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GRAPHICAL ABSTRACT

0.665 mm 0.634 mm 0.687 mm 0.621 mm

Statement of Significance

This study demonstrate (1) a novel swell-to-release silk fibroin (SF) micromeedle system
for transdermal drug delivery, in which the swelling modified SF microneedles (MNs) can
effortlessly pierce human epidermal skin in its dried state and swell into a a semi-solid,
acerose hydrogel with a controlled 3-dimensional (3D) porous network structure inside for a
controllable transdermal drug delivery; (2) different micromolecular reagents were mixed
with SF to make the SF composite swellable and insoluble; (3) 2-ethoxyethanol (ECS)
modified SF microneedles can easily pierce porcine skin with a depth of ~200 pum in vitro,
and transform into semi-solid hydrogels with 50 - 700 nm porous network inside; (4) the
swelling modified SF MNs exhibit more consistent and controllable drug releasing capacities
than those of dissolving MNs; (5) the better swelling capacity of the microneedles produces
the larger swelling pores inside, in accordance with the higher transdermal drug release
kinetics and final accumulative releasing ratio.

Abstract: In this paper, a swelling-modified silk fibroin (SF) microneedle for transdermal

drug delivery is presented. The microneedles undergo a phase transition from a dried and



rigid state to a semi-solid, acerose hydrogel state with a controlled 3-dimensional (3D) porous
network structure. Different micromolecular reagents have been studied for mixing with
aqueous silk fibroin to endow a swellable and insoluble capacity to the SF. The aqueous SF
composite is poured on a polydimethylsiloxane (PDMS) mold with arranged micropores on
its surface to fabricate SF microneedles with high fidelity and mechanical robustness. The
results demonstrate that 2-ethoxyethanol (ECS) modified SF microneedles can easily pierce
porcine skin with a depth of ~200 um in vitro, and transform into semi-solid hydrogels with
50 - 700 nm porous network inside. These swelling-modified microneedles can accomplish a
significantly enhanced transdermal drug release capacity in proportion to their swelling
characteristics. The better swelling capacity of the microneedles produces larger pores,
resulting in higher transdermal drug release kinetics. There is also a relationship between
swollen pore dimensions and the molecular weights of encapsulated therapeutics. The
controllable properties of these SF microneedles coupled with their high biocompatibility,
render swell-to-release ECS/SF composites as viable transdermal delivery devices.

Keywords: silk fibroin; microneedle; hydrogel



1. Introduction

Transdermal drug delivery systems (TDDS) have been widely used to transport
medications owing to their features, including ease in controlling levels in plasma, safe
administration, favorable patient compliance due to avoidance of palatability issues, and
evading hepatic/gastrointestinal metabolism compared with oral therapeutics [, However, the
outermost stratum corneum of skin with a thickness of 10 - 15 um that forms a natural barrier
preventing the interstitial surroundings in vivo from outside invasion, also provides the major
obstacle for transdermal drug delivery, especially for macromolecular bioactive diffusion 2],
Researchers have reported several approaches, including ultrasound, electric fields, chemical
enhancers, and thermal methods to enhance percutaneous therapeutic diffusion [l
Nevertheless, the effective transdermal diffusion of macromolecular agents still remains an
unsolved challenge [,

In recent decades, microneedle-based TDDS (MTDDS) formed by fabricating reversible
solid microchannels for bioactive diffusion have drawn much attention, and been widely
explored due to their safety, minimal invasiveness, and high therapeutic efficacy [,
Microneedle systems (MNS) are usually composed of a basal layer and dozens to hundreds of
micro-projections, perpendicularly attached to the surface. These range in height from 100 -
1000 um and come in different shapes and tip-to-tip intervals ©°1. Compared to conventional
TDDS, the MTDDS can significantly enhance transdermal drug permeation by producing
solid, yet reversible hollows inside the corneum 1% the outermost barrier of the epidermis.

This makes MTDDS extremely suitable for the transdermal permeation of macromolecular



therapeutics sensitive to enzymatic or acidic degradation within the gastrointestinal tract,
especially vaccines %2 jnsulin %331 antigens 4, DNA and RNA bioagents [*°*. The
MTDDS can be easily self-administered and significantly, facilitate percutaneous penetration
with minimal pain and tissue damage because of their micro-sized dimensions 1%, In addition,
microneedle systems can be easily removed, and offer better control of therapeutic levels,
further resulting in proper patient compliance [16-171,

Despite the many advances and diverse types of microneedles available (solid, coated,
hollow and dissolving MNS) [ there remain several technical bottlenecks in practical
applications. These include complicated and high-cost processing, often poor
biocompatibility of the base materials, and difficulty of controlling the rate of transdermal
drug delivery 829 Metal, glass or silicon microneedles can easily penetrate human
epidermal tissue due to their inherent stiffness. However, inevitable needle fractures and
non-degradable residues after the administration of these MNS result in long-lasting irritation
and sensitization to skin. Moreover, the low dose of coated drugs limits practical uses,
especially for long-term applications 2211, The use of adaptive, biocompatible materials to
fabricate MNS can address some of these issues.

Hydrogels are biocompatible polymers with a three-dimensional (3D) porous structure
that can swell in water and release loaded agents via free diffusion, and form ideal vehicles
for transdermal drug delivery 2241 Conversely, hydrogels lack the mechanical strength
required to penetrate the epidermis. The versatile silk fibroin (SF) with its biocompatibility,

controllable degradability, and excellent mechanical properties, is extremely suitable as the



base material for microneedles [25-%1, However, pure SF microneedles are soluble and lead to
burst release of loaded drugs, making them unsuitable for long term release ?71. Here, we
demonstrate a composite made from micromolecular reagents mixed with aqueous SF to
endow a swellable and insoluble capability. The swelling modified SF composite is used as
the structural material to form a micro-needle system for controlled transdermal drug delivery.
The MNS can easily penetrate epidermal skin in its dry state, and release drugs consistently
and controllably after a transition into a polyporous hydrogel. The better swelling capacities
of the microneedles create the larger pores thereby resulting in higher transdermal release
kinetics. Moreover, there is adaptability between the dimensions of the swollen pores and the
molecular weight (MW) of the encapsulated therapeutics, with even stronger release kinetics
at higher MW accomplished by enhancing swelling capacity of MNS. The results
demonstrate that the swellable silk fibroin MNS perform a more consistent and controllable
transdermal drug delivery than those of dissolving SF MNS for several minutes to several
hours administration in vitro %, Owing to the controlled swelling-to-release mechanism,
and the inherent biocompatibility of fibroin, these swelling modified SF MNS form suitable

candidates for a controllable transdermal drug delivery system.
2. Materials and Methods

2.1 Preparation of Silk Fibroin solution
B. mori silkworm cocoons (supplied by Anhui Agricultural University) were degummed
three times in 0.5% (w / v) Na>COs solution at 98 - 100°C for 30 min, and then washed

completely with deionized (DI) water to remove the sericin proteins on the outermost surface.
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After thoroughly drying at 60 °C for at least 6h, the silk fibers were dissolved in LiBr solution
(9.3 M) in a 15:100 bath ratio (w/v) for 60 min, followed by dialyzing process against
running DI water to remove salts and small molecules using Slide-a-Lyzer dialysis cassettes
(Pierce, MWCO 8 - 12 KD) for 3 - 4 days. The silk fibroin was further purified by
centrifuging method 8. Concentration of the final SF solution was above 7.0 % (w/v),
measured by weighing the mass before and after drying. All solutions were stored at 4 °C
prior to processing 283,
2.2 Fabrication of swelling modified microneedle

Urea (URE), N-dimethylformamidee (DMF), glycine (GLY) and 2-ethoxyethanol (ECS)
purchased from Sinopharm Chemical Reagent Co., Ltd were mixed with aqueous silk fibrion
at the blending ratio (S) of 0/10, 0.25/10, 0.5/10, 1/10, 2/10 and 3/10 (mx/msg) to endow the
SF MNS with an insoluble and swellable capacity. The final SF concentration is 6 % (w/v).
The modified aqueous silk solution was poured on a polydimethylsiloxane (PDMS) mold
with 15 x 15 pore array with 300 - 700 um depth and 150 - 1000 pm intervals, followed by
several degassing steps (> 0.09 MPa) using a vacuum dryer and drying process (25 °C, 55 %
humidity) for 24 h (Fig. 1-A). The features of these obtained microneedles were imaged by
using a Leica MZFILL stereomicroscope, scanning electron microscope (SEM) and laser
scanning confocal microscopy (LSCM).
2.3 Dissolving and swellable capacity of modified SF MNS

To obtain the SF MNS with consistent and controllable transdermal delivery capacities,

characteristics of insolubility and swellability within interstitial fluid after administration are



essential. The modified SF MNS was immersed in PBS (pH = 7.4) to evaluate its dissolving
[31 and swelling B2 characteristics. The morphological dimensions of SF MNS before and
after swelling were monitored by stereomicroscope and SEM. Dried SF microneedles
weighed as m; (0.1g) were swollen in 10 mL PBS for 24 h at 37 °C and bath ratio of 1:100
(w/v), 4 parallel samples each group. After centrifuging at 3500 r/min for 15 min, the
supernatant was tested by using an ultraviolet spectrophotometer at 278 nm to evaluate the
concentration (Cy) of silk fibroin dissolved in PBS. The corresponding residues were weighed
(m2) after drying with filter paper to remove any surface water. The ratio of solid matrix
content in MNS (1) was obtained with a 105 °C drying and weighing procedure to help
evaluating the swelling and dissolving characteristics. The percentage swelling and

dissolving were calculated, respectively, by using the Eq. 1 and Eqg. 2:

m.—m:.
Swelling (%) = x100 % 1)
mix gix [1/(1+S)]

10 x C:
Dissolving (%) = x100 % (2)
mix gix [1/(1+S)]

Where mzand m; are the mass of SF MNS before and after immersion in PBS, & is the
ratio of solid matrix content in SF MNS, S is the mass ratio between SF and the
micromolecular reagents used for swelling modification, and C; is the concentration of
dissolved SF after immersion in PBS.

2.4 Mechanical characteristic and penetrating capacity of SF MNS
The SF MNS was subjected to a compression test to evaluate its mechanical properties 281,

The MNS (300 um length), modified with ECS at 0/10, 0.5/10, 1/10 and 3/10 ratios were



tested using a TAXT?2 texture analyzer with a 0.02N trigger force and 10 mm/min velocity, 15
parallel samples each group. SF MNS mixed with FITC () was used to puncture porcine and
rabbit skin with a homemade applicator in vitro to evaluate its practical insertion capacity.
Following formalin fixation, the punctured skins and its vertical microsections were imaged
with a Leica MZFILL stereomicroscope to evaluate the puncture morphology. LSCM was
used to measure the microchannels at different depths inside porcine skins derived from MNS
puncturing.
2.5 Conformation and aggregation structure of Modified SF MNS

Fourier transform infrared spectroscopy (FTIR) was used to analyse the conformational
structure of the swellable, modified MNS, using a Nicolet 5700 FTIR spectrometer (Nicolet
Co., USA) with KBr tabletting. The IR spectra recorded the absorbance of the sample at 400 -
4000 cm™. X-ray diffraction (XRD) was performed to reveal the aggregation structure of SF
MNS using an X-ray diffractometer (X0 Pert-Pro MPD, PANalytical, Almelo, Holland) with
CuKa radiation. The XRD patterns were recorded in the range of 20 from 5° - 45° at a
10°/min, 35 mA and 40 KV. Fourier self-deconvolution of IR spectra in the amide | region
(1595 - 1705 cm™*) was performed using Peakfit to evaluate secondary structure content 231,
Deconvolution was performed using a Gauss algorithm with a smoothing and amp value of
1.0 % and 1.5 %. FTIR spectra were curve-fitted to measure the original areas of each amide
| region B341.-
2.6 Enzymatic degradation of modified SF MNS in vitro

SF MNS were immersed in PBS (37 °C, pH: 7.4) containing protease XIV (2 U/ml,



Sigma-Aldrich) and collagenase 1 (2 U/ml, Sigma-Aldrich) at a bath ratio of 1/100 (w/v). The
solution for degradation was renewed daily. SF peptide content derived from enzymatic
degradation was measured by sampling at designated time points, 4 parallel samples each
group 4. Percentage enzymatic SF degradation was calculated using Eq. 2 mentioned above.
2.7 Transdermal delivery of FITC-dextran in Vitro

To assess the transdermal delivery characteristics of the swelling modified MNS, various
dextrans tagged with fluorescein isothiocyanate isomer | (FITC-Dextran, Mw: 5 kDa, 10 kDa,
40 kDa, purchased from Xi"an Ruixi Biological Technology Co., Ltd) were used as the model
agents at the ratio of 1/20 (¥ = mritc-pextran/ Msg). The ECS modified MNS with swelling
ratio of 300, 500 and 700 %, and the dissolving pure SF MNS were administered for
transdermal diffusion in vitro, with the corresponding drug loaded SF films as the control
groups. The drug loaded MNS were applied on pig cadaver skin with a 500 - 600 um
thickness using a homemade applicator in vitro, followed by fixation to a TT-8 transdermal
diffusion apparatus in 32°C PBS (pH: 7.4, V = 13 ml) (Fig. 1-B) %, 4 parallel samples each
group. All the releasing groups were sampled regularly at time points established before,
followed by fluorescence detection to monitor the concentration (C;) of FITC-Dextran from
the transdermal release using a FM4P-TCSPC fluorescence spectrometry analyser, with a 495
nm excitation wavelength and 516 nm emission wavelength. The percentage drug release was

calculated using Eq. 3:

n-1

C.xV +z (Cix V)

Accumulati  ng (%) = =1 ,(n=234--) 3
mixgix [y (1+y +S)]
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Where C;j is the FITC-Dextran concentration in PBS transdermal release from MNS, i is
the sampling time, Vi is the sampling volume (1 ml), ¥ is the mass ratio between SF and
FITC-Dextran, @; is the ratio of solid matrix content in SF MNS, and S is the mass ratio

between SF and the reagents used to swelling modification.

Fig. 1. Schematic of the swelling-to-release MNS.

3. Results
3.1 Fabrication of Swelling Modified SF MNS

To investigate the feasibility for fabricating swelling-modified SF MNS for transdermal
delivery, the modified aqueous SF solution mixed with FITC-Dextrans of different sizes
(MW: 5 kDa, 10 kDa, 40 kDa) at a ratio of 1/20 (mritc-pextran/MsF) was poured on a PDMS
mold with different micropore depth sizes (300 - 700 wm) and tip-to-tip intervals (600 - 1000
pm). Using this approach, a mechanically tough and solid MNS with encapsulated
FITC-Dextran was successfully obtained from the PDMS molds after several degassing and
drying steps at 25 °C and 65 % humidity (Fig. 1-A). The obtained SF microneedles with
various needle heights and tip-to-tip intervals but identical piniform shapes were measured
with stereomicroscope, SEM (Fig. 2). The layer scanning technique in SCLM was used to
image 3D structures/dimensions of the obtained MNS (Fig. 2-Cs and Dz3). The results
indicate that the MNS can be produced repeatedly and share identical piniform morphology
derived from the predesignated micropores inside the PDMS molds.
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Fig. 2. Morphology of MNS with different dimensions.

3.2. Dissolving and swelling capacity of modified SF MNS

To function as a “swell-to-release” MTDDS, the MNS should not only possess proper
mechanical characteristics, but also be minimally dissolving and highly swellable in vivo for
controlled release. Thus, the MNS can easily puncture the human epidermis in its dry state,
while swelling into hydrogels with minimal dissolution by absorption of interstitial fluid.
Herein, we fabricated the swelling-modified SF MNS by blending SF and micromolecular
reagents using the approach mentioned above, followed by dissolution and swelling
measurements (pH: 7.4, 37 °C, 24 h). The results indicate that pure SF MNS shows a robust
dissolving characteristic in vitro with nearly 50 % mass loss after a 24h immersion in PBS
(Fig. 3-A). In contrast, the modified SF MNS display a significant decrease in their
dissolution characteristics with increasing usage of these micromolecules. For instance, even
minimal quantities of GLY and URE can easily make the SF MNS nearly insoluble (< 10 %),
corresponding to a significantly decreasing swellable capacity (< 200 %). ECS and DMF
endow the SF MNS with both a decreasing dissolution and a significantly higher swelling
capacity. In particular, the ECS/SF blending MNS exhibits a minimal dissolution (< 10 %)
together with an extraordinary swelling characteristic (> 500%) at the ECS/SF (w/w) mixing
ratio of 1/10. A significant increase in morphological size and 3D porous network
morphology is also observed (Fig. 3-B and Fig. 4). Therefore, the ECS/SF formula was noted

to be preferred and further researched herein.
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Fig. 3. Swelling and dissolving characteristics of modified SF MNS (PBS, pH: 7.4, 37°C, 24

h).

The swelling-modified SF MNS display controllable transdermal release by absorbing
interstitial fluid, and transforming into hydrogels with controllable 3D porous network
structures. The swelling ratio dependence of the 3D network and pore dimensions inside the
ECS-modified SF MNS was measured by SEM (Fig. 4). In the dry state, the MNS has an
extremely closely-stacked aggregate structure with less microscopic pores and minimal pore
size (< 10 nm, Fig. 4-A), corresponding to a robust mechanical strength and penetration
ability. In contrast, pure SF MNS dissolves rapidly upon penetrating porcine skin in vitro,
resulting in the disappearance of mesoscale needles arranged on the base support, and the
appearance of micelle morphology derived from self-assembly of the dissolving SF (Fig.
4-B). Notably, the swelling-modified SF MNS possess an extraordinary and controllable 3D
porous network morphology with pore dimensions in positive proportion to the swelling
capacity (or swelling ratio). The swelling-modified SF MNS with a 200 - 700 nm
microscopic pore size attains a 650 % swelling ratio (Fig. 4-C) after PBS immersion. The 3D
porous network morphology of modified SF MNS with a 50 - 400 nm pore size range
exhibits a 500 % swelling ratio (Fig. 4-D). The SF MNS with a 50 - 100 nm pore size
displays a 250 % swelling ratio (Fig. 4-E) in PBS. Thus, the 3D porous network dimensions

inside swelled MNS can be controlled by simply adjusting the ECS/SF blending ratio.
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Fig. 4. SEM morphology of swelled SF MNS after immersion (PBS, pH: 7.4, 37 °C, 24 h).

3.3 Mechanical analysis and degradation characteristic of ECS modified MNS

To evaluate the capacity for skin insertion as well as the bulk mechanical characteristics of
swelling-modified SF MNS, the fabricated microneedles were penetrated into porcine skin in
vitro, and the compressive strength measured using a TAXT2 texture analyzer. The results
derived from the compression test indicate that all the SF MNS perform more than 0.25
N/needle compressive fracture force, which is adequate for skin insertion 1. There is a
minimal enhancement of mechanical properties with increased ECS/SF blending ratio,
despite a statistically insignificant ANOVA (Fig. 5-A and B). SF MNS with a length of ~ 500
um and encapsulated FITC-dextran was inserted into porcine and rabbit skins using a
homemade applicator to evaluate insertion capacity in vitro (Fig. 5-C). A histological
examination shows that SF MNS can effortlessly penetrate porcine and rabbit skins (Fig. 5-D)
in vitro, and result in solid microchannel array with a depth of ~200 um (Fig. 5-Da4) on the
skin surface. LSCM was also used to measure the microchannels resulting from MNS
insertion at different depths. Finally, the images of solid microchannels in different depths
were synthesized into a 3D solid microchannel array along the direction of penetration of the
MNS (Fig. 5-E). These results show that the swelling-modified SF MNS is indeed
mechanically tough enough to penetrate into the epidermis of skin, and result in solid
microchannels on the skin surface for transdermal drug delivery.

The enzymatic degradation in vitro was used to access the degradation capacity of these

14



swelling-modified SF MNS. PBS (pH = 7.4, 37 °C) containing collagenase | and protease
XIV (2 U/ml) were used as the aqueous surroundings to mimic interstitial fluid for
degradation of modified MNS in vitro. The SF MNS shows controllable degradation kinetics
negatively correlated to the ECS/SF blending ratio. There is a greater than 65 % mass loss of
swelling modified MNS (ECS/SF: 0.5/10) within 10 days in the presence of protease XIV.
These results show the modified SF MNS as a potentially biodegradable transdermal delivery

system that also have the potential to avoid long-lasting irritation and sensitization to skin.

Fig. 5. Mechanical characteristics and insertion capacity of swelling-modified SF MNS.

3.4 Conformation and aggregation structure of Modified SF MNS

Unlike currently available insoluble, non-swelling MNS, and rapidly dissolving polymer
MNS, the swelling-modified SF MNS can swell into a porous hydrogel with minimal
dissolution upon contact with interstitial fluid. To understand the mechanisms for this unique
behavior, FTIR and XRD were used to reveal the conformation and aggregation structure of
SF MNS. Normal pure SF MNS shows several IR absorption peaks at 1647 cm™ (amide 1),
1642 cm™ (amide 1), 1235 cm™ (amide 111) and a widespread peak in XRD curves, which is
typical of random coil conformers and major amorphous aggregation structure [33-3437-38]
corresponding to a significant dissolving characteristic (Fig. 6). DMF, GLY and URE
modified MNS exhibit a significantly decreasing dissolving and non-swelling characteristics

with its increasing usages, corresponding to relative sharp IR absorption peaks at 1686 cm™
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(amide 1), 1625 cm™ (amide 1), 1647 cm™ (amide 1), 1542 cm™ (amide 1), 1525 cm™ (amide
1) and 1235 cm™ (amide 111) and significant typical silk | crystal peaks at 12.2 °, 19.7 °, 28.2 °,
32.3 °, 36.8 ° and a minimal silk 1l crystal peak at 20.7 ° in XRD, which are representative of
corner, B-sheet, random coil conformers and a significant silk I crystal aggregation structures
[33-3437-38] ' The higher the concentration of DMF, GLE or URE, the more significant corner,
B-sheet conformers and silk | crystal aggregation structure, the lower the dissolving and
swelling characteristic (Fig. 6 - B - D).

In comparison, ECS modified SF MNS display relatively weak IR absorption peaks at
1686 cm™ (amide 1), 1625 cm™ (amide 1), 1647 cm™ (amide 1), 1542 cm™ (amide 1), 1525
cm* (amide 1) and 1235 cm™ (amide I11). Minimal silk | crystal peaks at 12.2 °, 19.7 °, 28.2 °
and negligible silk Il crystal peak at 20.7 ° in XRD curves (Fig. 6-A1- Az) are observed,
corresponding to a significantly decreasing dissolving, but high swelling capacity. To uncover
the mechanism of the insoluble and swellable characteristics of ECS modified SF MNS,
Fourier self-deconvolution of the IR spectra in amide | (1595 - 1705 cm™?) was conducted
using Peakfit v4.12 to specifically evaluate secondary structure content (Fig. 6-As). The
results demonstrate that there is a remarkable conformational transition from random coil
conformer to corner, and [-sheet conformers with increasing ECS usage. Hence, it is
presumed that the random coil, corner and B-sheet conformers’ content of SF polymer play
essential roles in contributing to the insolubility and swellability of these SF composites. It
may be noted that, compared with GLY, URE, DMF-modified SF MNS, the ECS modified

groups show less B-sheet, corner conformers and silk I crystal aggregation structures at the
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blending ratio of 0.5/10 and 1/10, in accordance with more random coil conformers and
amorphous aggregation structures (Fig. 6-As, Figure S1), which form the basis for the

insoluble and swellable characteristics.

Fig. 6. Blending ratio (mx/msg) dependence of conformation and aggregation structure of

swelling-modified SF MNS evaluated by FTIR and XRD.

3.5 Transdermal drug delivery in vitro

Transdermal delivery of modified SF microneedles with different swelling capacities were
studied in vitro to evaluate the swelling-to-release profiles. FITC-dextrans with different
molecular weights (MW) were used as the model therapeutics to clarify the adaptability
between therapeutic MW and MNS swelling capacity which can further reveal the
swelling-to-release mechanism. Identical, swelling-modified SF films with encapsulated
FITC-dextrans were used as control groups to highlight the enhanced transdermal drug
delivery derived from microneedle systems. The SF MNS display a significantly enhanced
transdermal drug release kinetics compared with the controlled SF films, with 2 - 10 times
larger accumulative release ratio than the corresponding control groups during the entire
release process (Fig. 7). The release profiles show that there are relatively more consistent
transdermal drug delivery processes observed 50 - 60 hours after administration of
swelling-modified SF MNS, in comparison to the dissolving MNS which make an exhaustive

release within 16 hours (Fig. 7-A). The dissolving pure SF MNS exhibit significantly
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stronger release kinetics compared with the swelling-modified ones in each molecule weight
group. In particular, there is an almost 100 % percutaneous release ratio within 16 h in
minimal FITC-Dextran molecular weighted group (Fig. 7-A). An increase in transdermal
drug releasing kinetics of swelling-modified MNS is observed with increase in swelling
capacity, similar to the trend in swelling-modified SF films. The lower the ECS/SF blending
ratio of MNS, the higher the swelling ratio and corresponding release Kinetics. The
transdermal release kinetics were measured quantitatively using the linear fitting slope of
swelling-modified MNS transdermal release profiles within 12 hours (Fig. 7 - C). The results
demonstrate that the releasing profiles in better swelling systems are always sharper than
those of less swelling systems (Fig. 7-D). It is worth noting that the higher the MNS swelling
capacity, the sharper the linear fitting profile and the stronger the release kinetics (Fig. 7-A -

C), likely resulting from a larger porous structure inside the better swelling MNS (Fig. 4).

Fig. 7. Accumulating transdermal drug delivery profiles.

The linear fit of the slope of the MNS transdermal release profiles were analyzed (Fig.
7-A-C) and contrasted to reveal the mechanism of swelling to release (Fig. 7-D). The results
demonstrate that there is diverse release Kinetics in negative proportion to the MW of the
encapsulated payload, in all swelling MNS groups. The lower MW therapeutics can diffuse
easily into porcine skin, with stronger release kinetics in vitro, in comparison to larger MW,

derived from a more facile diffusion process inside the 3D porous network structure of
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swelled MNS (Fig. 4). Notably, the MNS with a swelling ratio of 650% and encapsulated
with 40 kDa FITC-Dextran exhibit a significantly higher releasing kinetics than the MNS
with a 250% swelling ratio and loaded with 20 kDa FITC-Dextran. This implies that larger
MW therapeutics can also accomplish remarkable transdermal release kinetics comparable to
those of lower MW therapeutics using this swelling-to-release MNS. Therefore, the porous
network dimension of swelled MNS plays a critical role in the transdermal drug delivery
process.
4. Discussion

To overcome the limitations of a rapidly dissolving and burst transdermal release in
dissolving (unmodified) SF MNS, the ECS/SF blending method was used to make the SF
MNS insoluble and swellable. The ECS/SF blended MTDDS with the ability of
“swelling-to-release” are used to accomplish controllable transdermal drug delivery. The
obtained MNS possess sufficient mechanical strength to easily pierce human skin in the dried
state, which results in a minimally invasive solid microchannel array on the skin surface for
transdermal drug delivery (Fig. 5-D and E). The swelling modified SF MNS then transform
into a semi-solid hydrogel with controllable 3D porous network structures (Fig. 4) by
absorbing the interstitial fluid. This is followed by the controlled diffusion of agents
embedded within the gelatinous MNS to the subcutaneous tissue (Fig. 1-C), by means of the
porous 3D network structure inside the swelled SF MNS (Fig. 4).

The higher the ECS/SF blending ratio, the more the content of corner, 3-sheet conformers

and silk I crystal structures in the dried SF polymer, and the lesser the dissolution
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characteristics, together with a remarkable swelling capacity (50 - 800 %) (Fig. 3 and Fig.
6-A). The resultant SF MNS is tough enough to puncture the outermost stratum corneum of
skin and then transform into semi-solid hydrogel with a 50 - 700 nm pore size (Fig. 4),
resulting in a solid microchannel array with a depth of ~200 um for transdermal permeation
of the encapsulated agents (Fig. 5-D and E). Further, the higher the swelling capacity, the
larger the pore dimensions of swelled SF MNS after administration (Fig. 4).

The modified SF MNS with different swelling and loading of FITC-dextran were
administered in vitro to assess their transdermal drug release capacity. The fabricated SF
MNS displays 2 - 10 times higher transdermal drug delivery capacity than corresponding SF
films with identical loading and swelling capacity (Fig. 7). This ability is derived from the
resulting solid microchannels that permit transdermal drug diffusion. The FITC-dextran can
easily diffuse from inside to outside the gelatinous MNS with better swelling capacity,
making the swelling-modified SF MNS display enhanced percutaneous drug delivery Kinetics
with increased swelling capacity (Fig. 7). Thus, the higher the swelling capacity of SF MINS,
the larger the pore dimensions of the 3D network structure in swelled SF MNS, and the
stronger the transdermal drug release Kinetics.

FITC-dextrans with different MW were used as the model agents encapsulated in swelling
MNS to characterize transdermal drug release kinetics, as well as the adaptability between
MNS swelling and size of therapeutic loaded. Smaller molecules are easier to diffuse in
identical swelled MNS porous network structure. As a consequence, the transdermal drug

release Kkinetics are in negative proportion to the MW of agents embedded in the SF MNS.
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The smaller the MW of loaded therapeutic, the stronger the kinetics of transdermal drug
release. Interestingly, the larger loaded agents can also accomplish a remarkable transdermal
diffusion compared to those of the smaller agents using a MNS with better swelling capacity,
derived from the “swelling-to-release” mechanism (Fig. 1-C). Hence, the swelling modified
SF MNS hold a potential for controllable transdermal drug delivery.
5. Conclusion

In summary, the ECS/SF composites demonstrated here to fabricate silk fibroin based
microneedle systems (SF MNS) exhibit minimal dissolution, and controllable swelling
characteristics. The SF MNS can easily puncture porcine skin in the dried state, and result in
a solid microchannel array with a depth of ~200 pm on the skin surface, followed by a
swelling to a hydrogel state by absorbing interstitial fluid. There is an enhanced swelling
capacity (250 - 800 %) of SF MNS with the decrease of ECS/SF blending ratio (3/10 -
0.25/10), corresponding to an increasing pore dimension (50 - 700 nm) inside the swelled
MNS. This results in a stronger transdermal drug releasing kinetic and final accumulative
releasing ratio compared with non-swellable MNS, and a relatively more consistent release
within the subcutaneous tissue in comparison to dissolving SF MNS. In addition, There is
also a relationship between swollen pore dimensions and the molecular weights of
encapsulated therapeutics. Larger therapeutic MW can also display analogous transdermal
release kinetics and final accumulative release ratios compared to the smaller therapeutics
encapsulated by using a better swelling MNS. The controllable drug release characteristics by

swelling to release, combined with the high mechanical strength of these biomaterials and
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their high biocompatibility make the modified SF MNS a viable alternative to traditional
materials for smart transdermal drug delivery.
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Fig. 1. Schematic of the swelling-to-release MNS: A) Processing of swelling modified SF
MNS, B) Transdermal drug delivery model of MNS in vitro, C) Swelling-to-release process.
Fig. 2. Morphology of MNS with different dimensions: A) SF MNS with 300 um in height
and 600 pum in interval, B) SF MNS with 500 um in height and 600 um in interval, C) SF
MNS with 900 um in height and 600 um in interval, D) SF MNS with 300 pm in height and
1000 um in interval.

Fig. 3. Swelling and dissolving characteristics of modified SF MNS (PBS, pH: 7.4, 37°C, 24
h): (A) Blending ratio (mx/msr) dependence of the swelling and dissolving kinetics in
modified MNS, X: ESC (2-methoxyethanol), DMF (N-Dimethylformamidee), GLY (glycine),
URE (urea), (B) Morphology of swelling modified SF MNS (mecs/msr: 1/10, swelling ratio:
500 %) before and after immersion.

Fig. 4. SEM morphology of swelled SF MNS after immersion (PBS, pH: 7.4, 37 °C, 24 h): (A)
Dried SF MNS, (B) Pure SF MNS, (C) Swelling modified SF MNS (mecs/msg: 0.5/10,
swelling ratio: 650 %), (D) Swelling modified SF MNS (mecs/msr: 1.0/10, swelling ratio:
500 %), (E) Swelling modified SF MNS (mecs/msr: 3.0/10, swelling ratio: 250 %).

Fig. 5. Mechanical characteristics and insertion capacity of swelling-modified SF MNS: (A)
Compressive fracture force, (B) Morphology before and after a compression test, (C)
Compressive mold used for penetrating in vitro, (D) Morphology of solid microchannels on
skin surface resulting from penetration in vitro monitored by an optical stereomicroscope, (E)

Morphology of solid microchannels on skin surface resulting from penetration in vitro
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monitored by LSCM, (F) Enzymatic degradation of modified MNS in vitro, (1)and
mecs/msr = 3/10, (3and (6) mecs/mse = 1/10, (2and (5)mecs/msk = 0.5/10.

Fig. 6. Blending ratio (mx/msg) dependence of conformation and aggregation structure of
swelling-modified SF MNS evaluated by FTIR and XRD: (A1 - A3) ECS modified MNS, (B1 -
B2) DMF modified MNS, (C1-C2) GLY modified MNS, (D) URE modified MNS, X: ECS,
DMF, GLY and URE.

Fig. 7. Accumulating transdermal drug delivery profile: (A) ECS modified SF MNS with
swelling ratio of 650 %, (B) ECS modified SF MNS with swelling ratio of 500 %, (C) ECS
modified SF MNS with swelling ratio of 250 %, (D) Summary of transdermal release kinetics
for MNS with different swelling capacity and encapsulated with varied molecule weights of

therapeutics.

Figure S1. Conformation content derived from FITR spectra: (A) DMF/SF, (B) GLY/SF, (C)

URE/SF.
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