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Coated microneedles (MNs) are widely used for delivering biopharmaceuticals. In this
study, a novel gel encapsulated coated MNs (GEC-MNs) was developed. The water-soluble
drug coating was encapsulated with sodium alginate (SA) in situ complexation gel. The
manufacturing process of GEC-MNs was optimized for mass production. Compared to the
water-soluble coated MNs (72.02% =+ 11.49%), the drug delivery efficiency of the optimized
GEC-MNs (88.42% =+ 6.72%) was steadily increased, and this improvement was investigated
through in vitro drug release. The sustained-release of BSA was observed in vitro permeation
through the skin. The rhIFN«-1b GEC-MNs was confirmed to achieve biosafety and 6-
month storage stability. Pharmacokinetics of rhIFN«-1b in GEC-MNs showed a linearly dose-
dependent relationship. The AUC of rhIFN«-1b in GEC-MNs (4.51 ng/ml-h) was bioequivalent
to the intradermal (ID) injection (5.36 ng/ml-h) and significantly higher than water-soluble
coated MNs (3.12ng/ml-h). The rhIFN«-1b elimination half-life of GEC-MNs, soluble coated
MNs, and ID injection was 18.16, 1.44, and 2.53 h, respectively. The complexation-based GEC-
MNs have proved to be more efficient, stable, and achieve the sustained-release of water-
soluble drug in coating MNs, constituting a high value to biopharmaceutical.
© 2021 Shenyang Pharmaceutical University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

of biopharmaceuticals. Interferon (IFN), a type of host-derived
protein, has been systematically described and clinically
applied for decades [1]. The subtype IFN«1b is the first IFN

Biologics have gradually entered the mainstream of  recombined and commercialized in China (rhIFNe-1b), which
modern medicine research with the rapid development cloned the gene from healthy Chinese cord blood leukocytes
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[2]. It was extensively studied for the antivirus treatment of
RSV [3], HBV [4-6], and SARS-CoV [7] as well as antitumor
treatment [8-10]. Considering that frequent injections cause
a burden to patients during rhlFNe-1b treatment, it is
essential to develop a non-invasive administration. At
present, numerous studies have been carried out in the
field of non-invasive/painless alternative delivery routes,
including buccal, oral, and transdermal delivery [11]. Although
proteolytic degradation and poor permeability have been
improved by co-formulation/modification with protease
inhibitors [12], mucoadhesive nanoparticles [13], liposomes
[14], etc., their limited transportability and instability indicate
that the injection route is still indispensable. Specifically,
compared to the success of technical tools in extending
half-life, the development of non-invasive biomedicine
administration techniques remains a primary challenge [15].

Microneedles (MNs), micron-scale analogue of serological
needles, have promising properties including efficient
drug delivery, no bleeding, virtually painless, and self-
administrative [16], thus exhibiting tremendous potential
to  substitute intradermal/ injection
[17]. Among the variations of MNs, considering the
theoretically maximized delivery efficiency and feasibility
of industrialization [18], drug-coated MNs are widely used
for delivering biologics [19]. In the biologics drug delivery
research, coated MNs release drugs in a rapid manner that
increases the risk of side effects derived from the wide
fluctuation of drug concentration in blood, requiring the
need for long-acting coated MNs. However, the long-acting
coated MNs system has a technical gap that yet has to be
solved. Referring to the well-studied long-acting MNs systems
that have been developed so far [20], two types of materials
which help in sustained release of drugs can be included
in further discussion. Implantable/injectable depots system
based on biodegradable polymers (for example, PLGA) [21,
22] is available to achieve sustained release, but unsuitable
for hydrophilic biomedicine due to limited drug loading
[23] and drug instability [24]. The other type of material,
hydrophilic cross-linked/crystallised biocompatible polymer,
is acceptable in delivering biologics, which could control the
drug release rate by degradation/slow dissolution and avoid
denaturation of biologics in organic solvents [25-27]. However,
the burden of polymer degradation and risk of material
accumulation in the body cannot be ignored [28, 29].

Herein, a gel encapsulated coated (GEC) MNs system
was developed: A coated MNs system gradually delivers
biopharmaceuticals with a negligible amount of complexation
cross-linked material. The implantable coating of GEC-MNs
comprised cross-linked gel layers and a medicated water-
soluble film encapsulated by gel layers. When inserting
the GEC-MNs into the skin, the gel encapsulation absorbed
interstitial fluid, depositing the coating from the MNs
matrix [30]. The drug coating released the drug with a rate
decreased by the outer gel encapsulation. Finally, the drug
was completely released during the disintegration of cross-
linked encapsulation over time (Fig. 1A). The gel coating
was the in situ complexation gel that comprised SA and
GDL/EDTA-Ca (Fig. 1B). The biocompatible SA in situ gel
has a controllable period of gelation time, allowing the
dip-coating procedure for the fabrication of coated MNs

subcutaneous

[31-33], and realize the sustained-release of hydrophilic
drugs in coated MNs. In the following experiments, the
structure of coating was characterized after confirming the
manufacturing details. The analysis primarily focused on
the positive role of coated gel encapsulation, helping in
enhanced drug delivery and stability, and prolonged release of
rhIFN«-1b.

2. Materials and methods
2.1. Materials and animals

The rhIFNa—1b concentrate was supplied by Tri-Prime Gene
Pharmaceutical (Beijing, China). L-polylactide (L-PLA, brand
REVODE101) was obtained from Hisun Biomaterials (Zhejiang,
China). Medicinal excipient grade sodium alginate (SA,
MW approximately 100 000) was purchased from Haizhilin
Biotechnology Development (Tsingtao, China). EDTA-Ca was
purchased from Solarbio (Beijing, China). Chemically pure
GDL was purchased from Alfa Aesar (Heysham, England).
Medicinal excipient grades PVA (MW approximately 30,000)
was purchased from Nihon Kagaku Sangyo (Tokyo, Japan).
Trehalose (dehydrate) was purchased from Hayashibara
(Okayama, Japan). Polydimethylsiloxane (PDMS, Sylgard 184)
was obtained from Dow Corning (Midland, MI, USA). Ex vivo
porcine cadaver skin was purchased from Kaikai Science and
Technology Trading. The IFNa ELISA assay was purchased
from Solarbio (Beijing, China).

Male Sprague Dawley (SD) rats (7 weeks old, 200 + 15 g) were
purchased from SPF Biotechnology (Beijing, China). Rats were
housed under specific pathogen-free conditions. Procedures
for animal studies were approved by the Institutional Animal
Care and Utilisation Committee of the Technical Institute of
Physics and Chemistry, CAS. Animal experiments followed the
Guide for the Care and Use of Laboratory Animals (Eighth
edition, 2011).

2.2.  Fabrication of GEC-MNs

2.2.1. Coating solution

Two types of coating solution were used in the fabrication
of gel encapsulated coated MNs (GEC-MNs), including a drug
coating solution and gel coating solution. The drug coating
solution contained drugs, PVA, and trehalose, where PVA
and trehalose were added with a mass ratio of 2:1 and its
total solid content is provided in subsequent experiments.
The gel coating solution was an in situ complexation gel
(before completing gelation) blended with 2% (wt%) SA and
GDL/EDTA-Ca at a ratio of 10:1 (v/v) (except for special
instructions). The GDL/EDTA-Ca solution consisted of 300 mM
GDL and 300 mM EDTA-Ca.

2.2.2. Fabrication

The MNs matrix (700 um height, 500 um intervals, 165 tips)
was prepared from L-PLA using a micro-moulding method.
PDMS mould was covered with L-PLA particles, continually
vacuumed, and heated at 200 °C for 30 min. After demoulding.
the PLA MNs matrix was treated with UV/Os irradiation for
sterilization and hydrophilization (Fig. 2A1).
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Fig. 1 - Design and concept of rhIFN¢—1b GEC-MNSs. (A) Hypothetical administration of GEC-MNs. (A1) The GEC-MNs patch is
inserted into the skin, and (A2) the coating is implanted in the skin after removing the PLA MNs base. (A3) The drug
releases across the outer gel encapsulation. (A4) The gel disintegrates and the drug is released thoroughly over time. (B) SA
and GDL/EDTA-Ca hybrid in situ complexation gel system. GDL gradually decomposes and releases [H], replaces [Ca?*] of
EDTA-Ca. The crosslink of [Ca?*] and SA formed homogeneous SA in situ gel.
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Fig. 2 - Schematic diagram of GEC-MNs fabrication. (A) The procedures to fabricate GEC-MNs were as follows: (A1)
production of PLA MNs base, (A2) inner gel encapsulation coating, (A3) drug solution coating, and (A4) outer gel
encapsulation coating. (B) The depth of solution containers is 300 xm for SA in situ gel and 200 xm for drug solution.

The manufacture of GEC-MNs used a “layer-by-layer”
method (Fig. 2A2-2A4). The height of coating solution
container was fixed: 300 um for gel solution and 200um
for drug solution (Fig. 2B). The first (Fig. 2A3) and last (Fig.
2A4) coating procedure, the formation of inner and outer
in situ gel coating, were one step before and one step after
the implementation of drug coating procedure (Fig. 2A3),
respectively. The drug coating procedure would be performed
several times. After the above steps were completed, the GEC-
MNs patches were dried thoroughly overnight.

2.2.3.  Process optimization

BSA was used for the process optimization. A bivariate
experiment was conducted in which the variables were the
solid content of drug coating solution and operating times of
drug coating procedure (Fig. 2A3). The formula of drug solution
was shown in Table 1. The drug coating procedure was
performed 1 to 6 times for each drug solution. The data point
was coded in Table 2. The drug loading was quantified using
the Brandford method by measuring the BSA concentration of
coating-dissolved GEC-MNs in 100 mM trisodium citrate [34].

Table 1 - Drug coating solution formula in the bivariate

optimization.

Formula ID PVA Trehalose  BSA Viscosity
(Wt%) (Wt%) (mg/ml) (mPa-s)

I 10 5 10 46.8

I 15 7.5 10 251.5

III 20 10 10 447.2

v 30 15 10 12 020.0

Table 2 - Data point coding of bivariate experiment.

Factor B: Coating Steps Operated Times

1 2 3 4 5 6

Factor A: I albl alb2 alb3 alb4 alb5 albé6
Formulation II a2bl a2b2 a2b3 a2b4 a2b5 azb6
I a3bl a3b2 a3b3 a3b4 - -
v a4b1l a4b2 a4b3 - - -
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The delivery efficiency of GEC-MNs patches was examined.
The GEC-MNs was inserted into the porcine cadaver skin with
the force of 30N and embedded for 5min. Then, the MNs
patch was peeled off, the remaining BSA (my) on the MNs
patches was quantified. The delivery efficiency was calculated
as follows:

Delivery efficiency (%) :m;nrnx x 100%

Where m is the BSA loading of GEC-MNs patches.

After confirming the manufacturing process, change the
BSA concentration in the drug solution. The drug loading
and the delivery efficiency of the GEC-MNs patches were
quantified using the aforementioned method.

2.3. Morphology analysis of GEC-MNs

To visualise the manufacture procedures of GEC-MNs, 0.4%
(wt%) trypan blue was added to the in situ gel solution; 0.6%
(wt%) FITC-BSA was added to the drug solution. The GEC-MNs
patch was observed when each step of coating was completed
under a stereomicroscope (SMP1000, Nikon, Japan) and optical
microscope (BX51, Olympus, Japan).

Structure of the coating layers of GEC-MNs was observed
under confocal laser scanning microscopy (CLSM). The in situ
gel solution comprised 2% (wt%) FITC-SA. The GEC-MNs were
imaged using a confocal laser scanning microscope (CLMS,
A1RMP, Nikon, Japan), excited at a wavelength of 488 nm. The
scanning was stepped 20 um every time vertically along the
Z-axis (direction of the tips towards the platform of MNs),
and the reconstructed 3D confocal image of XYZ stack was
acquired.

2.4. In vitro drug release

The drug release behaviour in GEC-MNs was studied by
plotting the in vitro release curves of BSA GEC-MNs with
different gel formulation. The in situ gel was composed of
2% (wt%) SA and 300mM GDL/EDTA-Ca, blending at a ratio
of 40:1, 20:1, and 10:1 (v/v). The GEC-MNs were enclosed in
a 100kDa dialysis bag and suspended in an Erlenmeyer flask
filled with phosphate-buffered saline (PBS) (pH =7.4). The PBS
was magnetically stirred at a speed of 280 rpm and was placed
in a 37 £ 1 °C water bath. The samples were collected from the
release medium at a predetermined time and supplemented
with fresh medium [21].

2.5.  In vitro permeation studies trough pig skin

Vertical Franz diffusion cells [35] with 2.7 ml receptor capacity
and 0.785 cm? surface area were used in the study (system
912-SCT-S; Logan Instruments Corp, Somerset, NJ). The Bama
minipig skin specimens were trimmed to a thickness of
800 um, and mounted in the Franz diffusion cell with the SC
side facing the donor compartment. The BSA GEC-MNs patch
was fixed to the skin for 5min. The receptor compartment
was filled with 2.7 ml of PBS solution which was continuously
stirred with a small magnetic bar and thermostated at
37 £1°C. All the samples in the receptor compartment was

collected at predetermined time points and replaced with an
equal volume of fresh medium.

2.6.  Feasibility and biosafety of in vivo administration

The rhIFNae—1b GEC-MNs patch was applied to the rat
abdomen for 5min after removing the abdominal hair using
an animal razor and hair removal cream under pentobarbital
anaesthesia (40 mg/kg). After the SD rat was euthanized, the
skin with applied GEC-MNs was collected. The skin samples
were fixed with 4% paraformaldehyde at 4°C. Then, the
fixed tissues were embedded in paraffin and sectioned at a
thickness of 4 um. The paraffin sections were stained with
H&E (Solarbio, Beijing) and scanned under a Pannoramic 250
Flash System (3DHISTECH, Hungary).

Skin irritation was evaluated to study the biosafety of
rhIFNa—1b GEC-MNs. Following the above description of GEC-
MNs patch administration, the skin site was macroscopically
observed at predetermined times for 72 h.

2.7.  Stability of rhIFNe—1b GEC-MNs

The rhIFNa—1b GEC-MNs were kept under 25°C/60% RH and
40°C/75% RH for 1, 2, 3 and 6 months, respectively. Before the
test, the MNs patches were carefully sealed and packaged. The
structural stability of rhIFNa—1b in GEC-MNs was determined
using the ELISA assay. For the antivirals activity of rhIFNe—1b
in the GEC-MNs patches was determined using the vesicular
stomatitis virus (WISH-VSV) assay system. WISH cells were
seeded in 96-well plates at a density of 2 x 10 cells/well and
cultured overnight in a 37 °C, 5% CO, incubator. The cells were
incubated with successive 4°- to 4°- fold dilutions of collected
solution of GEC-MNs patches, 1000 IU/ml rhIFNe—1b (as the
standard) for 24h before being challenged with 100 TCIDsq
of VSV. Following 24 h incubation, the cells was stained with
crystal violet and its absorbance was measured at 570 nm.

2.8.  Pharmacokinetic analysis of rhIFNe—1b GEC-MNs

Experimental animals were randomly assigned into five
groups (n=6): GEC-MNs patches with high (40.52+0.92 ug,
GEC-MNs-H), middle (20.26+0.46ug, GEC-MNs-M), and
low (10.13+0.23 g, GEC-MNs-L) rhIFNe—1b loading. The
rhIFNa—1b soluble coated MNs group (10.17 +0.82 g, MNs-L)
and ID injection group (10 g, ID injection) were set as the
control group.

Blood samples of animals were collected at 0, 0.5, 1, 2,
4, 6, 8, 10, 24, 48 and 72h after dosing. Venous blood (500
ul) was drawn by tail vein incision. Serum samples were
prepared via centrifuging the blood samples at 3000 rpm for
10min at 4 °C and stored at —20 °C. Finally, the cohort of
rats has euthanized 72 h after the rhIFNe—1b application. The
serum rhIFNe—1b level was assayed by ELISA kit. The data
was calculated by curve-fitting with DAS software package
(Shanghai, China, version 3.0) using non-compartmental
analyses. The normalized relative bioavailability (F) of GEC-
MNs/soluble coated MNs (x) was calculated as follows:

AUCyx x dose
Fre1(%) (%) = 7o -

=—— — — x100%
AUCip x dosex x %



616

ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 16 (2021) 612-622

A B D

e i

E4 - 120 * ES 160 Cumuhmw coated amount of BSA

<14 & E 3 Drug delivery efficiency

g b 4 * \? ek ; 140 100

12 <100 g e

I >

% B A SO DU i |2 : in g

H i 2 80 Em ™

< 84 L = < Jeo =

3 H g 6 1™ g

£ 64 g H | 1502

S (] ] S o0 | w02
41 o 8 Formustont |5 4 2 | )

: ] ormulation - 2 404 1% g

£ v ® Formulationll | 2 = | &

37 L A Formulation 1l | S 204 E . 1%

E [ - ¥ Formulation IV 5 el | [* 10

5] ¢ Lol

o] oL 0

T T T 0
2 3 4 5 without gel  alb6
Number of Coating Cycle

C without gel

Manufactruing Code of MNs
a2bd

10 15 20 30 40 60 80 100 120 150
Concentration of BSA (pg/ml)

aZb4 a3b3 adb2

F=]

|73
o
o

Fig. 3 - Optimization of GEC-MNs fabrication. (A) Bivariate experiment: drug loading of GEC-MNs made by different drug
coating formulations and different dug coating cycle. (B) Drug delivery efficiency of the selected GEC-MNs. (C) (C1) MNs with
scale bars representing 400 pm. (C2) MNs after administration and (C3) the corresponding skin with scale bars representing
2mm. (D) Drug loading and delivery efficiency of the GEC-MNs coated with different BSA concentration of drug coating

solution. Each point represents the mean + SD (n=6).

2.9.  Statistical analysis

Independent experiments were run for at least three samples,
and the results are shown as the means + SD. The statistical
significance of the differences was calculated using two-tailed
unpaired Student’s t-test and one-way analysis of variance
(ANOVA) or two-way ANOVA, which was performed using
Microsoft Excel 2016 software. Values of P < 0.05 (*P < 0.05,
**P < 0.01, ***P < 0.001) were considered as statistically
significant.

3. Results and discussion

3.1.  Fabrication of GEC-MNs

Manufacturing details of GEC-MNs were established from two
performances: drug loading and drug delivery efficiency. Drug
loading is positively related to the solid content (viscosity)
of drug coating solution and number of coating (Fig. 2A3).
The commercially rhIFNe—1b is 10, 20,..., 50, 60 ug. Therefore,
according to the base number of doses commonly used
in clinical, when taking the drug loading 10ug as the
reference standard (Fig. 3A), the GEC-MNs coded with albeé,
a2b4, a3b3, and a4b2 were selected, where the BSA loading
was 10.88+1.38, 11.32+0.70, 10.97 £0.90 and 9.37 £3.01 ug,
respectively (P > 0.05). Drug delivery efficiency of the selected
GEC-MNs patches was 87.87% =+ 4.41%, 88.42% + 6.72%, 54.81%
+20.04% and 20.38% =+ 25.71% (Fig. 3B and 3C). The sharpness
of the tips is inversely proportional to the solid content of the
drug coating solution. The tips of a3b3 and a4b2 are blunt,
resulting in unstable drug delivery efficiency. Compared to the

drug delivery efficiency of control (72.02% + 11.49%), that of
GEC-MNs coded with a1b6, a2b4 was statistically higher (a1b6-
control, P=0.0078; a2b4-control, P=0.019). Considering the
simplification of manufacturing process, the solution formula
II and production method of a2b4 were recognized as the
production basis for subsequent experiments.

The drug delivery efficiency of GEC-MNs a2b4 (88.42%
+ 6.72%) was significantly higher than that of water-
soluble coated MNs (72.02% =+ 11.49%), indicating that
this improvement can be contributed to gel encapsulation.
Considering the wunavoidable addition of water-soluble
carbohydrates as protein stabilizers [36, 37], the gel
encapsulation could be considered as a barrier between
soluble drug coating and skin moisture. The gel encapsulation
prevents the coating from rapidly dissolving during the
insertion, and the swelling gel would reduce the drug residue
on the PLA matrix by triggering the separation of coating [30].

When the manufacturing process was optimized, the
loading of BSA on GEC-MNs was linearly increased (from
10.11+1.28ug to 143.56+11.43ug) with the increased
concentration of BSA in the drug coating solution (from
10mg/ml to 150 mg/ml), and the drug delivery efficiency was
stable within 82.55% =+ 5.86% to 87.37% + 4.34% (P > 0.05)
(Fig. 3D). These results indicate that the optimized coating
method is controllable in drug loading and have stable
drug delivery efficiency, therefore suitable for flexible mass
production.
3.2 Morphology analysis of GEC-MNs
The coating of GEC-MNs comprised two parts visualised by
adding distinct colour components into the corresponding
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500pm
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S00pm

Fig. 4 - Visualisation of GEC-MNs manufacturing process.
(A) GEC-MNs on completion of (A1) inner gel encapsulation,
(A2) drug coating, and (A3) outer gel encapsulation. (B)
Side-view of the corresponding GEC-MNs in production.

solutions (Fig. 4A). When each step of coating was completed,
the colour of the tips changed significantly. Obviously, with the
completion of outer encapsulation, the height of coating also
increased from 200 to 300 um (Fig. 4B).

To reveal the structure of the multilayer-coating, the GEC-
MNs were made using the FITC-SA in situ gel and non-
fluorescence soluble coating (Fig. 5). At a relative height of
200 to 300um, the fluorescence region became intensive
comparatively narrow, and gradually disappeared at a height
from 300 to 400 um, indicating that only gel coating was
present within this height range. Therefore, the GEC method

can control the coating height via varying the depth of
coating solution container in the manufacturing process. By
observing the sections, it was shown that the in situ gel coating
was an incompact layer diffusing into the drug coating. The
structure of the SA in situ gel coating was fluid/non-rigid
during the slow progression of the gelation [38, 39]. Although
the two coating materials have relative diffusion on the tips,
the encapsulated structure was still inferred to be intact
(Fig. 5C).

3.3.  Invitro drug release

To carefully observe the drug release behaviour of GEC-
MNs, the in vitro release experiment was extended instead
of adjusting it for the investigation of in vivo-in vitro release
correlation. In the extended in vitro drug release experiment of
144 h, water-soluble coated MNs (without gel encapsulation)
were set as the control group. In the first 12h, inferring
from the slopes, the first point of time when the BSA could
be detected in the control, groups of SA vs. (GDL/EDTA-Ca)
ratios at 40:1, 20:1, and 10:1 (v/v), was 0.5, 5, 5 and 12h,
respectively (Fig. 6B). Compared to the control group, the drug
release was delayed when gel encapsulation was involved,
verifying the hypothesis described in Section 3.1: the principle
of gel encapsulation facilitating drug delivery efficiency.
Notably, in the subsequent in vivo pharmacokinetics studies,
no similar phenomenon of delayed drug release effect was
observed.

The cumulative release of BSA in the above-mentioned
groups was 91.32% + 4.33%, 91.09% =+ 4.20%, 89.48% =+
3.86%, and 81.11% £ 2.91%, respectively (Fig. 6A). When
SA:(GDL/EDTA-Ca)=10:1 (v/v), in vitro cumulative release of
BSA was reduced. SA is a polyelectrolyte with a high negative
charge density and chemical structure of [-OH] and [-COO™]
[40]. The BSA (isoelectric point 4.7) would be trapped by
the undegraded SA gel, and resulting in the decreased
cumulative release of BSA. In the subsequent penetration
and pharmacokinetic studies, the drug in GEC-MNs was
completely released due to the acidic environment and
enzymes in the skin [38].

B )

Fig. 5 - CLSM imaging of GEC-MNs coating structure. (A) 3D image of nine implantation sites. (B) Optical sections of the tip at
scanning depth: (B1) 100 xm, (B2) 240 um, (B3) 320 um, (B4) 440 nm, (B5) 460 um. Scale bars represent 100 pm. (C) Structural
diagram of the coating tip inferred from the CLSM imaging.
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Fig. 6 - Extended in vitro release of BSA GEC-MNs with different gel encapsulation formulation at 37 °C. (A) cumulative
release ratio of BSA within 0-144h. (B) The first 12 h of cumulative release ratio of BSA. It was divided into groups of (H)
soluble coated MNs, and GEC-MNs with gel encapsulation with SA: (GDL/EDTA-Ca) at a ratio of (e) 40:1; () 20:1; (v) 10:1 (v/v).

Each point represents the mean =+ SD (n=6).

3.4.  In vitro permeation studies trough pig skin
Considering the previous in vitro release in terms of the
significant slow-release effect of in situ gel composed of
SA: (GDL/EDTA-Ca)=10:1 (v/v), the skin permeability study
was conducted. The control group was water-soluble coated
MNs. In the first 24h, the cumulative amount of BSA of
the control and GEC-MNs were 125.59 +9.08 and 49.23 +-4.59,
respectively (Fig. 7B). The permeation rate of the control group
was lower than 10 ug/cm? from 20 to 120 h. However, in the
GEC-MNs group, exhibits an excellent performance over time,
mainly from 6 to 96h. The control and GEC-MNs showed
a similar cumulative penetration, which were 137.16 +10.27
and 130.99+9.59 (P > 0.05) over 5 d, respectively (Fig. 7A).
These results clearly show that the GEC-MNs could achieve
the sustained-release of the drug.

3.5.  Feasibility and biosafety of in vivo application
HE-stained skin of the paraffin sections (Fig. 8A) showed
two manifestations of micro conduits slice after applying
the rhIFNa¢—1b GEC-MNs. One was the cavity type, extending
along the direction from the epidermis to the dermis with a
depth of 132.8 — 39.5 um (Fig. 8A1). In Fig. 8A2, cavities with
intact epidermis were observed. The depth range was 137.8-
269.6 um, averaging 202.3 +£46.3 um. When the GEC-MNs was
inserted into the skin, the elasticity of the skin prevented
the tip from penetrating vertically (Fig. 8B), and the height
of the embedded tips is greater than the observed vertical
height. The coating was inferred to absorb interstitial fluid
and collapse 5min after the GEC-MN administration, without
affecting the integral implantation.

Macroscopical epidermal changes of the abdominal skin
were periodically observed to evaluate the biosafety of
the rhIFNe—1b GEC-MNs administration (Fig. 9). After the
removal of the rhIFNae—1b GEC-MNs, the trace of pressing
first appeared with no existence of erythema (Fig. 9B1). After
10 min, the indentation slowly becomes flat (Fig. 9B2). After
1h of removal, slight edema was observed (Fig. 9 B3), and
gradually eliminated within 24h (Fig. 9B4). Moreover, no
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Fig.7 - In vitro cumulative permeation of BSA through Bama
minipig skin of 800 £ 50 pm thickness at 37 °C. (A) The
cumulative permeation of BSA in 120 h and (B) in the first
24h. It was divided into groups of (H) soluble coated MNs,
and (e) GEC-MNs (at loading of 110 ug). Each point
represents the mean + SD (n=6).

further skin irritation was observed within 72h (Fig. 9B5). To
achieve biocompatible GEC-MNs and with sufficient stability
of biopharmaceuticals, SA [32, 34] and PVA [41-43] were used
as the main materials in this study, which are widely used
in tissue engineering and sustained-release delivery research,
and acknowledged as biocompatible inactive ingredients. The
result of in vivo administration verified the biosecurity of
rhIFNa—1b GEC-MNs.
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Fig. 8 - Micro conduits sections of the skin after GEC-MNs insertion. (A) The H&E-stained skin sections showed (A1) the
cavities extended from epidermis to dermis, (A2) cavities with the intact epidermis. Scale bars represent 200 um. (B) The
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Fig. 9 - Skin irritation after inserting the rhIFN«¢—1b GEC-MNSs. (A) Anaesthetized rat. The dotted line circled the site inserted
by rhIFN«—1b GEC-MNs. (B) The skin after inserting the rhIFN¢—1b GEC-MNs in time sequence: (B1) immediately, (B2)
10 min, (B3) 1h, (B4) 24 h, and (B5) 72 h. Scale bars represent 5 mm.

3.6.  Stability of rhIFNae—1b GEC-MNs

We investigated the storage stability of rhIFNa—1b GEC-
MNs (Fig. 10). The experiment was carried out under mild
(25°C/60% RH) and strict (40°C/75% RH) conditions for 6
months. At 40 °C/75% RH, the recovery rate (Oth month: 95.00%
+ 3.46%; 6th month: 62.7% + 7.55%; p=0.00091) and antiviral
activity (Oth month: 8.08 x 10° +6.54 x 10° IU/ml; 6th month:
7.94 x 10° +7.99 x 10° IU/ml; P =0.036) of rhIFN«—1b in GEC-
MNs decreased significantly. At 25°C/60% RH, the rhIFNa—1b
in GEC-MNs maintained high structural stability for 6 months
(Oth month: 90.64% =+ 3.07%; 6th month: 84.74% + 5.46%;
P > 0.05), and it was the same stability as its antiviral
activity (Oth month: 7.94 x 10° 4+ 5.00 x 10° IU/ml; 6th month:
7.99 x 10° £ 8.15 x 10° IU/ml; P > 0.05).

Biopharmaceuticals, including rhIFN«—1b, are usually
transported and stored at —4°C for around 1 month [44; 45].
Both carbohydrates and PVA in GEC-MNs enable to stabilize
protein [46]. Under the condition of 40 °C/75% RH, the recovery
rate and antiviral activity of rhIFNa—1b in GEC-MNs was stable
in the first 3 months. Under the ambient condition (25 °C/60%
RH), the rhIFN«—1b could maintain a high level of efficacy for
6 months. Therefore, the rhIFNa—1b GEC-MNs could be stored
for a long time at room temperature and humidity, which
shows the potential in saving the transportation and storage
costs of biological drugs.

Table 3 - Pharmacokinetics parameters of rh-IFN«1b in

various administration methods (n=6).

Subject GEC-MNs MNs ID
Dosage (ng) 40.52 20.26 10.13 10.17 10.00
Tmax (h) 1 1 1 0.5 0.5
Crmax (ng/ml) 1.18 0.54 0.28=### 075+  1.30
T/ (h) 16.28 1550 18.16 1.44 2.52
AUC(o_77) (ng/ml-h) 1586 8.79 4.18* 3.12%*  5.04
Frel (%) 7870 87.21 8295 61.88 -
Significantly different from ID injection: * P < 0.05, ** P < 0.01, *** P
< 0.001.
Significantly different from MNs-L: # P < 0.05, ## P < 0.01, ### P <
0.001.

3.7.  Pharmacokinetics study of rhIFNe—1b GEC-MNs

Details of pharmacokinetic parameters are shown in Table 3.
To compare the differences of GEC-MNs administration
with clinical administration, ID injection and water-soluble
coated MNs (MNs-L) was set with the rhIFNe—1b dose
of 10pug/rat (Fig. 11A). The Cmax of rhIFNe—1b of GEC-
MNs-L was 0.28 £0.09ng/ml which was lower than MNs-L
(0.75+0.11ng/ml, P=0.025) and ID injection (1.17 &+ 0.07 ng/ml,
P =0.00023). Additionally, the peak levels (Tmax) of GEC-MNs-L
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(n = 6).

was delayed for 0.5h . Furthermore, the serum rhIFNa—1b of
GEC-MNs was sustainable for 72 h, while the serum rhIFNo—1b
in MNs-L and ID injection failed to be detected at 24 h [47]. The
results showed that the transformation into the dosage form
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of GEC-MNs enables the rhIFNe—1b to achieve a prolonged
release from 24 h to 72 h.

The AUC of ID injection was 5.36 ng/ml-h. Setting the AUC
of ID injection as the reference, the relative bioavailability (Fye;)
of MNs-L was 61.88%, while that of GEC-MNs-L was 82.9%.
Considering the drug delivery efficiency of 88.42% +6.72%
shown in Section 3.1, the GEC-MNs had an equivalent
efficiency to ID injection, indicating that the gel encapsulation
undoubtedly contributed to an enhanced drug delivery
efficiency.

To evaluate the dose relationship of GEC-MNs
administration, the rats were treated with low (GEC-MNs-
L), medium (GEC-MNs-M), and high (GEC-MNs-H) dosage
of rhIFNe—1b (n=6) (Fig. 11B). The AUCyp 7, and Cmax of
GEC-MNs-L, GEC-MNs-M, and GEC-MNs-H showed the dose-
dependent linear pharmacokinetics within the dose range
of 10.13-40.52 ug. Therefore, the utilisation of GEC-MNs to
deliver thIFNa—1b could comply with the requirements of
different doses in clinical.

4, Conclusions

In this study, a complexation-based GEC-MNs model was
provided as a long-acting biopharmaceutical transdermal
delivery system. The gel encapsulation involves an extremely
low amount of complexation-based in situ gel, which
was necessary to ensure biosecurity. Manufacturing details
were optimized for balancing the drug loading and drug
delivery efficiency. The drug delivery efficiency of GEC-MNs
(88.42% =+ 6.72%) was enhanced compared to water-soluble
coated MNs (72.02% + 11.49%). From the results of CLSM
scanning, extended in vitro release and in vitro permeation
through the skin, the improved drug delivery efficiency
and sustained-release of GEC-MNs was demonstrated. The
histological observation and in vivo administration of GEC-
MNs showed a sufficient insert depth and subtle risk
of irritation, confirming the possibility of GEC-MNs for
further evaluation. The rhIFNa—1b in GEC-MNs can maintain
stable structure and antiviral activity for up to 6 months
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Fig. 11 - Pharmacokinetics profiles of rhIFN«—1b. (A) Curves of dosing rhIFN«—1b in the dosage forms of (M) ID injection, (e)
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when the serum concentration of rhIFNa—1b was lower than LOQ in the groups of ID injection and MNs-L. (B) The curves of
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at 25°C/60% RH. In pharmacokinetics study, rhIFNa—1b
delivered by GEC-MNs was bioequivalent to ID injection
(Fre1=82.95%). When gel encapsulation was involved, the
drug release prolonged from 24 to 72h. The AUCy 7, and
Cmax of gradient amount of rhIFNa¢—1b GEC-MNs showed a
linear correlation. In conclusion, the GEC-MNs provides a
multifunctional, biologically safe drug delivery that achieved
a higher efficiency, stability, and sustainable drug release,
improving the potential of coated MNs even more from a
multiple drugs applicability perspective.
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