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Fluorescent-based biodegradable microneedle sensor
array for tether-free continuous glucose monitoring
with smartphone application
Mingyu Sang1†, Myeongki Cho1†, Selin Lim1,2†, In Sik Min1†, Yuna Han3,4, Chanwoo Lee1,
Jongwoon Shin1, Kukro Yoon5, Woon-Hong Yeo6, Taeyoon Lee5, Sang Min Won7,
Youngmee Jung2,8*, Yun Jung Heo3,4*, Ki Jun Yu1,2*

Continuous glucose monitoring (CGM) allows patients with diabetes to manage critical disease effectively and
autonomously and prevent exacerbation. A painless, wireless, compact, and minimally invasive device that can
provide CGM is essential for monitoring the health conditions of freely moving patients with diabetes. Here, we
propose a glucose-responsive fluorescence-based highly sensitive biodegradable microneedle CGM system.
These ultrathin and ultralight microneedle sensor arrays continuously and precisely monitored glucose concen-
tration in the interstitial fluid with minimally invasive, pain-free, wound-free, and skin inflammation–free out-
comes at various locations and thicknesses of the skin. Bioresorbability in the body without a need for device
removal after use was a key characteristic of the microneedle glucose sensor. We demonstrated the potential
long-term use of the bioresorbable device by applying the tether-free CGM system, thus confirming the success-
ful detection of glucose levels based on changes in fluorescence intensity. In addition, this microneedle glucose
sensor with a user-friendly designed home diagnosis system using mobile applications and portable accessories
offers an advance in CGM and its applicability to other bioresorbable, wearable, and implantable monitoring
device technology.
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INTRODUCTION
According to the International Diabetes Federation, the number of
patients with diabetes worldwide is 536.6 million, i.e., 10.5% of the
total population, and is expected to increase to more than 783.2
million individuals by 2045 (1–3). In particular, hypoglycemia is
a serious condition that can cause behavioral and cognitive impair-
ment, seizures, loss of consciousness, coma, brain damage, or death.
In addition to the severity of diabetes itself, this condition can also
cause serious medical complications in other organs, such as the
kidneys, liver, and heart. Moreover, the incidence of complications
is extremely high, and 11.3% of the worldwide mortality rate is at-
tributable to diabetes. Most of these deaths occur under the age of
60, and the mortality rate is expected to increase further if adequate
management or treatment is not provided (4–7). Diabetes requires

constant management to avoid unfortunate consequences, such as
death. Therefore, precise monitoring of the blood-glucose level in
the body, which is an important indicator for managing type 1
and type 2 diabetes, is necessary. By managing blood glucose, pa-
tients with diabetes can gain health physiological insights and effec-
tively and actively control this fatal disease. Currently, the lancet
diagnostic method is the blood-glucose measurement approach
that is used most widely (8); however, this is an invasive, blood-col-
lecting procedure in which a needle containing a glucose oxidase
enzyme is used to prick the tip of a finger. Despite the high accuracy
of the lancet method, it is accompanied by pain, skin damage,
wounding, and the possibility of bacterial invasion; moreover, it
cannot provide continuous blood-glucose concentration informa-
tion, which is a critical drawback that precludes the prevention of
hypoglycemia or hyperglycemia (9).

Continuous glucose monitoring (CGM) is crucial for tracking
blood-glucose levels in real-time, providing critical information to
effectively prevent diabetic complications arising from hypo- or hy-
perglycemic episodes (10). While invasive lancet measurement is
not compatible with CGM, commercial and research efforts have
been directed toward developing biosensors for CGM. Commercial
efforts have made great progress in glucose monitoring technology,
with currently available first- and second-generation CGMs includ-
ing semi-implantable needle-typed sensors that use glucose oxidase
and fully implantable radio frequency (RF) sensors that incorporate
boronic acids (11). Although CGM with glucose oxidase–immobi-
lized electrodes has reached to zero blood-collection calibration, it
still has discomfort from the attached transmitter on skin, infection
risk through the open wound, and a short life span of up to 14 days
(12–16). In contrast, boronic acid–based glucose sensor is the newer
sensor that does not require any enzyme or reagent to sense glucose,
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leading to have longer life span up to 6 months in a body (17–20).
However, the current RF sensors require implantation and removal
surgery, which increases the possibility of wounding and bacterial
infection, presenting critical barriers for use.

Despite the considerable progress made by commercial CGMs,
there remains a pressing need to develop user-friendly, minimally
invasive CGMs. Researchers have explored the possibility of moni-
toring glucose levels in sweat and tears as a potential biofluid for
noninvasive monitoring of blood glucose. While much research
has been devoted to developing noninvasive wearable CGMs target-
ing sweat glucose, challenges such as requirement of hot and humid
environments to obtain sufficient sweat quantity, and potential con-
tamination from exogenous compounds including cosmetics, have
hindered their commercial viability (21–24). In addition, the lens-
type tear CGM has been studied; however, it presents inherent dis-
advantages, including low correlation between tear and blood
glucose, a low concentration range, discomfort, and low biocompat-
ibility (25–27). Therefore, a new class of CGM biosensors is needed
for monitoring skin interstitial fluid (ISF) glucose, like commercial
CGMs, in a user-friendly, minimally invasive way that overcomes
the limitations of existing systems. Although there were slight dif-
ferences in blood glucose and ISF glucose levels depending on the
measurement sites, they clearly showed similar trends during con-
tinuous monitoring (28).

Recently, research on soft bioelectronics, such as wearable and
implantable devices, has been actively conducted (29–35). These
devices, which use biocompatible materials, are being studied for
applications in the field of human health, in many forms, including
diagnosis, treatment, physiological research, and clinical trials.
Despite the inconvenience of their invasive nature, implantable
devices can offer broad suggestions for health care. Bioresorbable
devices are a promising approach to a more convenient and bio-
compatible use of this technology. Bioresorbable or transient
devices dissolve or disappear in the human body without any
harm because of the chemical properties of their materials. More-
over, because of the elimination of the need for a second surgery to
remove the devices from the body, thus minimizing the risk of in-
flammation with inherent device in the body in the long term, these
devices reduce surgical costs and the psychological burden of pa-
tients. Bioresorbable devices offer another avenue for the applica-
tion of biomedical devices, and research on the development of
various sensors is currently under way (36–41). Despite these ad-
vantages and wide applications, bioresorbable devices for CGM
have not been reported.

Microneedle-type devices are other potential candidates for the
monitoring of glucose levels in the body, as they are easy-to-use,
easy-to-access, light, and thin micro-sized devices, which render
them minimally invasive (42–47). The microneedle can be manu-
factured by adjusting its length, shape, density, etc. and is inserted
at a shallower depth than the location of the subcutaneous pain
point, thus serving its function without pain, discomfort, or
injury to the skin. In addition, unlike the conventional skin-at-
tached wearable devices, devices containing micro-sized needles
are fixed to the skin; thus, they operate stably without falling off
during activities. Because of their advantages, microneedles have
been proposed as a previously underutilized class of tools that can
be used not only for skin care, drug loading, and delivery but also
for monitoring glucose. Microneedles have been considered as a
tool for ISF extraction and a sensor platform for the third-

generation CGM systems, suggesting an attractive alternative to
the traditional lancet diagnostic method. When the hollow micro-
needles penetrate the skin, they extract subcutaneous ISF and con-
tinuously supply it to in vitro glucose sensors, with minimization of
pain and skin damage (48–50). However, their fabrication process is
complicated and difficult. In addition, they are easily clogged
because of their small hole, and there is a high risk of breakage;
these drawbacks hamper their application in clinical practice.
Solid microneedles that extract subcutaneous ISF represent
another solution for CGM (51, 52). After the penetration of solid
microneedles into the skin, making holes on the skin, ISF can be
obtained via suction. However, the method of punching holes
into the skin using a solid microneedle with suctioning is difficult
to use for CGM. A recent study that integrated microneedles with a
wearable sensor demonstrated their potential for use in CGM, even
if the system was only used for a few hours (53). Although hydrogel
microneedles circumvent the risk of clogging, the extraction process
is cumbersome and requires laboratory facilities. Moreover, for
CGM, it loses its practicality because it must be combined with a
microneedle that extracts ISF and a sensor that measures it in an
on-chip or hand-held manner.

Here, we present a minimally invasive fluorescence-based biore-
sorbable microneedle array for CGM that overcame the limitations
of the previous systems. This system yielded simple but strong
results using a method of measuring the fluorescence intensity of
microneedles by reversibly expressing it according to glucose con-
centration, without the use of enzymes or reagents. The micronee-
dle sensor containing a glucose-responsive fluorescent monomer
(GF-monomer) with a high glucose-response-recognition selectiv-
ity expressed fluorescence after binding to glucose contained in the
ISF within the body. This on-demand glucose monitoring system
was operated completely tether free, thus allowing measurement
at any desired time while the patient moved freely, and traced the
glucose measurement results of the conventional lancet diagnostic
method. User-friendly home glucose-level self-diagnosis is possible
by applying a wireless portable accessory and a mobile application
with image processing technology. The ability of our home diagnos-
tic system to successfully trace blood-glucose levels, even whenmea-
sured from multiple angles, had the advantage of covering diverse
users and environments. In addition, the biodegradable micronee-
dle array sensor offers several advantages over previous research that
used GF-monomer for glucose monitoring (54). It is easy to man-
ufacture and use, and it is composed of biocompatible materials, en-
suring its safety for the human body. Also, there was no need to
removal, as it completely dissolves and is naturally absorbed by
the body after use. This feature notable reduces the risk of infection
and further enhances patient comfort and compliance, making our
system a more promising solution for CGM.

RESULTS
Design, concept, and principle of the biodegradable
microneedle glucose sensor
Figure 1A shows an image of CGM using a biodegradable micro-
needle sensor. After attaching the sensor to a measurable part of
the human body, such as an arm, illumination of the microneedle
sensor with light at a wavelength of 405 nm led to the absorption of
the light and its fluorescent reemission at 490 nm. The blood-
glucose concentration can be visually checked on the basis of its
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Fig. 1. Biodegradable microneedle array sensor for continuous glucose monitoring (CGM). (A) Image of the biodegradable microneedle glucose sensor (left) and
illustrations of the arrays and single microneedles (right, top) and fluorescence expression of the sensor at low and high glucose (right, bottom). (B) In the presence of few
glucose molecules, the fluorescence intensity of the anthracene moiety was low, whereas when many glucose molecules were present, the fluorescence intensity in-
creased as the glucose molecules bound to arylboronic acid. (C) Schematic diagram of the continuous glucose measurement process using the biodegradable micro-
needle sensor. (D) Fabrication process of the biodegradable microneedle glucose sensor device, with side view. GF-monomer, glucose-responsive fluorescent monomer;
PVA, poly vinyl alcohol.
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fluorescence intensity on the sensor. The microneedle structure
greatly improves light delivery more than four times compared to
direct irradiation (55). The microneedle glucose sensor has a
simple structure consisting of two layers: a needle layer made of
silk, which is a well-known biodegradable material, containing a
GF-monomer that fluoresces in response to blood-glucose level;
and a poly vinyl alcohol (PVA) backpacking layer, to fix the
needle and facilitate skin insertion. Silk is an amphiphilic com-
pound, a naturally occurring protein polymer with hydrophobic
and hydrophilicity characteristics and used in a variety of the
drug delivery systems. Compared to hydrophobic materials, silk
with hydrophilic properties increases the chance of contact with
glucose in bodily fluids and has high sensitivity (fig. S1). Silk that
has been bound with GF-monomer degrades after use; first, the hy-
drophilic block decomposes, and second, the immobilized hydro-
phobic crystal block migrates into the solution or biofluidic (56–
59). PVA is also a biodegradable material that is safe for the
human body (60, 61). PVA has a lower Young’s modulus (707.9
MPa) than silk (14 to 36 GPa), which helps the microneedle
sensor achieve conformal contact with the skin, and it exhibits fa-
vorable optical properties such as high optical transparency and
transmittance (60–68). The size of the device is about 7 mm by 7
mm, and the length of the microneedle can be customized accord-
ing to the target race, location, and skin condition of the patient. In
this study, a 650-μm-sizedmicroneedle was used in consideration of
the average skin thickness of the arm (69, 70). The fluorescence in-
tensity of the microneedle sensor, which included a fluorescent sub-
stance, varied according to the glucose concentration in the ISF; i.e.,
our microneedles detected changes in blood glucose and exhibited a
low fluorescence intensity at a low blood-glucose level and a high
fluorescence intensity at a high blood-glucose level.

Figure 1B represents the mechanism of our sensors to sense
glucose through fluorescence reactions: absorption and emission.
The GF-monomer is composed of a diboronic acid moiety, which
is a recognition site that binds to glucose, and an anthracene moiety
that emits fluorescence. At a low glucose concentration, the fluores-
cence of the anthracene moiety is quenched by photo-induced elec-
tron transfer (PET). When glucose is bound to the diboronic acid
moiety, a strong reaction between boron and nitrogen inhibits PET
and the fluorescence of the anthracene moiety becomes stronger
(fig. S2). The GF-monomer exhibits high mobility because of the
increased opportunity of bonding with glucose molecules in body
fluids and hydrophilic spacers. In other words, in the synthesis of
the GF-monomer, polyethylene glycol (PEG; molecular weight =
3400) is used as spacers to enhance glucose capture, hydrophilicity,
and biocompatibility. The anthracene and boronic acid moieties are
strongly immobilized within these groups. The hydrophilicity and
strong glucose affinity of GF-monomer make it a safe and effective
glucose sensing platform. This design ensures a reliable and well-
tolerated CGM system while minimizing potential adverse effects
on the surrounding tissue (54, 71–73). In addition, the diboronic
acid moiety has a high glucose selectivity as its response recognition
rate for glucose is 10 times stronger than that for other sugars (17–
19). The principle of glucose sensing by the GF-monomer is pre-
sented in great detail in the previous study (54).

As shown in Fig. 1C, although the method and principle of op-
eration of the biodegradable microneedle sensor for CGM is very
simple and intuitive, it is a powerful system. The microneedle
sensor, which is minimally invasive to the skin, penetrated a

depth that was sufficient to indirectly measure glucose in blood
vessels, thus allowing it to monitor blood glucose in the ISF. The
fluorescence of the GF-monomer is expressed in microneedles
with a wavelength of 490 nm using a 405-nm wavelength lamp. In
this special material, with its unique ability, the brightness of the
fluorescence of the microneedle varies according to the blood-
glucose concentration in the body. Therefore, its users can
monitor blood-glucose levels whenever they want while moving
freely without external wireless communication equipment or con-
nection lines. The fluorescence of the microneedle blood-glucose
sensor can be checked using the naked eye; however, the use of an
over 450-nm long-pass filter lens to block the light from the lamp
would yield a more accurate blood-glucose result (fig. S3). The mi-
croneedle blood-glucose monitoring sensor completely dissolved
and disappeared from the body after use, thus eliminating the
need for additional surgery. In addition, biocompatible and biode-
gradable microneedles have high research and clinical value as they
can be applied to drug loading and drug delivery, such as insulin, as
well as blood-glucose monitoring. The biodegradable microneedle
sensor enabled wireless CGM during free movement and mini-
mized skin irritation because of its minimal invasiveness and ab-
sorption into the body, thus completely removing the risk of
bacterial infection associated with surgery.

The existing continuous blood-glucose measurement equipment
is bulky and heavy, which increases the patients’ discomfort and
burden, and has disadvantages in that its manufacturing cost is
very high and the price of the device is high. In contrast, the biode-
gradable microneedle sensor is extremely small, light, and thin, and
the fabrication process is relatively easy and inexpensive. Figure 1D
depicts the sequence of the process of fabrication of the biodegrad-
able microneedle glucose sensor. A mixed solution of silk fibroin
and GF-monomer was injected into a poly(dimethylsiloxane)
(PDMS) microneedle mold, and vacuum was held in the desiccator
to spread the solution evenly into the mold. After allowing the
mixed solution to completely enter the microneedle through centri-
fugation, it was sufficiently dried in a vacuum oven. The PVA sol-
ution was then injected, to form the backpacking layer, and
centrifugation was used to spread it evenly throughout the micro-
needle mold. After drying completely in a vacuum oven, the device
was removed from the microneedle mold. Details on preparation
and process of microneedle sensor in Materials and Methods.
Because all materials constituting the microneedle sensor are
protein- and polymer-based materials, care must be taken in the
process so that they are not denatured at high temperatures. The
biodegradable microneedle sensor can be formed into a desired
shape and size using various microneedle molds. The microneedle
mold manufacturing technology has been widely studied and com-
mercialized; therefore, researchers can easily access it.

Characteristics and in vitro measurement of biodegradable
glucose devices
A photographic image of the fabricated biodegradable microneedle
sensor is provided in Fig. 2A. Silk fibroin was semitransparent, PVA
was transparent, and the GF-monomer was yellow; thus, the micro-
needle sensor was a translucent device with a slightly yellow tint.
Figure 2B presents an optical microscopy image acquired by mag-
nifying the microneedles of the device. The length of the micronee-
dle sensor manufactured and used in this study was 650 μm, and all
100 microneedles had the same length and shape. Figure 2C
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Fig. 2. Illustrations and in vitro performance of the biodegradable microneedle glucose sensor. (A) Optical image of a biodegradable microneedle array glucose
sensor device. (B) Scanning electron microscopy (SEM) image of a microneedle. (C) Photographs of the fluorescence-expressing microneedle glucose sensor array with
and without (inset) a long-pass filter. (D) In vitro characteristic results and optical microscope images of the microneedle glucose sensor. Fluorescent images of the
microneedle sensor array (inset; scale bar, 500 μm). a.u., arbitrary units. (E) Mechanical performance of the biodegradable microneedle sensor. (F) Photobleaching prop-
erties of the silk microneedle sensor including a glucose-responsive fluorescentmonomer (GF-monomer). (G) Images showing the time sequence of the dissolution of the
sensor by immersion in phosphate-buffered saline (60°C; pH, 4.01) for days 0, 7, 28, and 42. (H) SEM images of the dissolved microneedle after insertion into a gelatin
skin model.

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Sang et al., Sci. Adv. 9, eadh1765 (2023) 31 May 2023 5 of 14



provides an image that was acquired using a long-pass filter after
expressing the fluorescence of the microneedle sensor by applying
light using a lamp. The inset of Fig. 2C shows that, although the
biodegradable microneedle sensor can be checked using the
naked eye, the use of a filter that blocks light below a wavelength
of 460 nm blocks light of 405-nm wavelength, which is the light
of the lamp used for excitation; therefore, only the desired fluores-
cence result can be obtained, yielding more accurate and intui-
tive results.

We confirmed the performance of the biodegradable micronee-
dle glucose sensor through in vitro testing and established the ap-
plicability of the biocompatible and bioresorbable polymer
material–based device to the human body for CGM. Before fabrica-
tion of the microneedle shaped device, a silk film containing GF-
monomer was prepared to verify the fluorescence response to
glucose (fig. S4). Figure 2D confirms the measurement capability
of the microneedle blood-glucose sensor in vitro. Glucose measure-
ments were carried out under conditions ranging from 50 mg/dl, a
hypoglycemic level, to 450 mg/dl, a level above hyperglycemia. Se-
quence of images for the microneedles at each concentration are
shown collectively. The microneedle blood-glucose sensor contain-
ing the GF-monomer exhibited a greater change in the hypoglyce-
mia range than in the hyperglycemia range. When the glucose
concentration increased from 100 mg/dl, which is a general low
blood-glucose value, to 300 mg/dl, which is a high blood-glucose
value, the fluorescence intensity of the biodegradable microneedle
sensor increased by about 36.3%. Moreover, the inset of this figure
shows that, to check the reliability of the device, we performed 10
measurements for each range, with a maximum error of about 3.4%,
which is negligible for monitoring changes in human blood glucose.
To successfully monitor glucose levels in the ISF of the dermis, mi-
croneedle array sensors must be able to penetrate the stratum
corneum of the skin without breaking. Figure 2E and fig. S5
report the mechanical properties of the biodegradable microneedle
glucose sensor. We verified the average mechanical property of the
microneedle using a compression test, which confirmed that the
minimum force for fracture per single patch was about 13.4
N. The fracture force of our single microneedle was determined
to be 0.795 N, which sufficiently surpasses the minimum force of
0.045 N required for penetrating the stratum corneum (fig. S6).
This result supports the conclusion that the microneedle can pene-
trate the epidermis and be properly inserted into the body as nec-
essary (69, 70, 74–76). In addition, the microneedle insertion test on
pig skin confirmed that our device had sufficient mechanical
strength (fig. S7).

We tested the effect of photobleaching the biodegradable micro-
needle sensor developed in this study (Fig. 2F). Excited light (405
nm, 60W) was continuously applied to the microneedle containing
a fluorescent material; after 60 min, it decreased to about 86.8%. To
minimize the effect of the photobleaching of themicroneedle sensor
during CGM, a method for applying light during the measurement
exclusively can be used. For example, if the microneedle fluores-
cence measurement is performed 10 times per day using an expo-
sure of 1 s, then photobleaching would be about 1% after 1 month,
which far exceeds the target use time of biodegradable microneedle
sensors (54).

The biodegradable microneedle blood-glucose sensor dissolved
in the body after a certain period of use and did not need to be
removed (46). Silk fibroin, which was the main component of the

microneedle sensor, resorbed slowly in the body, and the GF-
monomer was separated from the microneedle. The degraded silk
and GF-monomer were transferred to the biofluid and completely
dissolved to exit the body. Figure 2G depicts the disintegration and
dissolution of the blood-glucose measurement device in phosphate-
buffered saline (PBS) (60°C; pH, 4.01). After the PVA backpacking
layer was dissolved, the microneedle arrays composed of silk fibroin
were also dissolved.We performed a degradation test using a gelatin
skin model to confirm the melting degree of the microneedle sensor
embedded in the skin. Figure S8 shows that, after the device was in-
serted into the gelatin skin model, the fluorescence material was
separated and gradually escaped as the microneedle dissolved.
Figure 2H shows the corresponding scanning electron microscopy
(SEM) image, which was used to verify the melting degree of the
microneedle on each day during the use of the sensor. The 650-
μm-long microneedles melted and shrank to a size of 400 to 450
μm on the third day after their insertion.

Biocompatibility assessment and biodistribution
investigation of GF-monomer–loaded microneedles
A needle insertion test was performed to verify the skin-penetration
ability of our microneedles using hematoxylin and eosin staining of
mouse skin. The skin was cross-sectioned and stained after the mi-
croneedle insertion and immediate removal. As shown in Fig. 3A,
skin penetration by a needle of about 400 μm was observed in the
cross section of the skin tissue. To assess not only the skin-penetra-
tion ability but also the skin regeneration and recovery after the in-
sertion of the microneedle, the mouse skin cross section was
checked 3 days after the embedding of the microneedle into the
mouse skin and 7 days after its removal, i.e., day 10. The skin
cross section at 3 days after insertion revealed needle penetration
with a slightly shallower depth than that obtained via immediate
removal after insertion, whereas the cross section at 7 days after
removal showed afterimages of the needle with a shallow depth of
about 100 μm because of skin regeneration. Through the top viewed
optical image, we confirmed that the mouse skin recovered to its
original state without injury after removing the microneedle
sensor (fig. S9).

To assess the biocompatibility of our microneedle patch, we ex-
amined the distribution of activated macrophages via immunoflu-
orescence staining with an anti-CD206 antibody, for selective
identification of M2 macrophages; an anti-CD68 antibody, for
staining whole activated macrophages; and 4′,6-diamidino-2-phe-
nylindole (DAPI), for counterstaining cell nuclei. After embedding
the microneedle in the mouse skin, it was fixed with formalin, em-
bedded in paraffin, and sectioned. Total macrophages (red) and M2
macrophages (green) are visualized in Fig. 3B. On day 1, total and
M2 macrophages were observed as a result of microneedle infiltra-
tion; moreover, on days 7 and 14, it was confirmed that macrophag-
es decreased remarkably over time, thus assuring the
biocompatibility of our microneedle and recoverability after
insertion.

A pharmacokinetics analysis using an in vivo imaging system
(IVIS) was conducted to confirm the safe excretion of the GF-
monomer from the body after its spread through the microneedles.
On the basis of the principle that the IVIS detects fluorescent sub-
stances in the body, biodistribution of the GF-monomer with an
emission length of 490 nm was observed. According to a previous
study that reported that monomers with a size of 5 nm or less are
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Fig. 3. Investigation of the biocompatibility and needle insertion of the biodegradable microneedle sensor through staining and imaging. (A) H&E staining
(right) of the mouse skin after microneedle insertion (at day 0, day 3, and day 10; scale bar, 200 μm). (B) Immunofluorescence from 4′,6-diamidino-2-phenylindole (DAPI),
CD206, and CD68 staining of the mouse skin after device-insertion surgery detected at day 1, day 7, and day 14. The green and red fluorescence are macrophages: green
(M2), red (total macrophages). (C) Investigation of the biodistribution in the main urinary organs using an in vivo imaging system (IVIS) after intraperitoneal injection of
the glucose-responsive fluorescent monomer (GF-monomer) solution.
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excreted in the urine without accumulating in the lymph nodes, the
extraction of the excretory system for fluorescence expression was
selected. The GF-monomer was diluted in saline solution at a
ratio of 2% (w/v), and 150 μl of the solution was subcutaneously
injected into mice.

The mice were euthanized and the liver, kidney, bladder, and
spleen were collected in 20 min, 30 min, 1 hour, 2 hours, and 48
hours after injection, respectively. As shown in Fig. 3C and fig.
S10, the fluorescence of the monomer was concentrated and distrib-
uted in the liver up to 10 to 30 min after dosing and was slightly
expressed in the kidneys; in contrast, after 2 hours, it was only dis-
tributed in the bladder, and after 24 hours, it had been eliminated
from all organs. The biodistribution of the GF-monomer revealed
that it moved from the liver to the bladder and was excreted through
urine with time.

In vivo continuous blood-glucose measurement using the
biodegradable microneedle sensor
To confirm that the biodegradable microneedle blood-glucose
sensor can continuously measure blood glucose in living tissues,
we performed an in vivo experiment using mice. To clearly
capture the expression of fluorescence in the microneedle sensor
during the experiment, we selected nude mice. Figure 4A shows
the overall setup of the experiment and a fluorescence photograph,
as well as a postprocessed photograph that was used to check the
fluorescence intensity using ImageJ (Figure 4B and C). We selected
the back of the mouse as the application location, as all biodegrad-
able microneedle blood-glucose sensor arrays could be sufficiently
inserted and operated stably over a long period in this area.

We injected glucose solutions into three mice and induced hy-
perglycemic conditions that were similar to those of real patients
with diabetes (77, 78). After the blood-glucose level reached the
maximum and became saturated, we lowered the blood glucose to
the normal and hypoglycemic range by injecting insulin. Although
there was a slight difference between mice, the values varied from
hypoglycemia of about 40 mg/dl to hyperglycemia of about 280 mg/
dl. Concomitantly, the blood-glucose measurement was carried out
on the tail of the mouse using a commercial sensor. In all proce-
dures, the biodegradable microneedle blood-glucose sensor suc-
cessfully monitored the mouse blood-glucose level and
completely traced the result of enzyme detection–type blood-
glucose measurement through blood collection (8, 79). The mea-
surement was carried out over a period of 2 to 3 hours, during
which the microneedle sensor performed CGM completely. The
result of our device lagged by about 20 min behind the change in
blood-glucose concentration (Figure 4D and fig. S11). The time
delay of the biodegradable microneedle blood-glucose sensor,
which measures the change in the glucose concentration in the sub-
cutaneous ISF, was caused by the time lag between the change in
blood-glucose concentration and that of interstitial glucose. From
100 to 250 mg/dl, which is the normal blood-glucose range, mice
#1, #2, and #3 showed a variation of 36.6, 30.3, and 31.9%, respec-
tively, which was a very good and sensitive change in fluorescence
brightness. As the biodegradable microneedle blood-glucose sensor
dissolved in the body, the absolute amount of fluorescent material
was decreased; thus, the sensitivity decreased gradually. Figure 4E
reveals that the change in fluorescence intensity decreased to
27.3% in the range of 100 to 250mg/dl at 1 day after device insertion
and decreased to 18.4% after 2 days (Fig. 4F). After 3 days, the

biodegradable microneedle blood-glucose sensor had completely
lost its performance and could not trace blood glucose properly
(Fig. 4G). The microneedle blood-glucose sensor can be applied
not only to a specific part of the mouse in the laboratory but also
to humans by adjusting its size, length, and number of arrays via
customization of the mold. The user can move freely during and
after the application of the biodegradable microneedle blood-
glucose sensor and can live normally without any side effects after
use (movie S1).

User-friendly home diagnosis system with a smartphone
application and attachable ultraviolet-delivering lamp
To demonstrate the actual usability of our device in daily life, we
developed a user-friendly home diagnosis system that enabled
CGM in a freely moving state using biodegradable microneedle
sensors and a smartphone (Fig. 5A and movies S2 to S4). An exter-
nal accessory device attachable to a camera of a smartphone provid-
ed a 405-nm light-emitting diode (LED) array as a light source for
activating the fluorescence of GF-monomers and a 450-nm optical
long-pass filter for removing unwanted 405-nm light that could be
received by the camera lens (fig. S12). The custom-developed smart-
phone application allowed users to intuitively perform various
functions, such as taking photos, cropping images, analyzing
image data to measure glucose levels, and plotting the measured
data, so that they could easily recognize their state.

After the filtered optical image was acquired through the mobile
application, the user cropped the picture to remove the unnecessary
part (other than the sensor). The image filtering process was de-
tailed in Materials and Methods. Fluorescent light with a wave-
length of 490 nm had a relatively large green pixel value in the
image; thus, it was possible to filter the fluorescent pixels from
the surrounding pixels. The filtered pixels exhibiting fluorescence
contained information about both fluorescent reactions of the
GF-monomers and ambient brightness, whereas the remaining
pixels contained information about the ambient brightness exclu-
sively. By subtracting the average of the surrounding pixel values
from the fluorescent pixels, fluorescence image data were obtained.
The glucose level was lastly determined on the basis of the average
pixel values of the fluorescence image data. The measured data were
automatically recorded in the local file system and plotted on a
graph, to be easily checked by the users and help them manage
their blood sugar levels.

The feasibility of our home diagnosis system was confirmed by
performing in vivo experiments using rodent models. Because the
fluorescence data are affected by various factors, such as camera
angles or the distance between the camera and the sensor, the min-
imization of data variability is required. To address this issue, users
can calibrate the fluorescence image data via repeated measure-
ments from different angles (Fig. 5B). Image data from multiple
angles are averaged to improve data reliability and reduce fluctua-
tions. As shown in Fig. 5C, it was verified that the calibrated data
repeatedly measured by our home diagnosis system (four times)
tracked blood-glucose levels with a 15- to 20-min time delay.

DISCUSSION
Continuous monitoring of glucose in patients with diabetes is es-
sential for the management of diabetes, a fatal disease with a high
risk of complications and steadily increasing number worldwide
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Fig. 4. In vivo continuous glucose monitoring (CGM) using a biodegradable microneedle sensor. (A) In vivo setup image of the continuous glucose measurement
with a mouse model: (1) digital camerawith a long-pass filter lens, (2) lamp, (3) mousewith an insertedmicroneedle glucose sensor, and (4) glucometer. (B) Fluorescence
photograph of the microneedle sensor attached to the mouse model. A 405-nm lamp and a 450-nm long-pass filter were used. (C) Image analyzed using ImageJ. (D toG)
In vivo results obtained using a biodegradable microneedle glucose sensor and a glucometer (black, relative fluorescence intensity; red, glucose concentration measured
by the glucometer). The CGM results were measured on day 0, day 1, day 2, and day 3. a.u., arbitrary units.
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(80). The biodegradable microneedle–based fluorescent sensor that
continuously monitored glucose level in real timewithout pain via a
procedure that was minimally invasive to the skin is proposed. The
sensor system, which was composed of biocompatible materials,
wirelessly measured glucose in a freely moving environment and
was completely biodegradable and discharged from the body
without the need for its removal after use. We confirmed the detec-
tion of fluorescence intensity changes with high precision at various
glucose concentrations including all human blood-glucose ranges
in vitro and successfully monitored glucose levels over several con-
secutive days; moreover, we tracked blood-glucose measurements in
vivo in the mouse. This suggested the potential application of the
biodegradable microneedle–based glucose-responsive fluorescent
sensor for long-term CGM. The home diagnosis system using a
smartphone allowed users to check blood sugar changes easily
and autonomously and to plan diagnosis and treatment, thus im-
proving patient health and quality of life. This state-of-the-art
home diagnostic device can sufficiently track the glucose level
even when measuring from any angle under the various patient’s
situation. The microneedle sensor can be adjusted to a desired
shape, size, and number of arrays depending on the mold, which
has the advantage of being able to cover all aspects of the diversity
of use of these devices, such as race or application location. By in-
creasing the degradation time of the microneedle sensor through
the proper application of biodegradable materials and manufactur-
ing process and reducing the photobleaching of GF-monomers
through minimal exposure, it is possible to develop a CGM

device with a life span of several months or more. The proposed
groundbreaking measurement system overcame the disadvantages
of previous methods, such as discomfort, pain, wounding,
surgery, high cost, complex processes, inability to perform CGM,
and short usage time. Therefore, this system completely replaced
conventional blood-glucose measurement method, such as the
lancet approach, so that patients with diabetes can conveniently
and accurately prevent the disease, hypoglycemia, or hyperglyce-
mia. In addition, the biodegradable microneedle array device devel-
oped in this study can load drugs such as insulin; thus, there is a
high possibility of expansion of this device into a next-generation
fusion bio system that can simultaneously monitor and treat
glucose-related diseases.

MATERIALS AND METHODS
Fabrication of the biodegradable microneedle
glucose sensor
PDMS female molds for square pyramid–shaped microneedles with
a height of 650 μm, a base of 200 μm by 200 μm, and a pitch of 500
μm in 10 × 10 arrays were purchased from Micropoint. The micro-
needle molds included a 7 mm by 7 mm by 1 mm (width by length
by height) pedestal box, to support the microneedle array (fig. S13).
Biodegradable microneedles for glucose sensing were sequentially
manufactured as follows. First, 10 ml of a 5% (w/v) of a silk
fibroin dispersion aqueous solution purchased from Sigma-
Aldrich and the prepared glucose monomer powder were mixed

Fig. 5. Operation of the user-friendly home diagnosis system. (A) Overview of the home diagnosis glucose system. (B and C) Fluorescence images and graphs of the
results of the microneedle glucose sensor obtained using the mobile application at various angles (black, mean value of the fluorescence intensity results from four
angles; gray, fluorescence intensity results from four angles; red, glucose concentration measured by the glucometer). a.u., arbitrary units.
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at a ratio of 10% (w/v) through gentle agitation, to prevent the for-
mation of a colloid of silk fibroin. Then, 20 μl of the mixed aqueous
solution was transferred to the prepared mold through a micropi-
pette and loaded onto the mold via centrifugation at 4000 rpm for
20 min (VS-400, VISION SCIENCE Co., Ltd.). Subsequently, the
microneedle was completely dried (2 hours) in a vacuum oven at
50°C under 1 atm (SH-VDO-08NG, SH SCIENTIFIC). To
prepare the backpacking to support the microneedle array, a PVA
powder purchased from Sigma-Aldrich was dissolved in deionized
water at 30% (w/v) through agitation, to obtain a mixed aqueous
solution. Next, 60 μl of the sucrose PVA aqueous solution was trans-
ferred onto the mold loaded with silk and glucose monomers using
a micropipette and dispersed onto the mold via centrifugation at
4000 rpm for 60 min. After completely drying of the microneedle
(2 hours) in a vacuum oven at 55°C under 1 atm, it was separated
from the mold to obtain a biodegradable silk microneedle for
glucose sensing. The manufactured microneedle glucose sensor
array device has a height of 650 μm and a weight of 65 mg.

In vitro test
To confirm the glucose sensitivity of the microneedles, glucose
aqueous solutions at concentrations of 0, 50, 100, 150, 200, 300,
and 450mg/dl were prepared. After loading the prepared micronee-
dles onto a PDMS resolver mold with a size of 7 mm by 7 mm by 1
mm, 150 μl of the prepared glucose aqueous solution was added. A
long-pass filtering lens (Edmond Optics, >450 nm) was attached to
an optical microscope (Olympus company), and a light source with
awavelength of 405 nm (CREE company) was used for irradiation at
a power of 230 μW/mm2 for 1 s. The measured images were ana-
lyzed by an ImageJ program.

Mechanical test
To verify the penetration ability of the microneedles, a mechanical
test with correlation with the compression force was performed
(Instron Universal Testing Systems, 5966) (fig. S14). In the pro-
gramming step of the pressing material characteristics of the
machine, the needle shape was specified as a square pyramid. A
single microneedle patch loading 100 microneedles (10 × 10) was
placed on the rigid base of the station with the needles facing
upward. The steel load cell compressed the patch horizontally at a
constant speed of 1 mm/min. The initial distance of measurement
was calculated when the load cell was about 1.5 mm away from the
backpacking layer of the microneedle patch, with values being re-
corded from the moment at which the load cell started to touch
the tip of the microneedle.

Photobleaching test
The prepared microneedles were continuously irradiated with a
light source with a wavelength of 405 nm (CREE company) at a
power of 230 μW/mm2 for 60 min and then photographed
through the long-pass filtering lens (Edmond Optics, >450 nm),
which was placed in front of the lens of the camera (Cannon EOS
80D, EF100mm F2.8 L IS MACRO USM Lens). The images were
analyzed for photobleaching using the ImageJ program.

Degradation test
The biodegradable microneedles were carefully inserted into the 10
weight % gelatin (Sigma-Aldrich), which was prepared on the basis
of a glucose aqueous solution (100 mg/dl). A light source with a

wavelength of 405 nm (CREE company) was used for irradiation
at a power of 230 μW/mm2 for 1 s; subsequently, images were ac-
quired every 0, 1, 2, and 3 days through a camera (Cannon EOS 80D,
EF100mm F2.8 L ISMACROUSM Lens) equipped with a long-pass
filtering lens (EdmondOptics, >450 nm) in front of the camera lens.
Next, themicroneedle sensor was sufficiently dried in a desiccator at
27°C and then photographed on a field emission scanning electron
microscope (IT-500HR from JEOL).

Animals
Male SKH-1 mice with 6 to 8 weeks’ age were purchased from
Orient Bio (Korea). The nonpedigreed hairless strain of SKH-1
mice were chosen for in vivo experiments to minimize interference
with the fluorescence expression of the device. All in vivo experi-
ments were conducted with following the regulations of the Institu-
tional Animal Care and Use Committee of the Korea Institute of
Science and Technology (study approval number: KIST-5088-
2022-05-081).

Biocompatibility test
For biocompatibility test, general protocol of immunofluorescence
was followed. The microneedle array was sterilized with ethylene
oxide gas and inserted subcutaneously into the mouse (SKH-1,
male, 7 weeks). After explanation of the device at 1, 7, and 14
days, the surrounding tissuewas fixed for 24 hours with paraformal-
dehyde and dehydrated. Dehydrated tissues were embedded in par-
affin blocks and sectioned at 5-μm thickness using microtome
(RM2255, Leica). For immunofluorescence staining, the paraffin
sections were rehydrated with xylene and ethanol and treated
with protease for antigen exposure. After antigen retrieval, bovine
serum albumin blocker was treated for blocking other reagents.
Next, a mouse anti-CD68 antibody (sc-20060; Santa Cruz Biotech-
nology) diluted at 1:100 was incubated in room temperature for 2
hours. After washing in diluted water, a rabbit anti-CD206 antibody
(sc-376232; Santa Cruz Biotechnology) diluted 1:100 was incubated
in room temperature for 2 hours. After washing off in PBS, the sec-
tions were counterstained with DAPI.

In vivo optical imaging system (IVIS)
GF-monomers were diluted in saline solution at a ratio of 2% (w/v),
and 150 μl of the solution was injected subcutaneously into the
mouse (SKH-1, male, 7 weeks). After injection, a mouse was eutha-
nized for each time point and the urinary system (liver, kidneys,
spleen, and bladder) was extracted and washed in PBS. The
organs were aligned on the observation pad of the IVIS system.
Considering the excitation and emission wavelength bands of the
GF-monomer, fluorescent light in the excitation wavelength band
of 450 nm and the emission wavelength band of 490 nm was
observed.

In vivo test
The in vivo test for glucose tracking was performed using male hair-
less mouse (SKH-1, 6 to 8 weeks of age). The mice fasted for 18
hours to acquire a stable initial glucose level. For the modulation
of glucose levels in the mouse, a 50% glucose solution (G8644,
Sigma) was injected intraperitoneally at 5 ml/kg. To temporarily
lower the glucose level, insulin (Novolin R, Novo Nordisk
Pharma Ltd) was diluted in a 0.9% NaCl solution, and 0.5 U/kg
was injected after the glucose level increased to a maximum.
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Blood collected from the tail of amouse via a cut that was performed
using a laser blade was measured every 3 min through a blood col-
lection–type blood-glucose meter (SD CodeFree Blood Glucose
Monitoring System, 01GC110). We repeatedly turned the lamp
on and off at 1-min intervals and took fluorescent photos of the mi-
croneedle sensor using a camera (Cannon EOS 80D, EF100mmF2.8
L IS MACROUSM Lens) equipped with a long-pass filter (Edmond
Optics, >450 nm).

Smartphone application for user interface and data
analysis
The smartphone application used as a user interface was built in
Android Studio with the Kotlin programming language. The user
was able to use the camera within the application to take fluores-
cence pictures or import and analyze pretaken pictures. For crop-
ping the taken and imported images, the Croppy library (Apache
License 2.0) was used. After cropping the image, it was converted
to a three-channel RGB bitmap and then filtered, to isolate the fluo-
rescent pixels. Because fluorescent light has a wavelength of 490 nm,
the green pixel value was higher than that of other regions that did
not exhibit fluorescence. The image processing function was used to
examine each pixel, to check whether the green pixel value g and the
blue pixel value b satisfied the following condition

g � α � b

where α is a constant value between 0 and 1. If the pixel satisfied this
condition, then it was classified into the fluorescent pixel group. In
our application, the value of α was set to 0.35 through several tests
(fig. S15). The filtered fluorescent pixels and the remaining pixels
were saved to separate bitmaps. The average pixel value of the fluo-
rescent pixel group was subtracted from that of the remaining pixel
group, to remove the noise caused by the ambient light. To present a
graph of processed fluorescence data indicating the glucose levels on
the user interface, a line chart of the MPAndroidChart library
(Apache License 2.0) was used.

Printed circuit board module as a UV light source in the
home diagnosis system
The UV light source for the home diagnosis system was implement-
ed by designing a printed circuit board module that could be at-
tached to the back of a smartphone. The light-delivering part
consisted of eight LEDs (VLMU3100-GS08) with a wavelength of
405 nm. The module was powered by an external battery, and the
supply voltage applied to each anode of the LEDs was regulated by a
boost converter chip (SC121ULTRT), to maintain it at 3.6 V. The
operation of the LED array was controlled by an eight-channel
LED driver (ALED8102SXTTR). The module had a 6-mm-diame-
ter hole that was open to the camera lens, and an optical 450-nm
long-pass filter film was attached to this part, to receive fluorescent
light more effectively.
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Supplementary Text
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