation, the absorbance was measured at
450 nm with a microplate reader (Molecular devices) to calculate
the cell proliferation.

2.10.  In vivo pharmacokinetics of the NaHCO3/PAA-silk MN

Male Sprague—Dawley (SD) rats (200 £ 10 g) were purchased
from the Laboratory Animal Center of Sun Yat-sen University. All
the protocols for experiments in vivo were approved by the
Institutional Animal Care and Use Committee of Sun Yat-sen
University. The SD rats were randomly divided into three
groups, namely control group, subcutaneous (S.C.) injection group
and NaHCO5/PAA-Silk-rhGH MN group. For S.C. injection
group, 185 ng free rhGH per rat was injected, which is consistent

with the actual dose delivered by the NaHCO3/PAA-Silk-rhGH
MN. The dosage is calculated based on the drug delivery effi-
ciency of MN in vitro. Before applying the MN patch, the hair of
the mouse’s back was shaved use a depilatory cream with gentle
manner to avoid irritating the mouse’s skin. After that, the
NaHCO3/PAA-Silk-thGH MN was pressed with thumb on the
mouse’s skin for 1 min, and carefully remove the backing paper.

Blood samples (~300 pL) were obtained from eye socket at 0,
0.25,0.5,1,2,6,11 h and Days 1, 3, 7, 15, 25 after administration
of MN parch. The blood samples were centrifuged at 4 °C to
obtain plasma. The concentration of thGH and IGF-1 in the
plasma were measured with ELISA kit.

2.11.  Invivo evaluation of the NaHCO3/PAA-silk MN

2.11.1.  GHD model mouse

To study the therapeutic effect of NaHCO3/PAA-Silk-rhGH MN
in vivo, we constructed a rat model of hypophysectomy to simu-
late GHD*®. Male hypophysectomized rats were obtained from
Cyagen Biosciences Inc. (Guangzhou, China). Rats were housed
under a 12/12-h light/dark cycle and were provided with food and
water ad libitum. Weigh the mice for three consecutive weeks, and
the mice whose body weight does not fluctuate more than 10% are
qualified model mice for further experiments. The weight of a
qualified rat was 110—180 g.

2.11.2.
MN
The hypophysectomized mice that meet the requirements were
randomly divided into three groups: one group was used as a
negative control without any treatment; another group was
received daily S.C. injection of thGH for 21 days; the last group
was NaHCO3/PAA-Silk-rhGH MN administration with once a
week, for three consecutive weeks. At the same time, normal SD
rats weighing 150—160 g were used as positive controls. To
observe the effect of NaHCO3/PAA-Silk-hGH MN on body
weight, rats were weighed every three days during the treatment
period. After the treatment, the body length of the mouse was
measured. Subsequently, the tibia of rat was obtained, hematox-
ylin and eosin (H&E) staining of the tibia sections was performed
to observe the changes in bone tissue. To evaluate the safety of the
NaHCO3/PAA-Silk-rhGH MN, the skin tissue of the administra-
tion site was collected for H&E staining observation after the
treatment.

Evaluate the therapeutic effect of NaHCO3/PAA-Silk

2.12.  Degradation of NaHCO3/PAA-Silk MN in vivo

TRITC-modified silk protein was employed to fabricate NaHCO5/
PAA-Silk-rhGH MN for visualization. The hair on the rat’s
abdomen was shaved and a MN patch was applied per rat. The
fluorescence intensity at the administration site on Days 0, 1, 3, 7,
10, 14, and 21 after administration was measured by Spectrum
living Image 4.0.

2.13.  Statistical analysis

All results in this study expressed as mean =+ standard deviation
(SD). Statistical analysis was performed by Student’s 7-test or an
analysis of variance (ANOVA) test with Origin software (Ori-
ginLab, Northampton, MA), and P values < 0.05 were considered
significant.
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3. Results
3.1. Design and fabrication of active separation MN patch

To realize the active separation of the MN patch, we added the
effervescent substance NaHCO; to the PAA separation layer
formed active backing. PAA was chosen as the separation layer
material because it is soluble in ethanol and water. PAA dissolved
in ethanol could avoid reaction with NaHCO; suspended in
ethanol during the fabrication of the MN patch. After the MN
patch was applied to the skin, PAA absorbed the interstitial fluid
of the skin (ISF) and produced H', which reacted with NaHCO;
to generate CO, and H,O, realizing the active separation of the
MN patch. The PAA/NaHCO;-Silk MN patch was fabricated by
multi-step centrifugation (Fig. 1B). In order to clearly distinguish
the silk protein MNs, TRITC-modified silk was employed to
fabricate PAA/NaHCOs-Silk MN patch (TRITC-silk MNs were
shown in red in Fig. 2A1). The engineered MNs were consistent in
geometric dimensions with a base radius of 300 pum, a height of
800 pum, ~500 pum of silk protein MNs (Fig. 2A2). Particles were

A

exft?

observed in the active backing layer of PAA/NaHCO;-Silk MN
patch (Fig. 2A3) compared to PAA-silk MN patch (Supporting
Information Fig. S1), which indicated effervescent substance
NaHCO; was successfully introduced to the MN patch. The me-
chanical strength of MN patch prepared from PAA or silk protein
was measured by texture analyzer. As shown in Fig. 1C, MNs
made of PAA exhibited mechanical strength of approximately
78 N, while the mechanical strength of MNs was significantly
improved by silk protein, its 181 N and 164 N of PAA-Silk MN
patch and NaHCO5/PAA-Silk MN patch, respectively. The me-
chanical strength of the MN patch was slightly reduced by
introducing NaHCOj; to the active backing layer. All the patches
still have enough strength to penetrate the skin.

3.2.  Rapid separation test of active separation MN patch

To verify whether the MN patch could achieve rapid separation,
the separation behavior of MN patches was investigated. TRITC-
silk was used to prepare MNs for better visualization. MN patches
were cut into single rows and fixed in a 10 cm dish. And then,

Adhensive paper
Active backing B
Silk MN = 7
+ ,
$ rhGH A 4
¥
o
H* + HCO;” ) CO,+ H,0

m

PDMS mold Silk addition Silk dry+Anneal
NaHCO,/PAA addition PAA dry PAA addition
NaHCO,/PAA dry PVP addition NaHCO,/PAA-Silk MN

=

Figure 1

=

Design and fabrication of actively separated MN patch. (A) Schematic illustration of the design of an MN patch with active backing

and the process of MN patch application to skin to achieve rapidly separated MNs from the backing paper by generating a lot of bubbles. (B)

Schematic illustration of NaHCO5/PAA-Silk MN preparation process.
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Figure 2

(A) Appearance of NaHCO3/PAA-Silk MN patch. Bright-field photograph (A1-A2) and fluorescent photograph (A3) of NaHCO;/

PAA-Silk MN patch under a stereo fluorescence microscope. (B)NaHCO3/PAA-Silk MN patch photographed by SEM. (C) Mechanical strength of
MN patches. The force curve (C1) and mechanical strength (C2) of NaHCO3;/PAA-Silk MN patch, PAA MN patch and PAA-Silk MN patch. Data
are mean + SD, n = 3; **P < 0.01 vs. PAA MN patch. Scale bar = 500 pm.

phosphate-buffered saline (PBS) was added to the dish to simulate
the separation that occurred after MN patches applied to the skin.
Once PBS was added, the actively separated MN patch began to
generate lots of bubbles to realize active separation (Fig. 3B).
However, PAA-Silk MN patch without effervescent substance
could only be separated by passively dissolving PAA (Fig. 3A).
The separated MNs keep the structure intact (Fig. 3C and D). It
only took 11.41 % 0.43 s to complete the separation of MNs from
the backing paper of active separation MN patch, compared to
80.81 = 1.63 s for PAA-Silk MN patch and 71.53 £ 2.93 s for
PVP-Silk MN patch (Supporting Information Fig. S5), which are

Figure 3

commonly used in nonactive MN patch formulation (Fig. 3E).
These results demonstrated the active and rapid detachment of
MNs from backing paper could realize in vitro by introducing
NaHCOgj; into PAA separation layer.

3.3.  Application of active separation MN patch to skin ex vivo
To observe the distribution of the drug and the separation layer in
active separation MN patch, determine whether the MN patch

could effectively deliver cargos. We loaded TRITC-BSA as a
model drug into the MN patch, the fluorescent dye FITC was

PVP.Silk MN
w— PAASIK MN

100w NaHCO,PAA.Silk MM
v

80
60

Noa
e ©

0

(A) In vitro separation behavior of PAA-Silk MN patch at different times in the PBS. (B) In vitro separation behavior of NaHCO3/

PAA-Silk MN patch at different times in the PBS. (C) Bright-field photograph and fluorescent photograph of MNs from PAA-Silk MN patch after
separation. (D) Bright-field photograph and fluorescent photograph of MNs from NaHCO5/PAA-Silk MN patch after separation. (E) Detaching
time of MN patches contain PAA, PVP or NaHCO3/PAA separation layer. Data are mean &+ SD, n = 6; **P < 0.01 vs. NaHCO3/PAA-Silk MN

patch. Scale bar = 500 pm.
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added to the PAA for preparing the separation layer. The active
MN patch was cut into single rows and observed with CLSM. The
loaded TRITC-BSA was mainly concentrated at the tip of the
needles with a height of ~500 pm (Fig. 4A), which provided a
guarantee for effective delivery of drugs by the MN patch. In order
to more realistically simulate the separation of the MN patch after
it was applied to the skin, explore the separation behavior of the
MN patch. We tested MN patches using the porcine skin ex vivo.
The tested patches were applied to porcine skin for 1 min, and
then peeled off from the porcine skin. Microscopic observation of
the skin at the administration site exhibited most of MNs from the
actively separated MN patch could detach from the baking paper
(Fig. 4C), while only a few MNs to complete the separation in
PAA-Silk MN (Supporting Information Fig. S2). The detached
MNs from the active separation MN patch were successfully
implanted into the skin (Fig. 4B). The detachment efficiency of
the active separation MN patch was over 95% compared to only
32% of the PAA-Silk MN patch. Similarly, the drug delivery ef-
ficiency of active separation MN patch was 4 times of PAA-Silk
MN patch. The porcine skin penetration efficiency of the two
MN patches was close to 100% (Fig. 4D). Together, these results
implied rapid and efficient separation and high delivery efficiency
could be achieved in ex vivo by using the active separation MN
patch.

3.4.  Long-acting behavior of rhGH from active separation MN
patch in vitro

To explore the ability of the active separation MN patch to provide
control release profiles of rhGH, we fabricated the MN patches
with TRITC-rhGH and used fluorescence quantification to detect
TRITC-rhGH released from MN patches dealt with different
conditions. MN patches with different release behaviors were
obtained through different annealing time or different annealing
media. Without any annealing treatment on the MN patch, the
release of TRITC-rhGH in 2 h was over 90%. Annealed with
water for 2 h, The released of TRITC-rhGH from the MN patch
was significantly reduced with around 50% in 2 h the release of
TRITC-rhGH from the MN patch annealed in water for 4 h was
further delayed with only ~20% of burst release in 2 h, and
sustained release the remaining ~80% over 16 days. Conversely,
the MN patch annealed with methanol for 30 min could obviously
reduce the burst release in 2 h, with a similar sustained release
profile with the patch annealed with water for 4 h (Fig. 5). Thus,
varied release profiles could be obtained by controlling the
annealing conditions of MN patches. Considering that methanol
may be harmful to thGH activity, we chose water-annealing for
4 h MN patch as a follow-up experimental investigation.

Generally, the mechanisms that control the drugs release from
the sustained release formulations are dominated by diffusion,
erosion, or combinations thereof. In vitro release curves of MN
patches treated with different conditions were fitted with several
classic release models to define the release mechanism of TRITC-
rhGH from different MN patches (Supporting Information Table
S1). As shown in Fig. 6B-D, all the patches fitted well to the
Ritger—Peppas model. In the Ritger-Peppas model, if n < 0.45,
molecules are mainly released by Fickian diffusion. This indicated
that TRITC-rhGH released from all the patch was controlled by
Fickian diffusion.

To further explore the mechanism of different annealing con-
ditions affecting the release behavior of MN patches, we used
fourier transform infrared (FTIR) to quantitatively analyze the

secondary structure of silk protein obtained under different con-
ditions. Different processed silk proteins have different $-sheet
content (Fig. 6A). With the extension of the annealing time, the (-
sheet content was 34% for water-annealing for 2 h increased to
46% after water-annealing for 4 h, and the methanol-treated silk
protein showed a (-sheet content up to 62%. The increase of -
sheet content indicated that the solubility of silk protein was
reduced, and the resistance to drug release was increased, which
was consistent with the results of in vitro release profiles.

It is worth noting that during the release period, the (§-sheet
content may continue to increase ($-sheet could induce by hu-
midity environment, and this condition was provided during the
release period). We compared the (-sheet content of water-
annealing for 4 h MN patch and water-annealing for 4 h MN
patch immersed in the release medium for 16 days. Interestingly,
B-sheet content from 46% increased to 75% (Supporting
Information Fig. S3A), and silk protein formed a stable water-
insoluble structure, keeping the structure intact throughout the
release period (Fig. S3B). These results further verified the release
mechanism that the TRITC-thGH was released through the
Fickian diffusion, rather than the erosion of silk MNs. In sum-
mary, 3-sheet content of silk protein was increased by annealing,
the solubility of silk protein in water was reduced. Thus a rela-
tively stable rigid structure of MNs was formed. The structure of
MNs kept intact during the release period, and controlled drug
release by Fickian diffusion in vitro.

Taking into account the characteristics of silk protein, structure
changes may occur during storage, thereby affecting the release
behavior of thGH. We analyzed the secondary structure content of
the MN patch (treated with water for 4 h) after being placed at
desiccator (room temperature) for one month to verify the stability
of the MN patch during storage (Fig. S3C). After being exposed to
room temperature for one month, the secondary structure content
of the silk protein in the MN patch, especially the 3-sheet content,
which significantly influences the release behavior of rhGH,
showed no obvious change. Therefore, it was speculated that the
secondary structure of the MN patch can be maintained at room
temperature for at least one month without affecting the release
behavior of thGH.

3.5.  Stability and activity of rhGH in active separation MN
patch

Based on previous literature studies, silk protein can maintain the
activity of proteins at room temperature for more than one month.
We expect that the MN patch prepared from silk protein can
realize the room temperature transportation and storage to reduce
the cost. To verify whether the MN patch could ensure the activity
of thGH at room temperature, the MN patch was put in a desic-
cator at room temperature for one month, and then the rhGH was
extracted to test if the structure and function were preserved.
Circular dichroism spectroscopy (CD) was employed to
examine the structure stability of thGH. There was no significant
change to rhGH secondary structure after process or exposure to
room temperature for one month (Fig. 7A). Subsequently, activity
of thGH was assessed by an established cell proliferation assay.
Nb2-11 cells proliferate under the stimulation of GH. As shown in
Fig. 7B, exposure of Nb2 cells to unencapsulated thGH or
extracted thGH from the MN patches, all groups exhibited stim-
ulation of cell proliferation with a function of thGH concentration.
These results displayed that the stability of the structure and ac-
tivity of thGH were preserved not only during the processing of
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the MN patch, but also after the MN patch was placed at room
temperature for one month.

3.6.  rhGH pharmacokinetics and activity from active separation
MN patch in vivo

To explore the pharmacokinetics of thGH after release from the active
separation MN patch in vivo, SD rats were each applied an MN patch,
which was administrated to skin for 1 min (Supporting Information
Fig. S6B). rhGH concentration in rat plasma reached a peak con-
centration of 57.70 £ 6.92 ng/mL at a time of 6 h after MN patch
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Figure 5 In vitro release profiles of MN patches with different

annealing conditions. Data are mean + SD, n = 3.

application. Subsequently, the concentration of thGH in the plasma
gradually decreased and remained higher thGH concentration than
that in the control group for more than 7 days. However, the S.C.
injection group obtained a peak concentration of 70.35 &+ 8.87 ng/mL
at 0.5 h, dropped the concentration of rhGH to the control group level
after 11 h (Fig. 8A). The area of under the plasma concentration time
curve (AUC) for rhGH delivery from the active separation MN patch
was 148.90 £ 19.23 ng-day/mL compared to S.C. injection which
was 6.58 +0.88 ng-day/mL (Table 1). These results indicated that the
MN patch could successfully controlled release of thGH in vivo for
more than 7 days.

IGF-1 is an endocrine hormone mainly produced by the liver. It
is an active protein polypeptide substance necessary for the
physiological effects of GH, which induces production of IGF-1.
Therefore, IGF-1 can be used as a biomarker of hGH activity. We
conducted the concentration of IGF-1 in rat plasma to verify the
biological activity of thGH from the MN patch. The IGF-I levels
were significantly elevated both in S.C. injection group and the
MN patch group compared to control group. The MN patch could
keep a high level of IGF-1 over 15 days (Fig. 8B). In general,
these results prove the key functions of the active separation MN
patch: 1) achieving sustained release of thGH over 7 days, 2)
keeping the biological activity of thGH.

3.7.  Invivo evaluation of the active separation MN patch

To further explore the therapeutic effects of the MN patch on
GHD, we conducted experiments using hypophysectomized mice
as a model of GHD. In this study, each rat was applied one patch
every week for three consecutive weeks. Rats were received daily
S.C. injection of rhGH, continuous injection for 21 days as a
comparison. Simultaneously, model rats without any treatment
were used as a negative control group, and normal rats without any
treatment were used as a positive control group. The results dis-
played in Fig. 9A shown that the length and weight of the thGH-
treated groups improved compared with the untreated negative
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control group. After three consecutive weeks of treatment, the
weight and height of the S.C. injection group was increased
54.78 £ 5.97 g and 6.76 £+ 1.70 cm, respectively. There was no
significant difference with the MN patch group which was
52.07 £ 5.94 g and 8.71 + 2.74 cm, respectively (Fig. 9B and C).
These results prove that in terms of increasing the weight and
height of GHD mice, a weekly MN patch could achieve similar
therapeutic effects as daily S.C. injection.

Adult patients with GHD can cause osteoporosis, increase the risk
of fractures, and seriously affect the patient’s quality of life. To access
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whether the MN patch could improve the quality of the bone, the tibia
slice of rats with different treatment were observed. Trabecular
thickness (Tb. Th), trabecular number (Tb. N), trabecular separation
(Tb. Sp) and the area of Tb are critical factors to evaluate the quality of
the bone. As shown in Fig. 10A , Tb in normal control group was
sturdy with complete structure and exhibited relatively small Tb. Sp,
indicating the growing status of bone was well. Contrary, Tb in
negative control group displayed relatively big Tb. Sp with twists and
breaks and possessed less Tb. N, the area ratio of Tb was also small, all
these results suggested poor quality of bone in GHD rats. rhGH-
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(A) Circular dichroism analysis of different extracted rhGH. Data are mean &+ SD, n = 3. (B) Cell proliferation assay of different
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treated groups significantly improved the area of Tb and induced Tb.
Sp, the bone morphology and structure were relatively complete. The
quantitative analysis of Tb in Fig. 10B —E were also shown the quality
of the bone in the GHD rats was improved by rhGH-treated groups,
and the MN patch exhibited similar treatments with S.C. injection

group.

3.8.  In vivo biodegradation and biocompatibility study
Although silk protein has been used in clinical applications for
many years as a biodegradable material, the intradermal degra-
dation behavior of silk protein-based MN system has not been
reported. In order to explore the biodegradation behavior of PAA/
NaHCO;-Silk MN after it was applied to the skin, we constructed
a “visualization and quantifiable” platform for PAA/NaHCO;3-Silk
MN patch by TRITC-silk. PAA/NaHCOs-Silk MN patch was
applied to mice skin for 1 min, most of the MNs separated from
the backing paper (Fig. 11A and B1), which was in reasonable
agreement with the high detachment efficacy of the MN patch was
applied to the porcine skin in ex vivo. The fluorescence intensity of
the MN patch inserted site gradually decreased over time and
almost no fluorescence intensity could be detected after 21 days
(Fig. 11B2-B8), demonstrating TRITC-silk was complete
degraded in vivo. The degradation behavior of the MNs in vivo is
different from that in vitro. In vitro, the silk protein transforms into
a stable insoluble structure, remaining structurally intact of MNs
during the release period with almost no erosion phenomenon.
However, in vitro experiments were in the absence of cell-
mediated biodegradation. In vivo, the MNs were slowly
degraded and completely degraded in 21 days.

Interestingly, the degradation of the MN system prepared from
silk protein in the intradermal is much faster than previously re-
ported in the literature*”**. However, it is worth noting that the
total amount of silk protein was ~ 540 pg per patch with diameter
was less than 300 pm, silk protein and thGH are evenly distributed
in the MN system. Therefore the dissolved and diffused rhGH
would form a porous structure of MNs and increase the surface
area in contact with the tissue fluid. All these factors may cause
the degradation of the silk protein MN to accelerate.

Biocompatibility is important for the development of a smart
drug delivery systems. Based on previous studies, silk protein
could be degraded into non-inflammatory amino acids in vivo and
has good compatibility. For PAA/NaHCOj3-Silk MN, its admin-
istration method and depth are different from traditional

subcutaneous administration Therefore the biocompatibility of the
system needs to be proven. The results of the toxicity test of the
components of the PAA/NaHCO;3;-Silk MN patch on 3T3 cells
showed that the components of the microneedles had good bio-
logical safety (Supporting Information Fig. S7). Examination of
the rats during this study showed that PAA/NaHCO;-Silk MN
patches were well tolerated, with no erythema, edema, or other
signs of irritation during the 21-day study. The MN before and
after application to the skin was observed with a microscope
displayed a high separation efficacy of MNs (Supporting
Information Fig. S4A). Slight redness occurred at administration
site, created micropores in the skin. The skin self-healed, the
micropores disappeared, and the skin returned to normal after 2 h
(Fig. S4B). The examination of the skin after treatment shown no
obvious adverse effects (Fig. S4C). In short, the PAA/NaHCO3-
Silk MN system we constructed has superior biodegradability with
completely degraded in 21 days. The smart system possesses good
biocompatibility with no obvious side effects shown during 21-
day treatment.

4. Discussion

Duo to most of GHD patients are not treated or have unsatisfac-
tory treatment effects, the follow-up healthcare cost of these pa-
tients is high. Therefore, GHD has become a serious healthcare
burden*”’. Daily subcutaneous injection of rhGH brings severe
pain to patients, while marketed LAGH is also inevitable subcu-
taneous injection and types and regions are limited. Low
compliance of current treatment methods and extremely limited
drug accessibility are the main obstacles of GHD treatment’'.
Therefore, there is an urgent need to develop a LAGH that better
meet the need of the GHD patients.

To address these problems, we designed an active separation
MN patch made from silk protein to sustained release of thGH.
The MN patch could realize self-management, complete

Table 1  Pharmacokinetic parameters of rhGH.

Parameter S.C. injection =~ NaHCO3/PAA-Silk
group -thGH MN

Tinax (day) 0.03 0.26

Cinax (ng/mL ) 7035 £ 8.87  62.12 £ 5.68

t1> (day) 0.05 1.98

AUCy-. (ng-day/mL) 6.58 + 0.88 148.90 £ 19.23
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(A) Representative photograph of the rat abdomen after application of a NaHCO3/PAA-Silk MN patch made of TRITC-Silk. (B1)

Representative magnified bright-field of A. (B2—B8) Representative fluorescence distribution in near-infrared in vivo imaging before and after
(Days 0, 1, 3, 7, 10, 14 and 21) insertion of TRITC-Silk based MN patch into rat skin in vivo. The yellow circle represents the administration site
of the MN patch. (C) Average radiant efficiency (ARE) of the skin after administration of TRITC-Silk based MN patch from Day 0—21. Data are
deducted the ARE of skin of each rat before applied the MN patch. Data are mean + SD, n = 4.

administration within 1 min. After administration, no hazardous
waste generated, and MNs implanted into the skin can achieve
sustained release of rhGH for more than 7 days in rat. Moreover,
the MN patch does not require cold chain transportation and
storage, remains stable for 1 month at room temperature. We
believe the MN patch for GHD treatment is safe and effective,
because thGH has been clinically used in the treatment of GHD
for many years and has been proven to be safe and effective’”. In
addition, silk protein has a long history as surgical suture due to its
superior biocompatibility, and MN patches (albeit not with sepa-
rable MN patch) have been used successfully in clinical trials for

bolus drug and vaccine delivery™ .

4.1.  Rapid separation of the MN patch

In this study, effervescent substance NaHCO5 was introduced into
PAA separation layer of active separated MN patch to produce
active backing. Upon the MN patch penetrating the skin and contact
with ISF, the PAA was dissolved and generated H', which reacted
with HCO5?~ immediately produced CO, gas bubbles that me-
chanically weaken the attachment of MNs to the backing paper and
generates H,O that facilitates dissolution of the MN-backing
interface. These effects lead to the MNs detachment within 1 min
after applied to the skin. Achieving rapid disintegration through
effervescence is a classic method, often used in oral tablets’®. Mark
R. Prausnitz et al.”” developed a rapid MN patch by effervescence,
which need to add additional citric acid to the prescription to pro-
duce H", which may complicate the factors affecting the prescrip-
tion. In this study, versatile PAA was used as both a soluble material

and an effervescent initiator to simplify the prescription. This rapid
separation mediated by carrier material (PAA) and ISF requires no
additional intervention by user and simplifies the application pro-
cess. These advantages are necessary for the management of GHD
patients, especially for pediatric patients. For pediatric patients with
inherently active and poor self-control ability, rapid and simple
dosing regimen will be more conducive to the self-management of
children’s families.

4.2.  Sustained released of rhGH from the MN patch

Regulating the content of $-sheet in silk protein to control the
release of therapeutics has been widely confirmed in previous
studies®””®. We have obtained MN patches with different 8-sheet
content through different processing conditions, which could
control the release of rhGH from 1 day to over 16 days. All the
patches shown burst release at 2 h, and the burst release decreased
with the increase of (-sheet content, from 50% to 20%, similar
results were found in work by Gong et al’®. The burst release at
2 h may attribute to the uniform distribution of thGH and silk
protein, the thGH embedded on the surface of the MN patch was
released quickly. Actually, the burst release phenomenon also
exists in other LAGH formulations. For example, LAGH made
from PLGA developed by Jordan et al.’', the burst release of
thGH in 1 h was up to 33.9%—49.1%"'. We believe that further
increasing (-sheet content by increasing annealing time or change
annealing media may reduce the burst release, which has been
studied by Yavuz group™, but no further research was done in this
study. thGH released from MN patch in vitro was dominated by
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Fick diffusion, controlled release of rhGH over 16 days. However,
in vivo, the diffusion of rhGH from the MN patch and degradable
of silk MNs both play a role, hence thGH released from MN patch
in vivo was faster, the rhGH level in rat plasma was close to the
normal value after 7 days. In the GHD mouse model, MN patch
once a week can achieve similar therapeutic effects as daily S.C.
injection, which means that the number of injection days per year
treat with the MN patch could be reduced by up to 86%.

Our active separation MN patch contained rhGH
205.16 £ 8.16 pg per patch shown 1.2 cm x 1.2 cm (Fig. S6A), the
dosage of a marketed daily hGH (Genotropin®) was 0.16—0.24 mg/
kg/week for pediatric GHD. That means, a pediatric GHD with 30 kg
need a 5.5 cm x 5.5 cm patch for one week, which is close to the size
of commercially available transdermal patches, such as EXELON®
patch (5—10 cm?). However, additional work is required to verify the
ease of administration of this size of MN patch. Unlike the current 1.2
cm X 1.2 cm MN patch, accurate administration can be achieved
easily by pressing with the thumb. In addition, increasing the con-
centration of thGH during the manufacturing process or increasing
the volume of the MNs can further enhance the drug loading, reducing
the size of administration.

4.3.  Increase access to LAGH and reduce costs

In the U.S., GHD-related costs were US $18069-$27893, of which
66%—86% was used to pay for somatropin, a daily injection thGH. To
make matters worse, the health care-related costs of untreated GHD
patients are twice that of treated GHD patients. These means that
GHD has become a serious healthcare burden. Unfortunately, the
types and regions of LAGH currently on the market are extremely
limited, which leaves many GHD patients untreated.

In this study, we expected silk protein based thGH MN patch
could be transported and stored at room temperature, no need for
professional healthcare personnel, which are important for coun-
tries and regions with scarce medical resources, increasing the
availability of LAGH. Actually, many biologically active macro-
molecules have been demonstrated to maintain activity in silk
protein membranes for a long time. For example, Vaxess Tech-
nologies (US) developed MN platform based on silk protein-
MIMIX™ to deliver vaccine at room temperature. In our study, we
demonstrated unmodified thGH which loaded into silk protein
MNs and exposed to a dry environment at room temperature for
one month kept stable. Of course, longer time to investigate the
stability of rhGH in silk protein MNs needs further study.

Secondly, the MN patch can implement self-management
through simple training without obvious pain and does not
require professional medical equipment assistance. Compared
with marketed self-managed LAGH-Skytrofa, which was injected
subcutaneous through an auto-injector, the MN patch was more
conducive to the management of children with GHD. These ad-
vantages of the MN patch are extremely economical and can
effectively reduce costs.

4.4.  Study limitations and future work

There are some limitations in this study. For example, PK/PD
studies of NaHCO3/PAA-Silk were only conducted in a relatively
small number of SD rats. According to reports, the metabolism of
rhGH in the rat model is faster than that of humans, so it is
necessary to further verify the effect of the MN patch in primates.
In addition, the drug loading of thGH in NaHCO3/PAA-Silk-rhGH

MN should be further increased, and the methods of increasing
drug loading should be studied more comprehensively.

5. Conclusions

In this study, an actively separated MN patch made from silk protein
was developed to treat GHD. An active layer was introduced into the
MN patch, which enables MNs to separate from backing paper within
1 min after applied into the skin. The MN patch could release hGH
for >7 days in vitro and in vivo in rats. In GHD rat model, the MN
patch administered once a week has the similar effects as daily S.C.
injections. These results exhibited the potential of the MN patch as a
LAGH. The structure and function of thGH in the MN patch was
preserved at least one month in a dry environment at room temper-
ature, which demonstrated the MN patch as LAGH has the potential to
avoid cold chain transportation and storage, possess great economic
benefits. We speculate that actively separated MN patch could
improve the treatment effect of GHD and provide a new self-
management method for GHD patients.
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