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Blood  glucose  monitoring  is  a daily  routine  of people  with  type  1 or advanced  type 2 diabetes.  Efforts
on  minimizing  invasiveness,  improving  portability,  and enhancing  sustainability  of the  existing  glucose
monitoring  devices  are  demanding  for elevating  patient  compliance.  Here,  we describe  a  minimally  inva-
sive  colloidal  crystal  microneedle  (MN)  patch  for naked-eye  glucose  monitoring.  The  glucose-responsive
Diabetes
Microneedle
Glucose-responsive
Colloidal crystal
Colorimetric sensor

colloidal  crystal  (GCC)-MN  is  designed  with  a polymeric  core  to  mechanically  support  a shell  of  GCC
for  glucose  sensing  and  reporting.  The  GCC-MN  patch  could  translate  the  glucose  concentrations  into
naked-eye  distinguishable  color  changes  within  5 min,  and  such glucose  responsiveness  is reversible.
Demonstrated  in a type  1  diabetic  mouse  model,  the  interstitial  fluid  extraction,  glucose  sensing,  and
resulting  glucose-relevant  color  display  procedures  are  simultaneously  achieved  with  this  GCC-MN  patch.

Published  by  Elsevier  Ltd.
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Introduction

Over 463 million people worldwide are currently diagnosed
with diabetes mellitus, a chronic disease characterized by abnor-
mally high blood glucose levels (BGLs) [1,2]. People with type 1
or advanced type 2 diabetes need to self-monitor their BGLs fre-
quently to determine the time and dose of insulin injection [3]. The
current electrochemical-based glucometer requires finger-prick
blood sampling with consumption of numerous testing strips [4].
This invasive, painful, and costly measurement strategy often needs
to be conducted multiple times each day over a life-long time, caus-
ing severe physiological and psychological burden to people with
diabetes and leading to poor adherence to treatment. Therefore, a
minimally invasive, painless, and economical point-of-care testing
(POCT) [5] device for BGLs measurement is highly desired.

As  a minimally invasive and painless alternative, microneedle
(MN) patch devices have been developed and applied for extract-
ing [6–11] and analyzing [12,13] interstitial fluid, where many
molecular biomarkers are highly correlated with those in the blood
[14]. Among studies of leveraging MN  patch for glucose monitoring

[15–18], the colorimetric MN  patch system is favorable due to its
visualized results without involvement of supporting equipment
or complicated procedures. Nonetheless, many of these colorimet-
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ic systems contain enzymes and chromogenic substrates, which
an induce concerns including enzyme denature, color quenching,
y-product toxicity, and non-reusability. Colloidal crystal [19–21],

 structural color material, offers a promising manner to construct
 colorimetric glucose sensor comparing with the enzymatic sys-
em. By formulating colloidal crystal with a glucose-responsive

aterial [22–25], glucose level could be reported as a structural
olor of colloidal crystal by manipulating the periodic structure
ithin colloidal crystal through the glucose-responsive material.

he colloidal crystal formulated colorimetric glucose sensor is
nzyme-free and structural color-based, evading the issues asso-
iated with enzymatic formulations. However, the application of
olloidal crystal in colorimetric MN patch is still unexplored con-
idering the challenges in formulating sensitive glucose-responsive
olloidal crystal (GCC), and assembling soft colloidal crystal with
ard MN while maintaining the physical properties of colloidal
rystal.

Herein, we described a GCC-MN patch for minimally inva-
ive, painless, and naked-eye recognizable glucose colorimetric
onitoring as demonstrated in a diabetic mice study. The glu-

ose level could be displayed in situ as a specific structural color
f the patch generated by the glucose-responsive physical nano-
tructure within the GCC. To convert physiological glucose levels

nto naked-eye recognizable structural color signals, the GCC

as formulated by constructing periodic structure inside glucose-
esponsive fluorophenylboronic acid (FPBA) based matrix with SiO2
anoparticles (NPs) (Fig. 1). The GCC was coated on the surface of a
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Fig. 1. Schematic illustration of the formulation of the glucose-responsive colloidal 

for  naked-eye monitoring of glucose concentrations.

photo-polymerized MN  via a secondary photo-crosslinking process
mediated by the residual double bonds on the MN.  This core-shell
MN structure by assembly of the soft GCC on hard MN  can not
only maintain the stimulus-responsive property of the GCC, but
also support sufficient mechanical strength of MN  for skin pen-
etration. Upon high glucose levels, increased glucose molecules
can bind to FPBA within GCC, which increases the hydrophilic-
ity and causes the swell of SiO2 NPs-embedding GCC [26–28].
According to Bragg’s law [29], the increased distance between
periodically arranged SiO2 NPs results in a redshift of the GCC
reflection spectrum [20], displayed as a color redshift of the GCC-
MN patch. Such behavior between glucose and FPBA is glucose
concentration-dependent [30], yielding the GCC-MN patch with
the possibility of continuous glucose monitoring. Notably, the
optimized GCC formulation exhibited improved glucose respon-
siveness [22,23,25,31,32], manifested as the large spectral shift
value (∼127 nm)  within physiological glucose levels, making home-
based POCT feasible.

Experimental section
Materials

SiO2 nanoparticles (∼140 nm)  were purchased from Nanjing
Nanorainbow Biotechnology Co., Ltd (Nanjing, China). Acrylamide
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l modified microneedle (GCC-MN) patch, and the mechanism of the GCC-MN patch

≥  99 %), poly(ethylene glycol) diacrylate (PEGDA, average Mn
00), 2-hydroxy-2-methylpropiophenone (HMPP, 97 %), dimethyl
ulfoxide (DMSO, ≥ 99.9 %), glucose (≥ 99.5 %) were purchased
rom Sigma-Aldrich, Inc (St. Louis, USA). 4-((2-Acrylamidoethyl)
arbamoyl)-3-fluorophenylboronic acid (FPBA) was  synthesized by
he method described in the previous study [33]. Clear resin was
urchased from Formlabs Inc (Somerville, USA). Sulfo-cyanine5
HS ester (Cy5) was  purchased from Lumiprobe Corp (Maryland,
SA). 1,1′-Dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine per-
hlorate (Dil) was obtained from Invitrogen Corp (California,
SA).

ormulation of the GCC

FPBA  (10.5 % w/v), acrylamide (7 % w/v), PEGDA (5 % w/w
f monomers) and HMPP (5 % w/w of monomers) were dis-
olved in 15 % v/v SiO2 NPs DMSO suspensions. The resulted
CC precursor solution was infused into the space between two
ydrophobic glass slides where a 250 �m spacer was placed,
nd irradiated with 26.7 mW cm−2 365 nm UV light for 20 min.

fter that, the photo-polymerized GCC was washed with the PBS
olution until the residual DMSO in the GCC was replaced. The
btained GCC was stored in the PBS solution for further experi-
ents.
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Fabrication of the GCC-MN patch

Clear resin was filled into an MN  (pyramidal, 400 �m in width,
900 �m in height, 800 �m tip-tip spacing) patch mold under vac-
uum and was polymerized under UV light (26.7 mW cm−2, 365
nm) for 5 min. To increase the mechanical strength, the photo-
polymerized MN  patch was further cured under 405 nm light (1.25
mW cm−2) for 25 min, and then was detached from the mold. The
as-prepared GCC precursor solution was infused into the previously
used MN patch mold. Before inserting the cured MN  patch into
the GCC solution-containing mold, a 250 �m spacer was  placed
between the MN patch and the mold to control the coating thick-
ness. Afterward, the GCC precursor solution-containing mold with
the cured MN  patch was irradiated with 365 nm UV light (26.7 mW
cm−2) for 15 min. Finally, the GCC-MN patch was detached from
the mold, washed, and stored in the PBS solution.

In vitro glucose monitoring

To  study the glucose responsiveness of the GCC, the GCC or
the GCC-MN patch (5 × 5 array) was immersed in 10 mL  glucose-
containing PBS solution and observed at different incubation time
points.

In vivo glucose monitoring

To  evaluate the in vivo glucose responsiveness of the GCC-
MN patch, diabetic mice (C57BL/6J, Jackson Lab) and normal mice
(C57BL/6J, Jackson Lab) were used as the hyperglycemic model
and the normoglycemic control, respectively. All animal studies
complied with the protocol (ARC # 2018-062) approved by the
Institutional Animal Care and Use Committee at the University of
California, Los Angeles (UCLA). To perform glucose monitoring with
the GCC-MN patch, the mice were shaved and anesthetized before

the experiment. The BGLs of the mice were measured with an Accu-
Chek Aviva® meter (Roche Diabetes Care, Inc.) before the GCC-MN
patch insertion. Then, the GCC-MN patch was pressed on the skin of
the mouse for 10 s and retained for a specific time. Thereafter, the
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Fig. 2. Characterizations of the GCC. a) The SEM image of SiO2 NPs (∼140 nm). Scale bar
NPs dispersed solutions. c) The SEM image and optical photo of the GCC. Scale bars: 200 n
indicated concentrations of the glucose solutions for 20 min. e) The corresponding digita
the  GCC. f) The picture of a hue circle where the images in e) are marked at the correspon
solutions. The GCC was  immersed in 100 and 400 mg  dL−1 glucose solutions for 20 min al
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CC-MN  patch was removed from the skin and the color change of
he GCC-MN patch was recorded with a camera.

haracterizations

The reflection spectra were recorded with a spectrometer
OCEAN-HDX-XR, Ocean Insight, USA). The SEM images were
btained with a field emission scanning electron microscope
Supra® 40VP, Zeiss, Germany). The 3D fluorescence images were
btained and reconstructed with a confocal microscope (Leica
CS-SP8, Leica Microsystems, Germany) and Imaris software,
espectively. The mechanical strength tests were conducted by
sing the compression mode of Instron 5560 (Instron Corpora-
ion, Norwood, Mass). 1H nuclear magnetic resonance spectrum
as tested with Bruker AV400 broadband FT NMR  spectrometer

Bruker, Massachusetts, USA). The averaged hue values were cal-
ulated with Adobe Photoshop CC 2017 software.

esults and discussion

The  structural color of colloidal crystal is dominated by its peri-
dic structure according to Bragg’s law:

 = 1.633dnavg (1)

here  � represents the reflection peak wavelength, d is the inter-
lanar distance, and navg is the averaged refractive index [34]. Thus
he color of colloidal crystal could be manipulated by adjusting the
istance d between SiO2 NPs (∼140 nm diameter, Fig. 2a) through
hanging the concentration of SiO2 NPs (Fig. 2b). In preparing the
CC, the concentration of SiO2 NPs was  set to 15 % v/v to ensure

he color of the GCC was  in the visible region under the physiolog-
cal glucose concentrations. Glucose-responsive FPBA (10.5 % w/v)
nd acrylamide (7 % w/v) were incorporated to construct a glucose-

esponsive hydrogel network of the GCC. The formulated GCC was
olorless since the short distance between the orderly packed SiO2
Ps drove the photonic band gap of the GCC into the invisible UV

ange (Fig. 2c).

: 200 nm.  b) The normalized reflection spectra and the digital photograph of SiO2

m and 2 mm.  d) The normalized reflection spectra of the GCC after treated with the
l images of the GCC in d). Scale bar: 2 mm.  H represents the averaged hue value of

ding positions. g) The reversibility of the GCC after treated with different glucose
ternately. Scale bar: 2 mm.
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The color and the structure of the GCC changed while immersed
into various concentrations of glucose solutions (100, 200, 300, and
400 mg  dL−1). The reflection peak of the GCC red-shifted with the
prolonged reaction time and increased glucose concentration (Fig.
S1). Here, the reaction time was set to 20 min  for the following char-
acterizations to achieve distinct color discrimination of the GCC
under different glucose concentrations. The reflection peak of the
GCC shifted from 443 nm to 570 nm (127 nm spectral shift) when
the glucose concentration was increased from 100 to 400 mg  dL−1

(Fig. 2d), demonstrating the excellent glucose responsiveness and
the feasibility of the GCC as a naked-eye recognizable colorimetric
glucose sensor. The GCC exhibited specific colors under different
glucose concentrations, specifically the color of the GCC changed
from violet (100 mg  dL−1 glucose) to blue (200 mg  dL−1 glucose),
and further to green (400 mg  dL−1 glucose) by increasing glucose

concentrations (Fig. 2e).

To quantify the color of the GCC, averaged hue value (H) [35],
the color appearance parameter, of the GCC under different glu-
cose concentrations was measured and presented in a hue circle

o
p
f
r

Fig. 3. Characterizations of the GCC-MN patch. a) The schematic of the fabrication proc
the  GCC-MN patch, respectively. Scale bars: 1 mm.  b) Confocal microscopy images of the
sectional confocal images. Scale bars: 200 �m.  c) The SEM images of the GCC-MN. i) The cr
1  �m.  d) The averaged hue value of the GCC-MN after treated with different glucose solu
as mean ± SD (n = 3). e) The digital images of the GCC-MN treated with i) 100, ii) 200, iii) 

�m.
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Fig.  2e and f). The averaged hue values of the GCC decreased with
ncreased glucose concentrations, owing to the redshift of GCC color
n response to elevated glucose concentrations. Upon high glucose
oncentrations, increased glucose molecules bind to FPBA, enhanc-
ng the hydrophilicity of the GCC and causing the GCC to swell. This
s supported by the SEM images, which depicted the enlarged parti-
le distance and expanded hydrogel network (Fig. S2). The binding
f glucose to FPBA is reversible [30], thus the FPBA based formula-
ion shows reversible glucose responsiveness. The GCC was put in
00 mg  dL−1 and 400 mg dL−1 glucose solutions alternately, dur-

ng which the color and averaged hue value of the GCC displayed
eversible changes even after five cycles (Fig. 2g). The reversible
lucose responsiveness endows the GCC with the potential of con-
inuous glucose monitoring and recyclability (Fig. S3).

To  assemble the soft GCC with hard MN while maintaining both

f the glucose responsiveness of the GCC and the ability of MN  to
uncture the skin, the GCC was  secondarily modified on the sur-

ace of MN through photo-crosslinking. As illustrated in Fig. 3a, the
esin was infused into an MN mold and photo-crosslinked by UV

ess of the GCC-MN patch. The insets are the photographs of bare MN  patch and
 GCC-MN. i) The three-dimensional reconstructed confocal image. ii-iii) The cross-
oss-sectional SEM image of the GCC-MN. ii-iii) The magnified views of i). Scale bars:
tions (100, 200, 300, and 400 mg dL−1) for a different time. The data are presented
300, and iv) 400 mg dL−1 glucose solutions for 30 min, respectively. Scale bar: 200
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light. The cured MN patch was then put into an MN  mold contain-
ing GCC precursor solution and photo-crosslinked by UV light for
the second time. In that way, the GCC was coated on the surface of
the MN  by cross-linking with the residual double bonds on the MN
(Fig. S4). Confocal microscopy and scanning electron microscopy
(SEM) were leveraged to evaluate the morphology of the GCC-MN.
As shown in the three-dimensional reconstructed confocal images,
distinguished boundary and close contact between Cy5-labeled
GCC and Dil-labeled MN  were identified (Fig. 3b), confirming the
GCC was coated on the MN.  Furthermore, the periodic structure
within the GCC, which is the guarantee of the colorimetric feasi-
bility of the GCC-MN, was investigated. The GCC-MN was  cut off
from the middle and the cross-section was observed with SEM. The
residual hydrogel network was firmly attached to the exterior of
the MN,  and the SiO2 NPs within GCC were orderly packed in the
hydrogel networks, which was similar to that of the GCC (Fig. 3c).

The  in vitro glucose responsiveness of the GCC-MN patch was
evaluated by exposing the core-shell MN  patches into different glu-
cose solutions (100, 200, 300, and 400 mg  dL−1) for various periods
(0, 5, 10, 20, and 30 min). Their averaged hue values were sub-
sequently calculated (Fig. S5 and Fig. 3d). The hue value of the
GCC-MN did not change significantly when the glucose concen-
tration was below 200 mg  dL−1. When the glucose concentration
was increased to 300 mg  dL−1, an obvious green color accompa-
nied by a dramatic drop in hue value was identified within 5 min
(Fig. S5). As the immersion time increased, the color of the GCC-

MN further redshifted to yellow and the hue value dropped over a
period of 30 min. A similar redshift was also observed for the GCC-
MN when it was exposed to a 400 mg  dL−1 glucose solution where
the color of the GCC-MN redshifted to red in 30 min. It is worth

t
w
t
g

Fig. 4. The in vivo studies of the GCC-MN patch. a) The schematic of in vivo monitoring glu
identified  with eyes or camera according to the color change of the GCC-MN. b) Mechanica
mouse  skin after applied with the GCC-MN patch. Scale bar: 1 mm.  c) The digital photos 

hyperglycemic (∼400 mg  dL−1 glucose) mice skins for a different time. Scale bars: 500 �m
after  applied with the GCC-MN patch, and mouse skin one day after GCC-MN patch treatm
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entioning  that the averaged hue value of the GCC-MN under 400
g dL−1 glucose concentration (red dash line in Fig. 3d) did not

rop as expected. This is due to the interference caused by the hue
alue of red (0◦ or 360◦) to the averaged hue value calculation.
he color redshift trend of the GCC-MN in response to the ele-
ated glucose concentrations (Fig. 3e) was  similar to that of the GCC
lone. The slight color difference between the GCC-MN and the GCC
lone under a specific glucose concentration might be attributed to
he experimental variables caused by the different fabrication pro-
esses. Collectively, the formulated GCC-MN patch could change
olor in a glucose-responsive manner, especially when the glucose
oncentration was  over 200 mg  dL−1, the condition that mouse is
onsidered to be hyperglycemic.

The  secondary modification design integrated the gel-like GCC
ith the skin-penetrating MN  scaffold, allowing the minimally

nvasive in vivo study (Fig. 4a) with soft materials. The GCC-MN
howed a similar mechanical property with the unmodified MN,
nd no fracture (force) was  observed during the test, demonstrating
hat the hardness and toughness of the MN  were well maintained
fter the GCC coating (Fig. 4b). The GCC-MN patch was  further
nserted into the mouse skin which was subsequently stained by
rypan blue, confirming the insertion capability of the GCC-MN
Fig. 4b). The in vivo glucose monitoring study with the GCC-

N patch was  performed on both streptozotocin (STZ)-induced
57BL/6J diabetic mice and healthy C57BL/6J mice, which served as
he hyperglycemic model and the normoglycemic control, respec-

ively. Five min  after the GCC-MN patch application, the patches
ere removed and analyzed. The GCC-MN remained colorless in

he control group, while the GCC-MN used in the hyperglycemic
roup displayed a green color (Fig. 4c). Considering the interaction

cose levels with the GCC-MN patch. The hyperglycemia or normoglycemia could be
l characterizations of the GCC-MN and bare MN. The inset is the trypan blue stained
of the GCC-MN patches after inserting normoglycemic (∼180 mg dL−1 glucose) or
,  200 �m (the inset). d) H&E staining pictures of untreated mouse skin, mouse skin
ent, respectively. The GCC-MN patch treatment time is 30 min. Scale bar: 100 �m.
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between the GCC-MN and interstitial fluid is time-dependent, the
application time of the GCC-MN patch on the mouse was  further
prolonged to 30 min. A significantly distinguished color change was
observed for the GCC-MN in the hyperglycemic group, while the
GCC-MN applied to the normal mouse remained colorless (Fig. 4c),
demonstrating the feasibility of GCC-MN patch for hyperglycemia
monitoring in the diabetic mouse. Of note, the GCC-MN patch is
enzyme-free and dye-free, eliminating the associated biocompat-
ibility issues. Hematoxylin and eosin (H&E) staining of the mouse
skins obtained from the treated sites of the GCC-MN was per-
formed. The skin showed negligible inflammation after GCC-MN
insertion as compared to the untreated skin, proving biosafety of
our GCC-MN patch (Fig. 4d).

Conclusions

In conclusion, we have developed a colloidal crystal MN patch
for minimally invasive, painless, and naked-eye recognizable glu-
cose colorimetric monitoring. The GCC showed improved glucose
sensitivity, rendering naked-eye glucose monitoring feasible. The
secondary modification strategy integrated the GCC with MN,
which enabled the in vivo glucose colorimetric monitoring with
naked eyes in an enzyme-free way. As demonstrated in a diabetic
mouse model, the GCC-MN patch was qualified to in situ detect
hyperglycemia in mice without significant inflammation concern.
With this simple and versatile secondary modification method, MN
patch could be tailored with theranostic functions for broad appli-
cations beyond glucose monitoring in drug delivery and POCT fields
[36–38].
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