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The integration of sampling and instant metabolite readout can fundamentally elevate patient compliance. To
circumvent the need for complex in-lab apparatus, here, an all-in-one sampling and display transdermal col-
orimetric microneedle patch was developed for sensing hyperglycemia in mice. The coloration of 3,3’,5,5'-tet-
ramethylbenzidine (TMB) is triggered by the cascade enzymatic reactions of glucose oxidase (GOx) and
horseradish peroxidase (HRP) at abnormally high glucose levels. The HRP in the upper layer is biomineralized
with calcium phosphate (CaP) shell to add a pH responsive feature for increased sensitivity as well as protection

from nonspecific reactions. This colorimetric sensor achieved minimally invasive extraction of the interstitial
fluid from mice and converted glucose level to a visible color change promptly. Quantitative red green and blue
(RGB) information could be obtained through a scanned image of the microneedle. This costless, portable col-
orimetric sensor could potentially detect daily glucose levels without blood drawing procedures.

1. Introduction

Diabetes mellitus refers to an incurable chronic disease character-
ized by abnormally high blood-glucose levels, known as hyperglycemia
[1]. Diagnostic devices for home-based daily monitoring of glucose
level can aid diabetes patients in seeking timely treatments to prevent
symptoms including nephropathy, high blood pressure, and stroke [2].
Minimally invasive sample collecting modules and diagnostic in-
formation-display modules are two fundamental factors for developing
a portable, cheap and simple to use glucose sensor.

The existing glucose level measurements require invasive blood
sampling [3]. As a painless alternative, strategies using a microneedle
array patch have been extensively adopted for extracting [4,5] and
detecting metabolites [6] or delivering therapeutic drugs [7-9] in the
interstitial fluid, which is the extracellular fluid surrounding tissue cells
that possesses similar composition of clinically important biomarkers to
blood, including glucose levels [10].

Colorimetric bio-sensing is favorable for on-site analysis and point-
of-care diagnosis, without the need for complex in-lab apparatus
[11,12]. Integration of a dual enzymatic system that consists of glucose
oxidase and peroxidase could achieve rapid colorimetric sensing of

glucose [13]. Glucose oxidase [14,15] is responsible for transforming
glucose into chemical signals of gluconic acid and H,O,. Peroxidase
[16-18], thereafter, can catalyze substrates including 3,3’,5,5'-tetra-
methylbenzidine (TMB), 2,2’-azino-bis(3-ethylbenzothiazoline-6-sul-
fonic acid) (ABTS), o-phenylenediamine (OPD), and diazoamino-
benzene (DAB) to generate color change visible to the naked eye in the
presence of hydrogen peroxide (H»0,). However, enzymatic reactions
are sensitive to environmental changes such as pH and digestive pro-
teases. In this case, the byproduct gluconic acid would significantly
lower the surrounding pH and inhibit HRP activity with the increase of
glucose [19], which greatly decreases the sensitivity of the system. In
addition, current colorimetric sensors are mainly dependent on in-so-
lution reactions, which is a major issue for storage and transportation.

Herein, we describe a poly(vinyl alcohol) (PVA)-based double layer
microneedle patch, achieving both in situ dermal sample collection and
instant color display. The bottom needle layer is embedded with glu-
cose oxidase, while the upper layer is immobilized with biomineralized
HRP (calcium phosphate-encapsulated HRP, HRP-CaP) and TMB. Upon
glucose challenge, glucose oxidase selectively converts glucose into
gluconic acid and H,0,, thereby lowering the local pH to free HRP from
HRP-CaP and induce the catalytic oxidation of the TMB substrate in the
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Fig. 1. HRP-CaP characterization and enzymatic activity study. a) Schematic of the glucose-responsive colorimetric microneedle sensing platform triggered by both
pH decrease and H,O,, generation. b) Dynamic light scattering (DLS) size measurements of HRP and HRP-CaP in water. ¢) TEM image of HRP-CaP particles. Scale bar,
100 nm (inset: 20 nm). d) A representative normalized kinetic curve of TMB color change in solutions supplemented with GOx and 50-400 mg/dL glucose in the
presence of HRP (left) or HRP-CaP (right). Inset is the endpoint (2h) absorbance at 650 nm, results are expressed as mean * SD (n = 3). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

presence of hydrogen peroxide (Fig. 1a). It features a dual responsive
mechanism to increase sensitivity accompanied by a layer of protection
from nonspecific oxidation. The incorporation of a biocompatible in-
organic shell maintained the intrinsic catalytic efficiency of the natural
enzymes with improved robustness. The costless (5 cents for each test)
microneedle sensor could distinguish the glucose level between 50 mg/
dL and 400 mg/dL within 30 s in vitro and the hyperglycemia occur-
rence in mice could be recognized with the naked eye within 4 min after
insertion.

2. Materials and methods
2.1. Preparation of biomineralized HRP formulation

Briefly, 1 mg of HRP was dissolved directly in 1 mL of DMEM
medium and kept for three days or longer to reach equilibrium. An
additional 3.2 L of CaCl, (1 M) was introduced to DMEM (with 1.8 mM
Ca®") to reach a final Ca®™ concentration of 5 mM and was incubated
at 37 °C under 5% CO, for 24 h. The reaction tubes were sealed with
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aluminum foil with holes to adjust the system-environment substrate
exchange. The HRP-CaP particles was purified from DMEM and washed
three times with water by centrifugal ultrafiltration (100k MWCO,
14000 g, 10 min) followed by resuspension in 1 mL water and kept at
4 °C before use (0.3 mg/mL). The 30% yield of HRP-CaP was calculated
by measuring and comparing the enzymatic activity of the filtered so-
lution to the original solution.

2.2. Fabrication of double-layer microneedle array patch

The extraction layer of the MN patch was fabricated using poly-
dimethylsiloxane micromolds purchased from Blueacre Technology
Ltd., Ireland with a round needle base of 500 ym in diameter and
1500 pm in height. These needle cavities are arranged in a 10 x 10
array with 700 um tip-tip spacing. For preparing the extraction layer,
water was first deposited onto the needle and kept under vacuum for
5 min to remove air from the cavities. Then, excess water was replaced
with 0.01 mg/mL GOx solution in 1.5% PVA and kept under vacuum for
another 5 min. Finally, 1.2 mL 15% PVA containing 0.1 mg/mL GOx
was loaded onto the microneedle patch after removal of the excessive
1.5% PVA solution. This micromold was kept under air to dry for 48 h
before peeling off the MN patch. For the display layer, 15% PVA was
premixed with a final concentration of 0.5 mg/mL TMB-HCl and
0.015 mg/mL HRP-CaP, the mixture was loaded on a 2 X 2 cm flat
surface for 24 h to form a film. Subsequently, the display layer was
separated from the surface, glued to the extraction layer with a brush of
15% PVA solution and allowed to dry at room temperature. After
complete desiccation, each MN patch was cut into four 5 x 5 array
patches with a blade.

2.3. In vivo studies using streptozotocin-induced diabetic mice

The in vivo performance of the double layer colorimetric micro-
needle for hyperglycemia detection was evaluated on streptozotocin-
induced adult diabetic mice (male C57B6, age 8 wk; Jackson
Laboratory). C57BL/6J mice were used as normoglycemia control. All
animal experiments were performed in compliance with an animal
study protocol approved by the Institutional Animal Care and Use
Committee at University of California, Los Angeles. For in vivo sensing
experiments, the mice were shaved one day before the colorimetric
patch application. To evaluate the sensing ability of the MN, blood
glucose level of the mice were first recorded using the Accu-Chek Aviva
blood glucose meter (Roche Diabetes Care, Inc.) through the tail vein
blood (~3 pL). To avoid movement, the mice were anesthetized with
isoflurane during the application of the sensors. MN colorimetric patch
was pressed firmly for the first 10 s, during which the shape and me-
chanical strength of MN were maintained for easy penetration through
the epidermis. To ensure sufficient extraction of interstitial liquid to the
microneedle, the sensor was softly pressed for an additional 5 min.
Color change would occur in the next 5 min for hyperglycemic mice and
the microneedle was eventually removed for further analysis.

2.4. RGB analysis

The microneedles were first aligned on a glass slide and color
scanned with a HP OfficeJet 4650 scanner. The image was analyzed
using the RGB Histogram plugin in ImageJ.
3. Results and discussion

3.1. Synthesis and characterization of biomineralized HRP (HRP-CaP)

Like many biomineralization-related proteins, HRP contains Ca®*
binding ligands that serve as “nucleation sites” for concentrating
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cationic calcium ions and generate tiny crystals around the peptides.
Eventually, the crystals assemble into spherical particles [18,20]. The
mild biomineralization process is conducted in the Dulbecco's modified
Eagle's medium (DMEM) containing an optimal Ca®* concentration of
5 mM for 24 h at 37 °C with 5% CO, (Fig. S1). The size shift from
6.2 * 1.4 nm to 51.5 = 14.8 nm was verified with dynamic light
scattering (Fig. 1b) and could be distinguished by the enhanced Tyndall
effect (Fig. S2). An observation of decreased zeta potential from
—-7.9 = 25 mV to —20.3 * 1.3 mV is attributed to the surface
domination of phosphate ions and structural water (Fig. S3) [21]. Ad-
ditionally, Fourier transform infrared (FTIR) spectroscopy showed that
HRP-CaP particles possess distinguished characteristic peaks of in-
organic phosphates [22] (P-O vibration) at 1000-1100 cm ™! while
retaining the CONH- (amide I) and amide II vibrations from HRP at
1655 and 1542 cm ! (Fig. S4) [23]. Transmission electron microscopy
(TEM) images and scanning electron microscopy (SEM) revealed the
general size of the spherical particles to be around 52.5 * 11.0 nm
(Fig. 1c and Fig. S5). To further confirm the composition of the HRP-
CaP complex, elemental analysis was carried out with energy dispersive
spectroscopy (EDS). Characteristic peaks at around 2.013 keV and
3.690 keV indicate the presence of P and Ca from calcium phosphate
(CaP) (Fig. S6). Element composition of N and Ca was performed at the
center and edge point of the particle. At the center, 67.23% of N was
detected while only Ca could be identified at the edge of the particle
(Fig. S7). The overall characterizations confirmed the formation of CaP
encapsulated HRP core-shell complex.

To further validate the HRP enzymatic activity of the HRP-CaP
complex, we compared the TMB oxidation kinetics of HRP and HRP-
CaP at various pH buffer solutions (Fig. S8). HRP alone exhibited the
highest activity at pH 5.6 while the activity dropped dramatically when
pH approached 4 or 7. In contrast, the inorganic shell of the HRP-CaP
extended the increased enzymatic activity to pH 4, suggesting a sus-
tained and gradual dissociation profile of HRP from the inorganic shell
at decreased pH. This correlation between pH and HRP-CaP activity
may contribute to the enhanced sensitivity of the dual enzymatic re-
action for sensing glucose level. Therefore, we next assessed the cata-
lytic performance of HRP-CaP and HRP in vitro in the presence of TMB,
GOx and different concentrations of glucose (Fig. 1d). As expected, the
TMB colored substrate absorption at 650 nm for HRP alone decreased
with increasing glucose levels in the range of 50-400 mg/dL. In com-
parison, TMB absorption readout for HRP-CaP was in positive correla-
tion with the glucose level, facilitating a pH responsiveness to the
sensor. In this regard, the CaP shell does not affect the enzymatic ac-
tivity of HRP. In turn, it provides a second trigger along with H,O5 to
elevate the sensitivity of glucose sensing as well as reducing the non-
specific reactions of HRP (Fig. S9).

3.2. Microneedle fabrication and characterization

Swelling-driven capillary flow is the dominant mechanism for rapid
interstitial fluid extraction and effective enzymatic product diffusion.
To guarantee the molecular interactions of various components and
enzymatic products, the microneedle should be water absorbing while
not dissolving, and possess sufficient mechanical strength for skin pe-
netration. For the color display, aside from the properties listed above,
good transparency and the ability to form fine films are also essential.
PVA is a swellable and cost-effective polymer that is capable of ab-
sorbing 10-30% its own weight water within minutes and can readily
form films [24-26]. Thus, we adopted PVA for the separate fabrication
of the bottom and top layer utilizing a vacuum-based micromolding
strategy for the microneedle layer.

A simple three-step fabrication was developed to prepare the double
layer microneedle with separated enzymatic functions. In brief, the
PVA-based microneedles containing GOx were first molded and
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Fig. 2. Transdermal colorimetric microneedle characterization. a) Photo of microneedle array patch next to one cent coin (19 mm in diameter). b) Fluorescence
microscopy image showing the extraction layer in green and display layer in red. Scale bar is 500 um. A scanning electron microscopy image of c¢) the colorimetric
microneedles (Scale bar, 200 pm), and d) the intersection of the two layers of the colorimetric patch (Scale bar, 100 um). e) The 3D reconstruction of the microneedle
patch confocal images with z-direction intervals of 55 pm using software Imaris. Evenly distributed FITC-labeled GOx and Cy5-labeled HRP-CaP are shown in red and
green, respectively. Scale bar, 150 um. f) Mechanical strength of microneedles. Inset: excised and trypan blue stained mice skin after insertion of the colorimetric
patch (Scale bar, 700 um). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

subsequently glued to a pre-formed display patch base encapsulating
HRP-CaP and TMB. The as-prepared 4 X 4 mm patch contains an array
of up to 25 (5 X 5) conical microneedles (Fig. 2a and b). The conical
structure of the needle was showed under SEM with base radius of
500 pm, 200 pum spacing, and up to 1500 pm in height (Fig. 2c). We
validated the binding affinity of the two layers by imaging the inter-
section with SEM (Fig. 2d). The two layers have comparable thickness
of around 200 nm while hardly any gap could be observed at the in-
terface, suggesting that liquid diffusion and molecular interaction could
be achieved between the two layers. Next, we evaluated the GOx and
HRP distribution in the bottom and top layer, respectively. A stacked
structure with distinguished border could be identified from the 3D
reconstruction confocal image of a representative microneedle patch
prepared by FITC-labeled GOx and Cy5-labeled HRP-CaP (Fig. 2e).
Images show that GOx and HRP-CaP are uniformly distributed in their
respective regions of the microneedle patch (Fig. S10 and Video S1).

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.biomaterials.2020.119782.

The mechanical strength of the microneedle was determined as
0.45 N at 500 um displacement using a tensile compression machine,
which allows for sufficient skin insertion without breaking. As shown in
Fig. 2f, successful penetration of the mouse skin with the microneedle
was further demonstrated with staining by trypan blue.

3.3. In vitro test of the glucose-responsive colorimetric sensor

To assess the in vitro color readout of the colorimetric microneedle

in response to different glucose levels, we designed a 4 X 4 mm
polydimethylsiloxane (PDMS) based reaction well with a depth of 2 mm
to mimic the interstitial fluid extraction process. Each well was filled
with 30 pL glucose solutions ranging from 50 mg/dL to 400 mg/dL, just
enough to immerse the needle (Fig. 3a). After immersion for 2 min, the
needle was taken out and a gradient color change was observed sub-
sequently. A remarkable color difference could be observed within 30 s
(Video S2). We performed RGB histogram analysis using ImageJ to
provide quantification information of the color display. Instead of
analyzing the images captured by cameras, which may require standard
light conditions and camera setup, we recorded the color of the mi-
croneedle using a regular colored scanner, circumventing the different
ambient conditions including brightness, saturation, and shades of the
photos taken with cameras (Fig. 3b). With the increase of glucose level,
the RGB value dropped with a shifting rate of Red > Blue > Green,
contributing to a more cyan color to the naked eye (Fig. 3b and Fig.
S11). This characterization provides feasibility of further integrating a
smart phone with enhanced precision.

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.biomaterials.2020.119782.

3.4. In vivo performance of the transdermal colorimetric glucose sensor

The in vivo performance of the colorimetric microneedle sensor was
investigated by detecting the hyperglycemia of mice using a mouse
model of type 1 diabetes induced by streptozotocin (STZ). In a typical
sensing attempt, the microneedle was inserted into the mice's skin and
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Fig. 3. Invitro color change analysis. a) Schematic and snapshots of the colorimetric patch color change in a polydimethylsiloxane-based well containing 400 mg/dL
glucose solution to mimic the interstitial fluid extraction. Scale bar, 4 mm. b) Left: a scanned image showing the color changes of the transdermal colorimetric patches
after glucose (50-400 mg/dL) extraction from silicone elastomer well. Right: RGB color histogram of the scanned image, analyzed with ImageJ software. X-axis
represents the grey levels of each color channel (Red, Green, Blue), and Y-axis indicates the pixel count number at the corresponding grey level. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

remained in place for 10 min to ensure sufficient extraction of the
sample fluid before removal. Meanwhile, the initial colorless patch
started to develop a cyan coloration on the hyperglycemic mice and the
reaction was completed (Fig. 4a and Video S3). The scanned picture of
the removed microneedle patches also revealed a significant decrease in
RGB mean values (Fig. 4b and c). As shown in Fig. S12, the removed
microneedle has retained structure and bent tips, and the base diameter
swelled to 550.7 =+ 10.4 pum after insertion, indicating the successful
extraction of sample fluid.

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.biomaterials.2020.119782.

For GOx based glucose responsive microneedle systems, excess
H,0, produced during the process may cause inflammation in the
surrounding tissues. Therefore co-loading H>O, scavenger such as cat-
alase is necessary for the long-term application of a GOx based micro-
needle. Hematoxylin and eosin (H&E) staining was performed to elu-
cidate the biocompatibility of the sensor. The results demonstrated that
30 min treatment of empty MN, GOx-MN, and GOx-HRP-CaP colori-
metric microneedle showed negligible inflammation (Fig. 4d). This
observation may attribute to the relatively short skin contact time of the
sensor. An extended insertion time of 8 h caused an obvious neutrophil
infiltration in GOx treated skin, reflecting a H,O, induced pathophy-
siological response and tissue damage. However, substantially reduced
neutrophil infiltration was observed in the skin of mice treated with

GOx-HRP-CaP microneedle. Here, HRP acts as a H,O, consumer to
generate color change, which may also alleviate the harm to the sur-
rounding tissues. Furthermore, the colorimetric display part of the
sensor is not directly in contact with the skin, eliminating toxicity
concerns associated with TMB substrate.

4. Conclusions

In summary, we have presented a glucose colorimetric sensor cap-
able of in situ detection of hyperglycemia in mice. Sampling and result
display are two important features for practical applications of portable
glucose sensors. The double layer microneedle array patch designed
with GOx/HRP dual enzyme systems for glucose sensing and color
conversion has the potential to achieve both attributes simultaneously.
The biomineralization design of HRP takes advantage of the two pro-
ducts from the glucose-glucose oxidase reaction to generate high sen-
sitive detection of glucose level in the interstitial fluid of mice.
Meanwhile, the rise in glucose level can be visualized with naked eye
and further quantified by analyzing the RGB composition of a scanned
picture of the microneedle. This painless and simple to use colorimetric
microneedle sensor could be further extended to detect other bio-
markers [27] with enhanced patient compliance.
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Fig. 4. In vivo performance study. a) Snapshots of the transdermal colorimetric patch color change in vivo at different time points. Scale bar, 3 mm. b) Scanned images
of the colorimetric microneedle patches after interstitial fluid extraction from four mice with normoglycemia (100 mg/dL) and hyperglycemia (400 mg/dL). Scale
bar, 4 mm. ¢c) RGB mean value of scanned images in b), results are expressed as mean +SD (n = 4). *P < 0.05, **P < 0.01, and ****P < 0.0001. d) H&E staining
results of skins at the inserted site of mice with treatment time of 0.5 h and 8 h, respectively. Scale bar, 100 um. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)
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