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Abstract

The extraction of interstitial fluid (ISF) from skin using microneedles (MNSs) has attracted growing
interest in recent years due to its potential for minimally invasive diagnostics and biosensors. ISF
collection by absorption into a hydrogel MN patch is a promising way that requires the materials
to have outstanding swelling ability. Here, we have developed a gelatin methacryloyl (GelMA)
patch with an 11 x 11 array of MNs for minimally invasive sampling of ISF. The properties of the
patch can be tuned by altering the concentration of the GelMA prepolymer and the crosslinking
time; patches are created with swelling ratios between 293% and 423% and compressive moduli
between 3.34 MPa to 7.23 MPa. The optimized GelMA MN patch demonstrated efficient
extraction of ISF. Furthermore, it efficiently and quantitatively detects glucose and vancomycin in
ISF in an /in vivo study. This minimally invasive approach of extracting ISF with a GeIMA MN
patch has the potential to complement blood sampling for the monitoring of target molecules from
patients.

Abstract

A novel microneedle patch based on gelatin methacryloyl is developed for minimally invasive
sampling of interstitial fluid (ISF). The properties of the patch can be tuned by altering the
concentration of prepolymer and the crosslinking time. Furthermore, the MN approach efficiently
detects glucose and vancomycin in ISF. This ISF extraction strategy has the potential to provide a
support of target molecule detection in clinic.

Graphical Abstract

Small. Author manuscript; available in PMC 2021 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhu et al.

Keywords

Page 5

111 BN

> )‘? 0, MNs swelling :\{' ?ﬂ '
44y vf' "L’“V
}f“ ISF extraction 4?4_; S
.\‘\--\ ‘fll"lf// "‘([
.'A___ri/-r J /
GelMA MNs s o X7
::::n.yr.m -.—I;V

microneedles; gelatin methacryloyl; skin interstitial fluid; transdermal extraction; minimally

The ability to detect biomarkers and drugs with minimally invasive methods has attracted
widespread attention due to its promise to revolutionize patient screening and the diagnosis
of disease. Currently, blood sampling is the clinical standard for tracking patient health and
disease progression.[t] However, obtaining blood is generally invasive and may be
complicated by infection or anxiety. Moreover, veins that are mechanically weak and prone
to collapse increase the difficulty of collecting blood. Beyond the challenges associated with
blood collection, circulating blood also has its limit for providing healthcare-related
information. In some cases, drug concentration in the blood is poorly correlated with
concentration at the target site; some antibiotics have been shown to distribute differently in
the blood compared to muscle or other tissues.[?] As a result, there is growing interest in
developing alternatives to blood sampling that can provide accurate information about an
individual’s health status with minimal patient discomfort.

Body fluids other than blood have been investigated for biomarker detection or drug
monitoring including interstitial fluid (ISF), saliva, and urine.[3] Saliva and urine sampling
are less invasive, but they are limited by their low biomarker content and fluctuating volume.
[4] ISF serves as an intermediate between cells and the circulatory system as it surrounds
cells throughout the body and acts as a reservoir for biomolecules, nutrients, and waste.[]
Previous studies have demonstrated that protein concentration in ISF is conserved in relation
to serum, and nearly all proteins present in serum can be detected in ISF.[8] Moreover, the
protein content of ISF is lower than that of blood, facilitating the collection of drugs in their
active form and simplifying the detection of some molecules.l”] Furthermore, some
biomarkers in ISF are unique as they are not found in serum, suggesting that sampling ISF
could expand beyond the diagnostic capabilities of serum for certain diseases.[8]
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Sourcing ISF can be simpler than other body fluids. Skin is the largest organ of the human
body and is the most convenient source of ISF. Skin ISF is rich in systemic metabolites,
biomarkers, as well as drugs.[®] However, the outermost layer of the epidermis, the stratum
corneum, is a natural barrier restricting the exchange of fluid. In previous studies, skin ISF
has been sampled by a variety of techniques including suction blisters, which require
elevated vacuum for > 1 h but may cause lasting skin damage;[8: 81 reverse iontophoresis,
which is limited to small molecules and requires specialized equipment operated by a trained
professional;[1%] or microdialysis, which requires local anesthesia and medical training.
[11, 12] Al these collection procedures are time-consuming and limited by the prerequisite
specialized equipment and medical expertise. Therefore, a simple and minimally invasive
technique that is capable of extracting sufficient quantities of ISF from the skin is urgently
needed.

One promising approach for ISF extraction is the use of microneedle (MN) array patches.
[13-15] Historically, MNs were developed for the delivery of drugs,[16-18] vaccines,[19:20]
biomolecules,[21: 22] or stem cells.[23] The extensive focus on developing MN-based delivery
approaches rather than extraction methods may be the result of the lack of excellent ISF-
absorbing materials. MNs typically have a length less than 1 mm with tips much sharper
than hypodermic needles. Such geometric designs enable MNs to efficiently pierce the
stratum corneum and form microscale ISF extraction channels without touching blood
vessels, nerve fibers, or their endings present in the epidermis or dermis. Due to their small
size and short depth of penetration, MNs provide a painless, simple, and minimally invasive
way to sample skin ISF. To evaluate patient compliance with MN-based diagnostics,
Mooney et al. interviewed 16 parents with experience of premature birth and the
interviewees preferred MN-mediated monitoring over traditional blood sampling in
neonates.[?4] Based on MNs-mediated fluid extraction strategy, Chang et a/. achieved offline
analysis of metabolites such as glucose and cholesterol.[25] Zhang et a/. devised encoded
MNs capable of detecting multiple biomarkers (TNF-a, IL-18, IL-6).[26] Sulaiman et a/.
developed MNs coated with an alginate-peptide nucleic acid hybrid material for specific
nucleic acid sampling and detection.[2”] Furthermore, the extraction of plant DNA by MNs
was demonstrated for rapid detection of plant diseases.[28]

Previously, we have demonstrated that gelatin methacryloyl (GelMA) is a suitable material
for the fabrication of MNs as it has good biocompatibility and desirable drug delivery
properties.[2%] The nature-derived GeIMA MN patch possesses good biocompatibility as a
medical device for sourcing ISF in a convenient and minimally invasive manner. The GelMA
MN patch also has advantages in lower fabrication cost and higher production yield when
comparing to other nature-derived material-based MN patches, such as those from
hyaluronic acid, making it a competitive platform for translational studies. In this study,
GelMA MN patches were prepared with various crosslinking degrees and initial polymer
concentrations. By tuning these parameters, swelling and other mechanical properties of the
MN were optimized for the rapid extraction of ISF.

The fabrication process of the GeIMA MN patches is outlined in Figure 1A. The patch was
prepared by a micro-molding approach, in which GelMA prepolymer was cast into a pre-
designed mold by centrifugation. The microstructure of the individual MNs is presented in
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Figure 1B-E (the initial GeIMA concentration is 20 %). Both the top and side views show
conical MN structure. Magnified images indicate that the height and bottom diameter of the
single needle were about 600 and 300 pum, respectively. Figure 1F is the optical microscopic
image of the GelMA MN patch, which showed an 11 x11 array of uniformly aligned MNs
fixed on a 1 cm x1 cm patch to support sufficient ISF extraction for later analysis. The most
commonly used techniques to manufacture MNs with different shapes and sizes include
micromolding, 39 lithography,[31] laser cutting,[32] three-dimensional (3D) printing,[33] and
wet or dry etching.[34] In the present work, we used a polydimethylsiloxane (PDMS) mold
with a pre-designed shape and size to manufacture the MN patches. The prepared MNs are
600 um in height, which is optimal for penetrating of the stratum corneum and preventing
the skin wrapping effect.[3]

The swelling and mechanical properties of various GelMA MNs patches are shown in Figure
2. The dimensions of the patches changed and achieved equilibrium upon immersion in
DPBS solution for 24 h. As shown in Figure 2A, final swelling ratios ranged from 293 +
69% to 423 £ 62% as the initial GelMA concentration was varied from 25% to 10% (m/v)
and the crosslinking time was set to 200 s. We observed that the swelling ratio is inversely
correlated with the GeIMA concentration. Figure 2B shows that the final swelling ratios
varied between 337 + 67% and 410 + 79% as the crosslinking time was changed from 300 s
to 10 s when initial GelMA concentration was 20% (m/v). Longer crosslinking exposures
lead to lower swelling ratios of the GelMA MN patches in the first 10 min. Similar trend has
also been observed at other concentrations of gelatin.[36-381 |t is also worth noting that rapid
swelling was observed in the first 10 min following immersion in DPBS solution, indicating
rapid liquid absorption by the patches. Stress-strain curves of various GelMA patches with
different initial concentrations and crosslinking time are presented in Figure 2C and 2D,
respectively. Enhanced mechanical properties, such as increased compressive stress, were
observed with elevated initial GelMA concentrations or increased crosslinking time. The
compressive modulus was found to increase non-linearly from 3.35 £ 0.62 MPato 7.21 £
1.74 MPa when the GelMA concentration was increased from 10% (m/v) to 25% (m/v).
Interestingly, the compressive modulus did not change significantly below a concentration of
20% (m/v), but nearly doubled to 5.80 MPa at 20% (m/v) (Figure 2E). Furthermore, it was
observed that the compressive modulus changed from 3.34 £ 1.33 MPa to 7.23 + 1.66 MPa
when the crosslinking time was varied from 10 to 300 s (Figure 2F). Many polymeric MNs
presented good mechanical strength. One example is MN made from polylacite (PLA). Li et
al. studied the mechanical property of PLA MNs and the results showed a single PLA MN
patch with the height of 600 pm maintained good skin penetration efficiency after 20 times
of insertion.[3%] However, the PLA MNs was not able to obtain ISF extraction because of the
hydrophobic nature. Mandal et a/. fabricated alginate coated PLA MNs to sample cells and
fluid for monitoring skin resident immunity. The elastic modulus of alginate coating was
about 1 kPa, which could bring sufficient mechanical stiffness for penetration.[4C]
Hyaluronic acid (HA)-based MNs have also presented good mechanical property when
applied in ISF extraction and drug delivery. The mechanical property of HA MNs was
tunable by changing the doses of loaded drug.[41] Furthermore, Lin et a/. studied the
mechanical property of HA/cyclodextrin composite MNs. By changing the material
composition, they produced MNSs of higher mechanical strength for successful insertion into
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the compact and hard scar tissuel42]. Comparing to these MNs, our study demonstrated the
mechanical strength of GeIMA MNs was tunable in terms of the initial GeIMA
concentration and crosslinking time. We have also studied the influence of methacrylation
degree on the swelling ratio and mechanical property of GelMA in our previous work.[43]
The results indicated that a higher degree of methacrylation led to a lower swelling ratio or
stronger mechanical property when the concentration of initial GelMA was constant. The
methacrylation degree of GelMA was defined as the ratio of methacrylate groups to the total
amino groups presented in gelatin prior to reaction. It can be estimated from the integrated
intensities of peaks in IH NMR spectra (Figure S1),[44 451 which was approximately 71% in
the present work.

A series of MN designs have been reported corresponding to different ISF sampling
mechanisms including (1) diffusion, (2) capillary action, (3) osmosis, and (4) pressure driven
convection.[6] These mechanisms are affected by the shape, size, and material of MNs.
Among the mechanisms of obtaining ISF from skin using MN patches, ISF collection by
diffusion into a hydrogel has not been effective in comparison to the other collection
mechanisms.[46] This is mainly due to material properties, especially swelling ratio, rather
than a fundamental limitation of the approach. To overcome this challenge, a material with a
high swelling ratio is desired for ISF extraction by diffusion. GelMA was selected due to its
biocompatibility and composition of primarily gelatin,l#”1 a natural polymer already used in
biomedical engineering applications in our previous studies, such as scaffolds,[48] injectable
hydrogels,[49] drugs and growth factor carriers,59 and bioinks for 3D printing.[>11 We
observed that the GeIMA had swelling properties promising for the extraction of ISF. In the
present work, we demonstrate that higher initial concentrations of GelIMA lead to
mechanically stronger GelMA MNs. Meanwhile, increasing GelMA concentration results in
suppressed swelling ratios. A notable increase in compressive modulus has been found
between GelMA concentrations of 25% (w/v) and 10% (w/v). Microstructures of MN
patches fabricated with different initial GelMA concentrations (10%, 15%, 20% and 25%)
were also examined by SEM (Figure S2). The MN patches with initial GelMA concentration
of 10% showed obvious shrinkage while those with higher initial concentrations (15%, 20%
and 25%) presented similar morphology and limited shrinkage. The shrinkage led to a
change of MN morphology that might affect the mechanical properties of MN patch. We
further tested the skin penetration of GeIMA MN patches with different initial
concentrations and the results showed that the patches can efficiently penetrate the skin
when the initial GeIMA concentrations were > 20% (w/v) (Figure S3). Considering the
swelling property, GeIMA MN patch with initial concentration of 20% (w/v) was chosen.
We next optimized the crosslinking time of GelMA MN patch. The mechanical test results
indicated that longer crosslinking exposures led to stronger mechanical properties of GeIMA
MN patches (Figure 2F). However, the morphology of GeMA MN patches with = 200 s
crosslinking exposures maintained structural integrity while others were partially damaged
by the degradation (Figure S4). Considering the time cost and swelling property, we chose
crosslinking time of 200 s as the optimized condition.

Therefore, optimized GeIMA MN patches were fabricated with a prepolymer concentration
of 20% (w/v) and 200 s of crosslinking time. The swelling ratio at this condition was 324 +
86% and the compressive modulus was 5.80 £ 1.41 MPa.
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Fluid extraction and molecule detection (glucose and vancomycin) experiments were
performed using agarose hydrogels and the results are presented in Figure 3. Figure 3A
shows the process of fluid extraction and biomolecule detection using the GeIMA MN
patches. To simulate the fluid extraction, a GeIMA MN patch was pressed against agarose
hydrogels that contain specific concentrations of glucose and vancomycin. Then, the patch
was removed and transferred to a centrifuge tube filled with DI water. After centrifugation,
the analytes in the solution were tested. The appearance of GelMA MN patches after liquid
extraction at different time points (0 min, 1 min, 10 min, 30 min and 24 h) are displayed in
Figure 3B. The corresponding mass of liquid uptake at each time point is shown in Figure
3C. The GeIMA MN patches showed equilibrated absorption of over 4 mg liquid per MN
patch after swelling. Figure 3D displays the surface of the agarose hydrogel (2.0%, m/v)
after treatment with the GeIMA MN patch. Figure 3E and 3F show macroscopic images of
the GeIMA MN patches before and after extraction. Detected glucose concentrations were
compared to the actual glucose concentrations in hydrogel and shown in Figure 3G. Glucose
concentrations in the hydrogel were linearly varied from 50 to 600 mg/dL (shown in red).
Detected glucose concentrations (shown in blue) were well-aligned with the actual
concentration across the range of concentrations (R = 0.981). In addition, a similar trend
was also observed for vancomycin detection (Figure 3H). Vancomycin concentration in the
hydrogel showed a good linearity from 1 to 16 ug/mL (blue dots). Detected concentrations
were well-aligned with the pre-designed concentrations as R2 = 0.974.

The results of ISF extraction and analysis /7 vivo are shown in Figure 4. The schematic
(Figure 4A) describes the procedures used for ISF extraction and analysis, which is similar
to the extraction of target molecules in agarose hydrogels. Wistar rats were utilized as a
model and each rat was treated with GelMA MN patches on their dorsal side (Figure 4B).
The magnified image of the treated skin is presented in Figure 4C. GelMA MNs efficiently
penetrated the tissue as evidenced by the hematoxylin and eosin (H&E) staining (Figure S5).
Figures 4D through 4H showed the recovery of the skin post-treatment. The MN punctures
disappeared gradually as the skin recovered within 20 min of removing the patch. This
indicates that minimal injury was caused and the procedure is, in fact, minimally invasive.
The mass of ISF extracted at different treatment time points is shown in Figure 41. ISF
extraction gradually increased within 10 min of applying the MN patches and reached
equilibrium after approximately 30 min. The mass of ISF collected in the GeIMA MN patch
was about 1.9 mg after 5 min and 2.5 mg after 10 min. Glucose and vancomycin were also
utilized as model molecules for the in vivotest and the detected concentrations in ISF were
compared to those in blood or plasma as shown in Figure 4J and 4K, respectively. The initial
glucose concentrations of both samples were approximately 100 mg/dL for both in ISF and
blood. Five minutes after intravenous glucose injection, glucose concentration in blood
increased rapidly (179.6 + 21.8 mg/dL) while only marginally increased in ISF (125.1 +
28.3 mg/dL). However, glucose concentration reached a steady state 30 min after injection
with a concentration of 170 mg/dL in both ISF and plasma. A similar trend was also
observed for vancomycin detection. Five minutes after the injection, vancomycin
concentration in plasma was 8.27 £ 0.13 pug/mL, while it displayed a smaller value (5.93 +
0.18 pg/mL) in ISF. Over time the concentration of vancomycin in plasma and ISF reached
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equilibrium: 30 min following injection, vancomycin concentrations in both fluids reached
nearly 6.5 pug/mL and decreased to approximately 4 ug/mL 60 min after injection.

Agarose hydrogels are frequently used as models of skin as they can emulate the tissue to
predict the /n7 vivo performance of MNs, including ISF extraction[25] and drug release.[52] In
our study, GeIMA MN patches were used to extract glucose and vancomycin from agarose
hydrogels. After applying the MN patch to the agarose, the shape and size of the patches
changed significantly, indicating effective fluid extraction. Our results show that GelMA
MNs can rapidly and efficiently extract both molecules from an agarose hydrogel. Our work
demonstrates the utility of GeIMA for diffusion-based ISF extraction which has been
performed by other materials previously, such as polyvinyl alcohol, poly(methyl vinyl ether-
alt-maleic acid) and poly(ethylene glycol).[53] The diffusion of ISF into polyvinyl alcohol-
based MN patches has been studied and the results showed that only 0.30 uL of ISF could be
collected by a single patch over the course of 12 h.[46] Biocompatible, hydrophilic materials
have been created based on natural polymers and have been formed into MNs. Chang et a/.
demonstrated a methacrylated hyaluronic acid MN patch with the ability to withdraw about
2.3 uL of ISF within 10 min.[25] Compared to these studies, our GeIMA MN patches also
demonstrated sufficient ISF extraction capability /7 vivo. The GelMA patch collected about
2.5 mg of ISF (~ 2.5 uL) within 10 min. This improvement is the result of the excellent
swelling properties of GelMA and the optimized prepolymer concentration and crosslinking
time. While it may be possible to improve our design by incorporating designs such as
hollow needles®¥ or other features[4: 46. 53] the fabrication process of our current GelMA
MN patch is simpler. These swellable patches are easy to manufacture and can collect ISF
from the skin rapidly, making them promising for clinical applications. Moreover, skin
recovers almost completely within 20 min of treatment, which further supports its use as a
minimally-invasive transdermal ISF extraction device. The GelMA MN patch has
advantages in lower fabrication cost and higher production yield comparing to HA-based
MN patch, making it a competitive platform for translational studies. Furthermore, the
nature-derived GeIMA MN patch is derived from extracelluar matrix and possesses good
biocompatibility as a medical device for sourcing ISF in a convenient and less invasive
approach.

To compare the collection of ISF to blood, we also studied the detection of injected glucose
and vancomycin molecules in skin-derived ISF compared to plasma. Both molecules were
detectable and quantifiable in ISF, supporting existing research that ISF is a suitable fluid for
diagnosis. Several studies about glucose or vancomycin detection also supported the
concentration correlation between ISF and blood in the rat model.[14: 551 However, molecule
concentrations in ISF displayed a hysteresis effect. Boyne et a/. studied the dynamics of
interstitial and blood glucose of patients with type | diabetes and observed a time lag of 4
min to 10 min in the change of interstitial glucose levels relative to blood glucose
concentration.[5¢] The time lag of these metabolites or drugs may be caused by locations of
metabolites and differing transport efficiencies between ISF and circulating blood. Since the
target site of vancomycin, an antibiotic, is the local area surrounding an infected wound, the
concentration of vancomycin in the local ISF provides more insight than that in blood.
Kiang et al. have reviewed the pharmacokinetics of many antibiotics and reported a
comprehensive summary on pharmacokinetic data suggested that some antibiotics, such as
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vancomycin, are better suited for detection in ISF because their ISF concentration provides
more information into the pharmacokinetic and pharmacodynamic relationships in the target
region.[”] However, the pharmacokinetic characteristics of antibiotics in ISF are rarely
reported which may be caused by the lack of facile and effective extraction approaches.
Therefore, the GelMA MN patches that we have developed could serve as an effective tool
in pharmacodynamic investigations.

In summary, a swellable GelMA MN patch for ISF extraction has been fabricated by using a
micromolding method. The swelling and mechanical properties of the patch could be
controlled by tuning the prepolymer concentration and crosslinking time. Lower
concentrations of GelMA prepolymer lead to higher swelling ratios and lower compressive
moduli. Glucose and vancomycin concentrations were comparable when detected in either
ISF or plasma, demonstrating that the use of GeIMA MN patches for ISF extraction from
skin can be used to monitor the production and consumption of these molecules. Moreover,
rapid recovery of the skin after removing the MN patches indicates that the patches exert
minimally invasive fluid sampling. This technology has the potential to serve as a minimally
invasive supplement or alternative to traditional blood sampling methods that are currently
used in the clinic.

Experimental Section

GelMA preparation:

The GelMA prepolymer was prepared according to our previous work.[49] Briefly, 20 g of
gelatin (type A from porcine skin, Sigma) was dissolved in 200 mL of DPBS under constant
stirring at 60 °C. 16 mL of methacrylic anhydride was added gradually into the solution
under vigorous stirring for 3 h at 50 °C. Afterwards, 1 L of DPBS (50 °C) was added. The
residual methacrylic anhydride was removed by dialysis (12 —14 kDa membrane) at 50°C
for 7 days. The GelMA prepolymer was obtained after lyophilization at —20 °C and was
stored at 4 °C before use. The methacrylation to gelatin was assessed by proton nuclear
magnetic resonance (*H NMR) spectroscopy. The gelatin and GelMA were dissolved in
D,0 at a concentration of 20 mg/mL, respectively. 1H NMR spectra were obtained by
Brucker AV400 broad band FT NMR spectrometer with 256 scans at room temperature. The
degree of methacrylation, which was defined as the ratio of methacrylate groups to the total
amino groups in gelatin prior to the reaction, were estimated from the integrated intensities
according to the related works.[43-45]

GelMA MN preparation:

A specified amount of GelMA prepolymer (0.2 g, 0.3 g, 0.4 g, or 0.5 g) was dissolved in 2
mL of DI water at 50 °C and 10 mg of photoinitiator (Irgacure 2959, Sigma) was added at
60 °C. The GelMA solution was cast onto the PDMS mold and centrifuged for 5 min at
3500 rpm. The filled mold was exposed to 500 mW/cm?2 UV light (360 — 480 nm) for 10 s,
50 s, 100 s, 200 s, or 300 s. Following the exposure, the mold was kept away from light for
24h to dry the GeIMA MNs. The GeMA MNs were subsequently peeled from the mold and
stored at 4 °C before use.
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Swelling of GelMA MN patches:

To calculate the swelling ratio of the GelMA MN patches, samples were incubated in DPBS
for 1 min, 10 min, 30 min, and 24 h at 37 °C. After the specified durations, residual liquids
on the surface of the patch were removed and the wet weights (4/,) were recorded. The dry
weights (W) were measured after lyophilization and the swelling ratio was calculated as
[(W,,~ W)l W] x 100%. To predict the structural stability of swelled MNs /n vivo, the
GelMA MN patches with different crosslinking time (10 s, 50 s, 100 s, 200 s, and 300 s)
were pressed against agarose hydrogel (2%, m/v) containing 2 U/mL of collagenase type Il
at 37 °C, respectively. 10 min later, the patches were peeled off and dried for scanning
electron microscope (SEM) observation.

Mechanical properties of GeIMA MN patches:

The mechanical properties of the patches were measured by a low-force mechanical testing
system (5943 MicroTester, Instron, USA) according to the related work.[29: 42. 58] Briefly,
The patch was placed needle-side up on a stainless-steel plate and compressed with a load
cell at a rate of 1 mm/min up to the maximum loading force of 50 N. Correlations between
the applied force and deformation of the patch were recorded during the whole testing
process. The compressive modulus (£) represented the slope of stress (o) - strain (&) curve
during the elastic deformation of the MNs and was calculated by E = o’/ &. The stress (o)
and strain (&) were calculated by o'= £/ Sand £= v (¢- ty), where Fwas the compressive
force, Swas the sectional area of the testing substance, vwas the constant rate of the load
cell (1 mm/min), ¢represented the time of elastic deformation, £y represented the time point
when the load cell touch the top of testing substance (the force began to be recorded).

Skin penetration by GelMA MN patches:

The patches with different initial GeMA prepolymer concentration (15%, 20%, 25%) were
pushed into the rat cadaver skin for 30 s, respectively. Trypan blue was used to stain the
penetrated tissue after peeling off the patch. Excess trypan blue was washed by DPBS and
the skin was imaged to check for the sign of penetrated stratum corneum (blue dots).

In vitro extraction and glucose and vancomycin detection:

Glucose and vancomycin were dissolved in 2% (m/v) agarose hydrogels to model ISF
extraction /n vitro. The concentrations of glucose were 50, 100, 200, 400, 600 mg/dL and
the concentrations of vancomycin were 1, 2, 4, 8, 16 pg/mL. After the dry weight of the
GelMA MN patch was recorded, the patch was pressed into the agarose hydrogel. Five
minutes later, the MN patch was removed and the wet mass (I4/,) of the patch was
measured. The patch was then transferred into a centrifuge tube with 200 pL of DI water.
After being centrifuged at 12000 rpm for 10 min, the solution in the tube was transferred for
molecule quantification. The glucose concentration in the hydrogel was tested using a
Glucose Assay Kit (Sigma) and the vancomycin concentration in hydrogel was tested using
the LC-MS/MS system (API 4000) according to related work.[>%] The mobile phase was
distilled water — methanol (9:1, v/v) at a flow rate of 0.2 mL / min. The analytical column
was a Gemini 5 pm NX-C18 (100 x 2 mm). Multiple reaction-monitoring (MRM) analyses
were performed using transitions at m/z 725.5—144.0.
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The detected concentration was calculated as C= Cxx VI [(W,, - W) %p], in which Cyis the
concentration of glucose detected by the kit or concentration of vancomycin detected by the
LC-MS/MS system. Vis the volume of DI water added into the centrifuge tube (200 pL),
W, is the dry weight of the GeIMA MN patch, W, is the wet weight of the GelMA MN
patch after extraction, and p is the density of glucose or vancomycin solution (approximately
1.0 g/mL).

In vivo collection of ISF and glucose and vancomycin detection:

All animal experiments were approved by the Animal Care and Use Committee of
University of California, Los Angeles, and procedures for animals were performed in
accordance with the relevant guidelines and regulations. Wistar rats (4-week-old,
approximately 70 — 80 g) were anesthetized with 50 mg/kg sodium pentobarbital. The dorsal
hair of each rat was shaved. After the initial mass of the GeIMA patch was weighed, it was
applied to the dorsal skin of the rat using the thumb and index finger. Gauze was used to fix
the patches on the skin. 10 min later, the patch was removed and the final mass was
recorded. To quantify the concentration of the delivered molecules, the wet patch was
transferred into a centrifuge tube with 200 pL of DI water. After centrifugation at 12000 rpm
for 10 min, the solution in the tube was transferred to be tested. In addition, blood samples
were also collected from the tail vein for glucose detection and the plasma was isolated v/a
centrifugation for vancomycin detection. For histopathology, the skin was harvested and
fixed in 10% neutral buffered formalin (BBC Biochemical, WA, USA), processed by a
standard method, and embedded in paraffin. 4 um in thickness tissue sections were stained
with hematoxylin and eosin (H&E, BBC Biochemical) to confirm that GeIMA MNs
effectively penetrate the skin.

In the glucose detection experiment, the rats were intravenously injected with 1 mL of 0.2
g/mL glucose in saline. The glucose concentrations in ISF were tested using Glucose Assay
Kit (Sigma) and the glucose levels in blood were tested using a glucometer (Clarity
Diagnostics, US). In the vancomycin detection experiment, the rats were intravenously
injected with 1 mL vancomycin at a concentration of 1 mg/mL in saline. The vancomycin
concentration in ISF and plasma samples was also quantified by LC-MS/MS analysis
(mentioned above).

Statistical analysis:

Analysis of variance (ANOVA) was used to test for statistical significance. The results were
considered statistically significant when £ < 0.05. All values are reported as mean * standard
deviation (S.D.).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Crosslinking Dry and demold

Microneedle patch

' s PDMS mold
» Photoinitiator

Figure 1.
Fabrication of the GeIMA MN patch. (A) Schematic representation of the preparation

process. Aqueous GelMA solution (aq) was cast into the PDMS mold. After centrifugation
and UV crosslinking, the patch was dried and removed from the mold. (B, C) SEM images
show the side view of GelMA MN array, (D, E) SEM images from the top view. Aligned
conical needles were formed with an approximate height of 600 um and bottom diameter of
300 pm. Scale bar : 500 pm in B, D and 100 pm in C, E. (F) A picture of the GeIMA MN
patch containing an 11 x 11 array of MNs over a 1 cm x 1 cm area.
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crosslinking time = | —¢~ 10s
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Characterization of various GelMA MN patches. Swelling rate of the patches with different
(A) GelMA concentrations (n = 5) and (B) crosslinking durations (n = 5). Stress-strain curve
of patches with different (C) GelMA concentrations and (D) crosslinking durations.
Compressive moduli of MNs with different (E) GelMA concentrations (n = 3) and (F)
crosslinking durations (n = 3). The crosslinking time in (C) and (E) was set to 200 s. The
initial GeIMA concentration in (D) and (F) was 20% (m/v).
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Figure 3.
Extraction process forthe detection of model molecules (glucose, vancomycin) in vitro. (A)

Schematic representation of the extraction process. A GelMA MN patch was pressed against
agarose hydrogel that was made with defined concentrations of glucose and vancomycin.
Then, the patch was removed and transferred to a centrifuge with DI water. After
centrifugation, the solution was tested. (B) Appearance of GeIMA MN patch with different
extraction durations (0 min, 1 min. 10 min, 30min, and 24 h). (C) Water uptake by hydrogel
at different time points (n=5). (D) The GelMA MN patch was pressed against the hydrogel.
Pictures of GelMA MN patch (E) before and (F) afterextraction. (G) Detected glucose
concentration (blue dots) compared to the real glucose concentration (red dots) in hydrogel
(n=3). The detected glucose concentration (blue dots) was fitted as a line (blue line), R? =
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0.981. (H) Detected vancomycin (VCM) concentration (blue dots) compared to the real
VCM concentration (red dots) in hydrogel (n=3). Detected VCM concentration (blue dots)
was also fitted as a line (blue line), R? = 0.974.
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Figure 4.
ISF extraction process and detection of glucose and vancomycin (VCM) in vivo. (A)

Schematic representation of the extraction process in a rat model. (B) Four GeIMA MN
patches were applied into the dorsal skin of a rat. (C) Magnified image of one patch on the
skin. The skin recovery post treatment, (D) Omin, (E) 1min, (F) 5min, (G) 10min, (H),
20min. (1) Effect of ISF uptake at different timepoints (n=5). (J) Detected glucose
concentrations in ISF compared to glucose concentrations in blood (n=5). (K) Detected
VCM concentrations in ISF compared to VCM concentrations in plasma (n=5). *£< 0.05,
NS means not significant.
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