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The use of fluorescence-based sensors holds great promise for con-
tinuous glucose monitoring (CGM) in vivo, allowing wireless trans-
dermal transmission and long-lasting functionality in vivo. The
ability to monitor glucose concentrations in vivo over the long term
enables the sensors to be implanted and replaced less often, there-
by bringing CGM closer to practical implementation. However, the
full potential of long-term in vivo glucose monitoring has yet to be
realized because current fluorescence-based sensors cannot remain
at an implantation site and respond to blood glucose concentra-
tions over an extended period. Here, we present a long-term in
vivo glucose monitoring method using glucose-responsive fluores-
cent hydrogel fibers. We fabricated glucose-responsive fluorescent
hydrogels in a fibrous structure because this structure enables the
sensors to remain at the implantation site for a long period. More-
over, these fibers allow easy control of the amount of fluorescent
sensors implanted, simply by cutting the fibers to the desired
length, and facilitate sensor removal from the implantation site
after use. We found that the polyethylene glycol (PEG)-bonded
polyacrylamide (PAM) hydrogel fibers reduced inflammation com-
pared with PAM hydrogel fibers, transdermally glowed, and con-
tinuously responded to blood glucose concentration changes for
up to 140 days, showing their potential application for long-term
in vivo continuous glucose monitoring.

glucose-responsive fluorescence | long-lasting implantable sensor |
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n vivo glucose monitoring allows continuous glucose monitoring
(CGM) and facilitates intensive control of blood glucose con-
centrations in diabetic patients. Long-lasting implantable sensors
can reduce the frequency of implantation and replacement,
resulting in long-term in vivo glucose monitoring with less effort
by patients and less tissue damage. For decades, implantable
sensors for long-term use have been developed using enzyme
electrodes. However, these methods have several drawbacks
for long-term use because these enzyme based sensors are insuf-
ficiently stable in vivo (1), they are poorly accurate in low glucose
concentrations (2), and their activity is oxygen-dependent (3).
In contrast, glucose-responsive fluorescence is a promising
approach that maintains long-lasting functionality in vivo due
to its enzyme-free and reversible reaction (4-9). We recently de-
veloped fluorescent hydrogel microbeads that are transdermally
detectable, injectable, minimally invasive, and biocompatible
(10). To bring this technology closer to long-term application,
the fluorescent hydrogel sensors need to remain at the implanta-
tion site for a long period (over 3 mo) and be easily removable
after use; despite their great potential for continuous glucose
monitoring, the microbeads were not suitable for long-term mon-
itoring in vivo because they dispersed from the implantation site
and were difficult to remove. In addition, the biointerface of the
fluorescent hydrogel with tissues requires excellent biocompat-
ibility to reduce the occurrence of inflammation, which decreases
the life span and functionality of an implantable glucose sensor.
Here, we present a long-term in vivo glucose monitoring meth-
od using glucose-responsive fluorescent hydrogel fibers. To satisfy

www.pnas.org/cgi/doi/10.1073/pnas.1104954108

the aforementioned requirements, we improved two properties of
the sensors with respect to the microbeads: the structures and the
materials. First, we used a fiber structure for the sensor. The
fibers are as injectable and minimally invasive as the microbeads
because the fiber-type sensors can be implanted in alignment with
the axial direction of an injection needle (Fig. 14). Moreover, the
fibers have three significant advantages over microbeads for long-
term in vivo glucose monitoring: (i) The fibers can remain at the
implantation site for an extended period (Fig. 14), whereas the
microbeads disperse from the implantation site; (i) the fibers can
be implanted with a readily controllable quantity of fluorescence
by cutting them to a specified length, thereby enabling stable
and repeatable sensor functionality; and (ii7) the fibers are easily,
nonsurgically removed from the body (Fig. 14). Although the
material is biocompatible, it is better to remove the fibers after
use to minimize potential side effects.

Second, the fiber material, a polyethylene glycol (PEG)-
bonded polyacrylamide (PAM) enhanced the biocompatibility
of the fiber-tissue interface. PEG, a well-known biomaterial (11),
was covalently bonded to the fluorescent hydrogel fibers, thereby
reducing inflammation (12, 13). These PEG-bonded fluorescent
hydrogel fibers maintained glucose responsiveness and trans-
mitted fluorescent signals transdermally for an extended period.

Results

Fabrication of the Fluorescent Hydrogel Fibers. We immobilized the
glucose-responsive monomer (see Fig. S1) (10) in hydrogel fibers
that had been obtained by polymerizing a pregel solution in
polyolefin microcapillaries coated with Pluronic® surfactant. To
covalently bond PEG to acrylamide, Acryl-PEG was added to the
pregel solution at concentrations of 1%, 5%, and 10%. After
gelation, the hydrogel fibers were washed with large amounts
of water for over 48 h to remove ungelled PEG and acrylamide
monomer. Fluorescent image showed that the glucose-responsive
monomer was immobilized within the hydrogel fibers with a dia-
meter of 956 £ 9 pm (Fig. 1B). The fibers were polymerized in
polyolefin microcapillaries of 1,000 pm in diameter. The dia-
meters of the fibers were smaller than the diameter of a general
syringe needle, thereby allowing easy injection into the body. We
performed Fourier transform infrared (FTIR) spectroscopic ana-
lysis of the PAM hydrogel fibers with Acryl-PEG (MW = 480) at
concentrations of 1%, 5%, and 10% to verify the copolymeriza-
tion of PAM and PEG. There was a typical amide I band (at ap-
proximately 1,650 cm™!) in the spectrum of PAM (Fig. 247). The
characteristic band of PEG was observed at approximately
1,100 cm™! as a result of C-O asymmetric stretching (Fig. 242).
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Fig. 1. (A) A schematic illustration of the fluorescent hydrogel fiber designed for long-term in vivo glucose monitoring. The fiber can be injected into sub-
cutaneous tissues. The implanted fiber remains at the implantation site for a long period and transmits fluorescent signals transdermally depending on blood
glucose concentration. The implanted fiber can be easily removed from the implantation site after use. (B) Fluorescent hydrogel fibers in a glass vial with a 50%
glucose solution. The fibers are excited by ultraviolet light. The fluorescent image indicates that the glucose-responsive monomer is immobilized within the

hydrogel fibers.

The PAM hydrogels with PEG showed peaks not only at ap-
proximately 1,650 cm™' but also at approximately 1,100 cm™!
(Fig. 243). These findings suggest that PEG successfully bonded
to the PAM hydrogels. The amplitude of the peaks at approxi-
mately 1,100 cm™! increased as the Acryl-PEG concentration
was increased. However, the amplitude of this peak for the 10%
PEG sample was slightly higher than that for the 5% PEG sam-
ple. We concluded that at concentrations over 5%, most of Acryl-
PEG monomers in the pregel solution remained as ungelled
form. Therefore, we chose the sample obtained from the pregel
solution with 5% Acryl-PEG for subsequent verification.

In Vitro Glucose Responsiveness Test. We tested the glucose respon-
siveness of the fluorescent hydrogel fibers in vitro. The fluores-
cent images were obtained at an emission wavelength of
488 nm with varying glucose concentrations (0-500 mg-dL™!)
to verify the fibers’ glucose responsiveness within the normal
(80-140 mg-dL~"), hypoglycemic (<80 mg-dL~!), and hypergly-
cemic (>140 mg-dL~') ranges (14). When the glucose concentra-
tion increased from 0 mg-dL~! to 500 mg-dL~!, the fluorescence
intensity of the PAM and PEG-bonded PAM hydrogel fibers also
increased depending on the glucose concentrations (Fig. 2B).

In Vivo Glucose Monitoring. In vivo glucose monitoring was con-
ducted using fibers implanted in the ear skin of mice; the ear skin
is an excellent implantation site for a fluorescence-based glucose
sensor due to its transparency (10). Our previously developed
microbeads were dislodged and dispersed from the implantation
site after 1 mo (see Fig. S2). In contrast, the implanted fibers
remained at the implantation site for an extended period (see
Fig. S3) because the increased contact area with subcutaneous
tissue decreases the mobility of the subcutaneous implants.

To test the effect of PEG on the biointerface of the fibers
with tissues, we implanted PEG-bonded PAM hydrogel fibers into
four mice and PAM hydrogel fibers into another four mice
(see Fig. S4). We evaluated inflammation based on the color
change (reddening), swelling, and scab formation of the ears
(see Table S1 and Fig. S5). Immediately after implantation, both
types of fibers were visible through ear skin over 100 pm thick
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(Fig. 34 and Movie S1). However, every PAM hydrogel fiber
induced inflammation, which consequently reduced the transder-
mal fluorescence intensity (Fig. 3B and Fig. S6B). In contrast,
three of four PEG-bonded PAM hydrogel fibers induced only
mild inflammation, and recovery after inflammation was rapid.
One PEG-bonded PAM hydrogel fiber did not induce any inflam-
mation for a month (Fig. 3B and Fig. S64). Furthermore, all PEG
fibers glowed through the mouse ear skin (Fig. 3C). Therefore,
we concluded that the inclusion of PEG reduced inflammation
because PEG resists the adsorption of proteins such as albumin,
fibrinogen, fibronectin, and others; these proteins modulate host
inflammatory cell interactions and adhesion (15-17).

We demonstrated the fluorescence intensity of the implanted
fibers in response to blood glucose concentrations in mice by
glucose challenge. We injected glucose to temporarily elevate
glucose concentrations to 300 mg-dL.~! (within the hyperglycemic
range) and insulin to decrease glucose concentrations under
140 mg-dL~! (within the euglycemic and hypoglycemic ranges).
Blood glucose concentrations were measured with a blood
glucose monitoring sensor (Accu-Chek, Roche) using a blood
sample from the snipped tail. The fluorescence intensity was
estimated from fluorescent images of mouse ears. Fig. 4 displays
the measured blood glucose concentrations and the fluorescence
intensity of the fibers over time. After implantation, the fluores-
cence intensity of both the PAM and the PEG-bonded PAM hy-
drogel fibers constantly tracked the fluctuations in blood glucose
concentration for two up-and-down cycles (Fig. 44). The glucose
sensitivities of the implanted fibers were slightly different. This
result is in agreement with the glucose responsiveness in vitro
(Fig. 2B). The response of fluorescence intensity of the hydrogel
fibers lagged 10 £ 5 min behind the change in blood glucose con-
centrations. The time lag results mainly from the delayed changes
in subcutaneous interstitial glucose concentrations compared
with the changes in blood glucose concentrations because fluor-
escence intensity reflects the glucose concentration in subcuta-
neous interstitial tissues.

After about four months from implantation, we performed in
vivo glucose monitoring using the eight samples described in
Fig. 3. The fluorescence intensities of three PEG-bonded PAM
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Fig. 2. (A) FTIR spectra of PAM, Acrl-PEG, and PEG-bonded PAM hydrogels:
(A1) PAM; (A2) Acrl-PEG; (A3) PEG-bonded PAM spectra. The PAM hydrogels
with PEG showed peaks at approximately 1,650 cm~" and at approximately
1,100 cm~" that are a typical amide | band and the characteristic band of PEG,
respectively. (B) Glucose responsiveness of the fluorescent hydrogel fibers.
The fluorescence intensity of the fibers changes according to the glucose
concentration. Polymerization with PEG causes a difference in the sensitivity
of the glucose-responsiveness.

hydrogel fibers among the four samples responded to blood glu-
cose concentration fluctuations in an up-and-down cycle (Fig. 4B
and Fig. S7A4); in contrast, the fluorescence intensity of one PAM
hydrogel fibers among the four samples responded to changing
blood glucose concentrations (see Fig. S7B). These results
indicate that the PEG-bonded PAM hydrogel fibers were less
inflammatory and maintained sensor functionality in vivo for a
long-period (up to 140 d) (Fig. 4 and Figs. S6-S8). Therefore,
fluorescent PEG-bonded PAM hydrogel fibers can be applied
to long-term in vivo glucose monitoring.

We also removed the implanted fibers after use. The fibers
were easily removed from the implantation sites (Fig. 5 and
Movie S2). The fluorescent images in Fig. 5 C and D describe
that the implanted fibers were removed from the mouse ear with
no remaining debris.
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Fig. 3. Inflammation induced by the implanted fibers and transdermal
transmission over a long period. (A) The fluorescent PAM hydrogel fibers
with and without PEG were implanted in mouse ears and remained in the
mouse ears for one month. The fluorescence intensity of the fiber with
PEG was observable through the ear skin for the entire month, whereas
the fluorescence intensity of the fiber without PEG was barely detectable
after one month. (B) Inflammation indices of the mouse ears with the fibers
one month after implantation. Inflammation was evaluated based on red-
dening, swelling and scab formation for a month. The inflammation index
was obtained by summing the reddening, swelling, and scab formation
scores. If the ear skin showed any reddening, reddening scores 1 point; simi-
larly, swelling and scab formation were each also scored 1. PEG-bonded PAM
induced less inflammation than PAM only. (C) Numbers of mice showing
transdermal transmission of fiber fluorescence. The fluorescence intensity
of the PEG-bonded PAM hydrogel fibers could be detected through the
ear skin for one month, whereas that of PAM fibers could not.

Discussion

Our primary goal was to develop an implantable glucose sensor
for minimally invasive, transdermal, and long-term in vivo CGM,
thereby preventing diabetic complications and increasing the
quality of life for diabetic patients. Previously, we achieved
minimally invasive and transdermal in vivo CGM using glucose-
responsive fluorescent hydrogel microbeads (10). The microbe-
ads, however, were dislodged and dispersed from the implanta-
tion site after one month (see Fig. S2). To develop a sensor that
would remain at the implantation site, we employed a fibrous
structure. We chemically immobilized the fluorescence sensor
to a fiber to increase its contact area with subcutaneous tissue;
the increased contact area was designed to decrease the mobility
of the subcutaneous implants. We verified our hypothesis by
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Fig. 4. In vivo continuous glucose monitoring in mice using the implanted
fibers. (A) Continuous glucose monitoring using implanted fibers with and
without PEG after implantation. The fluorescence intensity of the fibers
constantly responded to blood glucose concentration over two up-and-down
cycles. (B) Continuous glucose monitoring using the implanted PEG-bonded
PAM hydrogel fiber 140 days after implantation. The fluorescence intensity
of the fiber continuously corresponded to blood glucose concentration even
after 140 days.

observing that the implanted fibers remained at the implantation
site after an extended period (up to 140 d) (see Figs. S3 and S7).

Minimizing inflammation is also an important issue for trans-
dermal, long-term in vivo CGM because inflammation causes
(¢) interference with transdermal fluorescence transmission (see
Fig. S6), (if) physiological condition changes, and (iii) sensor
isolation resulting from fibrous capsules (18-20). To suppress
the inflammatory reaction, the sensors must be designed such
that they minimize tissue injury, promote tissue recovery, and lim-
it fibrous capsule formation. We successfully minimized inflam-
mation by modifying PAM hydrogel with PEG that resists the

A Implantet! e B _Rémoved fiber

Fig. 5. Removal of the implanted fiber. (A) Fiber implanted in the mouse ear.
(B) The implanted fiber was easily removed from the ear. (C) Fluorescent
image of the mouse ear before removing the fiber. (D) Fluorescent image of
the mouse ear after fiber removal. No fiber debris remains in the mouse ear.
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adsorption of proteins such as albumin, fibrinogen, and fibronec-
tin; these proteins modulate host inflammatory cell interactions
and adhesion (15-17). To further suppress inflammation, anti-
inflammatory agents could be encapsulated in hydrogel-based
sensors. There have been several reports of the potential of
the anti-inflammatory agents for enhancing biocompatibility;
these agents including dexamethasone (21) and vascular endothe-
lial growth factor (VEGF) (22) may suppress the inflammation in
the tissues surrounding implanted hydrogels. As a result, the
functionality of these fibers can be improved even further by en-
capsulating anti-inflammatory agents within the hydrogel fibers.
The size of the implanted sensors also affects the degree of
tissue damage. In this study, the fibers were of approximately
1,000 pm in diameter; the diameter of the fibers can be reduced
(down to 500 pm) by polymerizing the hydrogel in smaller micro-
capillaries. A small diameter ensures not only minimal damage to
the tissue but also a high surface-to-volume ratio, thereby en-
abling a fast response time due to the rapid diffusion of glucose.
For practical in vivo CGM, the fluorescence measurement sys-
tem should be improved. A pulsed excitation system is required to
minimize photobleaching (10) and the potential risks of excessive
skin irradiation. If the skin is exposed to the excitation light
(405 nm, 5.7 mW-cm~2) for 1 ms every 5 min, this amount of the
excitation light exposure is negligible with respect to skin radia-
tion damage and cancer development (23, 24). Moreover, sensor
calibration is currently required to correlate the fluorescent sig-
nals of the fibers and blood glucose concentrations and determine
variations in sensor response depending on implantation depth,
skin properties, and physiological condition changes. Conse-
quently, we calibrated the fluorescent signals several times with
a precise home blood-concentration monitoring system for one
day. A more convenient calibration method is to use a reference
fluorescence value; the reference fluorescence allows ratiometric
measurement, thereby increasing accuracy and precision. By
combining these calibration methods with small and portable
fluorescence detectors, a CGM system using fluorescent hydrogel
fibers can be a powerful approach for practical in vivo CGM.

Materials and Methods

Fabrication of the Fluorescent Fibers. The fluorescent hydrogel microfibers
were fabricated using adhesion-resistant polyolefin microcapillaries. We
first coated the insides of the polyolefin microcapillaries with Pluronic®
F127 (Sigma-Aldrich) surfactant to enhance the adhesion-resistance of the
microcapillaries (25), allowing easy removal of the microfibers after polymer-
ization. The pregel solution for the PAM hydrogel microfibers contained
5-10w/v% glucose-responsive fluorescent monomer (10), 15w/v% acryla-
mide (AAm) (Wako Pure Chemical Industries Ltd.), 0.3 w/v% N, N'-methy-
lene-bis-(acrylamide) (Bis-AAm) (Wako Pure Chemical Industries Ltd.), and
0.9w/v% sodium persulfate (SPS) (Kanto Chemical Co. Inc.) in a 60 mM phos-
phate buffer with 1.0 mM ethylenediaminetetraacetic acid (EDTA)
(Nacalai Tesque Inc.), pH 7.4. In addition, the pregel solution for the PEG-
bonded PAM hydrogel microfibers contained 1, 5, or 10w/v% Acryl-PEG
(Aldrich). The pregel solution containing N, N, N', N'-tetramethylethylenedia-
mine (TEMED) (Wako Pure Chemical Industries Ltd.) was flowed into the
inner channel of the microcapillaries and then stored at 37°C. After
30 min, the fluorescent hydrogel microfibers were removed from the micro-
capillaries. They were then washed with Milli-Q® water for over 48 h to
remove unreacted monomers.

Analysis of the Fluorescence Intensity in Vitro and in Vivo. We inserted the
fluorescent hydrogel fibers of 5 mm in a Petri dish with glucose solutions
of 500 mg-dL~" at room temperature. After 20 min, we captured fluorescent
images using a fluorescence microscope (SteREO Lumar.V12, Carl Zeiss Inc.)
equipped with a video camera (AG-HMC45, Panasonic). To reduce photo-
bleaching, excitation light was applied through a 4% transmissive neutral
density filter. Fluorescent images were captured using excitation wave-
lengths of 350-420 nm and emission wavelengths of 460-520 nm through
a filter set (D390/70 and HQ490/60M-2P, CHROMA). The liquid wiped
away from the dish using paper. Then we inserted glucose solutions of
250-0 mg-dL~" to the Petri dish and obtained the fluorescent images of
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each glucose concentration. The captured images were analyzed using
image-processing software (Imagel).
Inflammation E tion and Transdermal Detection over an Extended Period.
We evaluated inflammation and transdermal detection for one month.
Inflammation was evaluated based on external changes of mice ears. The
inflammation index reflected the sum of reddening, swelling, and scab for-
mation scores. If the ear skin showed reddening, swelling, or scab formation,
then the reddening, swelling, and scab formation were scored 1 point for
each condition. An inflammation index greater than 1 indicated that the
mice ears were inflamed.

We measured the fluorescence intensity of the portions of the mouse ears
with and without the fibers. The fluorescence intensity was measured using a
fluorescence detector (FLE1000, Nippon Sheet Glass Co. Ltd.). The fluores-
cence detector can measure at excitation wavelengths of 350-415 nm and
emission wavelengths of 450-520 nm. We estimated fluorescence intensity,
AF, by subtracting the fluorescence intensity of the mice ear skin without the
fibers, Fg, from the fluorescence intensity of the mice ear skin with the fibers,
F. If the fluorescence intensity, AF, was greater than 0, the fibers were
considered to be transdermally detectable.

In Vivo Glucose Monitoring. We conducted in vivo glucose monitoring using
the protocol described in our previous publication (10); the data are shown
in Fig. 4A. Although intravenous glucose challenge stably provides several
up-and-down cycles of blood glucose concentrations, surgery inserting tube
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to vein may induce sample loss. Thus, we injected glucose and insulin into the
intraperitoneal cavities of the mice for long-term in vivo glucose monitoring.
The protocol for glucose challenge is briefly described as follows: The in vivo
glucose response of the fibers was characterized using male mice (BALB/c
Slc-mu/mu, nine-week-old) weighing 21-26 g. All mice were maintained in
accordance with the policies of the University of Tokyo Institutional Animal
Care and Use Committee. We performed tests on eight mice with one or
two glucose challenges individually. To temporarily increase or decrease
blood glucose concentrations, glucose (50% glucose, Terumo Co.) or insulin
(Novolin® R, Novo Nordisk Pharma Ltd.), respectively, were intravenously
(Fig. 4A) or intraperitoneally (Fig. 4B and Fig. S7) injected into the mice.

To obtain fluorescent images of the mouse ear, the mouse ear was
attached to a flat block. Fluorescent images were obtained every 1 min,
and blood glucose concentrations were measured every 5 min using a blood
glucose monitoring sensor (Accu-Chek, Roche). The fluorescence intensity
was analyzed from the resulting fluorescent images using image-processing
software (Image J).
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