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ARTICLE INFO ABSTRACT

Keywords: Continuous glucose monitoring facilitates the stringent control of blood glucose concentration in diabetic and
Photonics intensive care patients. Optical fibers have emerged as an attractive platform; however, their practical appli-
Fiber optics cations are hindered due to lack of biocompatible fiber materials, complex and non-practical readout ap-
Sensors

proaches, slow response, and time-consuming fabrication processes. Here, we demonstrate the quantification of
glucose by smartphone-integrated fiber optics that overcomes existing technical limitations. Simultaneously, a
glucose-responsive hydrogel was imprinted with an asymmetric microlens array and was attached to a multi-
mode silica fiber's tip during photopolymerization, and subsequent interrogated for glucose sensing under
physiological conditions. A smartphone and an optical power meter were employed to record the output signals.
The functionalized fiber showed a high sensitivity (2.6 yW mM ~ '), rapid response, and a high glucose selectivity
in the physiological glucose range. In addition, the fiber attained the glucose complexation equilibrium within
15 min. The lactate interference was also examined and it was found minimal ~0.1% in the physiological range.
A biocompatible hydrogel made of polyethylene glycol diacrylate was utilized to fabricate a flexible hydrogel
fiber to replace the silica fiber, and the fiber's tip was functionalized with the glucose-sensitive hydrogel during
the ultraviolet light curing process. The biocompatible fiber was quickly fabricated by the molding, the readout
approach was facile and practical, and the response to glucose was comparable to the functionalized silica fiber.
The fabricated optical fiber sensors may have applications in wearable and implantable point-of-care and in-
tensive-care continuous monitoring systems.

Continuous glucose monitoring
Boronic acids

1. Introduction glucose management for the patients with acute illness or in the in-

tensive care unit (ICU) decreases the risk of morbidity and mortality

Stringent control of blood glucose concentration is essential in
preventing hyper/hypoglycemia that may lead to serious diabetic
complications including diabetic retinopathy, foot ulcers, diabetic ne-
phropathy, and atherosclerosis (The Action to Control Cardiovascular
Risk in Diabetes Follow-On Eye Study et al., 2016; Skyler et al., 2009;
Srinivasan et al., 2015; Crofford et al., 1987). Hyperglycemia may be
found in intensive-care patients even in those without a clinical history
of diabetes such as patients of high-degree burns, trauma, hypoxia,
sepsis, and shock, where the stress of acute illness induces glucose
production, insulin resistance, and relative insulin deficiency
(Thompson et al., 2005; Van Den Berghe et al., 2001; Williams et al.,
2002; Van den Berghe, 2002; Umpierrez et al., 2002; Montori et al.,
2002; Finney et al., 2003; Kondepati and Heise, 2007). A strict blood
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(Finney et al., 2003; Kondepati and Heise, 2007; Haga et al., 2011;
Doran et al., 2004). A recent economic analysis of conventional and
intensive glucose concentration management in ICUs has demonstrated
a significant reduction in the overall medical care costs (Rapsang and
Shyam, 2014; Krinsley and Jones, 2006a; Van den Berghe et al., 2006).
The strict control of glucose concentration for acute illness saved
around $1580 per adult patient resulting from the shorter ICU period
and hospitalization, curtailment of the ventilator-dependent days, and
cutting down the laboratory cost (Rapsang and Shyam, 2014; Krinsley
and Jones, 2006b). Therefore, tight control of glycemia provides fa-
vorable results in terms of clinical outcome and cost-effectiveness.
Commercial glucose monitoring systems are based on finger prick
testing that should be carried out up to 3-5 times a day (Kondepati and
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Heise, 2007). However, the finger prick testing may not be accurate as
compared to blood venous samples, for example, the postprandial
glucose concentration in capillary blood can be 35% higher than that of
in venous blood (Yang et al., 2012). Therefore, an alternative non-
invasive or minimally-invasive system would eliminate the incon-
venience of the frequent pain and aids to the strict control of the glu-
cose concentration in the blood. To address this clinical need,
implantable electrochemical sensors have been developed for short-
term continuous glucose monitoring. However, these sensors have
several drawbacks: (i) they are unstable in vivo due to the enzymatic
reaction leading to the signal drift, (ii) their activity is oxygen depen-
dent, (iii) they are inaccurate in low glucose concentrations, and (iv)
they cannot be used for long-term continuous glucose monitoring (Heo
et al., 2011). Recently, minimally-invasive contact lenses sensors were
introduced for quantifying glucose concentration in tears; however, the
concentration of glucose in tears may not accurately correlate with
blood glucose (Elsherif et al., 2018a, 2018b).

Fiber optic probes as minimally-invasive sensors have been devel-
oped for in vivo glucose monitoring to provide continuous quantitative
analysis (Yang et al., 2012; Yetisen et al., 2017). For instance, the
surface plasmon resonance probes have been emerged as a strong
candidate; however, they suffer from complex fabrication process, and
convoluted readout process (Li et al., 2015a, 2015b; Cao et al., 2018;
Srivastava et al., 2012; Singh and Gupta, 2013; Lin and Chung, 2009).
Also, interferometric fiber probes have been developed for in vivo glu-
cose sensing (Tierney et al., 2009). The readout of that probe was
complicated and the output signals were processed to detect the volu-
metric response attached to the fiber's tip. In addition, the silica fiber
probe is not compatible with biological systems for implementation in
vivo as it causes immune response resulting in inflammation and dis-
comfort of patients (Ruckh and Clark, 2013; Heller and Feldman, 2008;
Vaddiraju et al., 2010).

Hydrogel fibers were introduced as a promising technology for in
vivo glucose sensing due to their biocompatibility and capability to
incorporate functional groups (Choi et al., 2013). Functionalizing the
hydrogel fiber with glucose-recognition motif such as phenylboronic
acid (PBA) derivatives modulates the optical properties of the fiber due
to glucose-boron complexation. For instance, a hydrogel fiber probe
based on fluorescence has been reported for quantitative glucose
measurements, in which the glucose recognition motif, diboronic acid,
and the fluorescent dye (anthracene acid) were incorporated (Heo
et al., 2011). Despite the rapid response of the fluorescent fiber probe, it
suffered from photobleaching of the fluorophore, it was not applicable
to individuals with skin pigmentation, and the output signal was af-
fected by epidermal thickness. Recently, polyacrylamide optical fibers
were functionalized with 3-(acrylamido)phenylboronic acid (Yetisen
et al.,, 2017). The fiber diameter increased in response to glucose
leading to a change in the transmitted light intensity. However, the
fiber required long time to reach equilibrium of glucose complexation,
which is not practical for in vivo glucose detection.

Here, we developed optical fiber probe for continuous glucose
monitoring in physiological conditions. The glucose recognition agent
(3-(acrylamido)-phenylboronic acid) was crosslinked with acrylamide
to create glucose-responsive hydrogel and an asymmetric microlens
array (light diffusing microstructures, LDMs) was imprinted on the
hydrogel. The glucose-responsive hydrogel was chemically attached to
the tip of a silica multimode fiber during the photopolymerization
process. The functionalized fiber was interrogated for glucose quanti-
fication in the transmission and reflection configurations. Upon glucose
complexation with the boronic acid groups immobilized in the hydrogel
matrix, the hydrogel attached the fiber shifted volumetrically, altering
the curvatures of the imprinted asymmetric microlens array.
Accordingly, the transmitted and the reflected optical powers of the
functionalized fiber were measured by an optical powermeter or a
smartphone. In addition, the hydrogel sensor was attached to the tip of
a biocompatible hydrogel fiber. The biocompatible functionalized fiber
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was flexible and offered the convenience to be potentially implemented
in biological tissues. The proposed glucose-responsive probe has addi-
tional advantages over the previously developed fiber probes, such as
(i) easy readout process as it is compatible with smartphones and no
output signal processing is required, (ii) rapid response (30 s) and short
equilibrium time (15min), and (iii) low-cost, glucose-selective, and
plug-and-play technology.

2. Materials and methods
2.1. Materials

Polyethylene glycol diacrylate (PEGDA) (mw: 700 Da), acrylamide
(AM) (98%), 3-(acrylamido)-phenylboronic acid (3-APBA) (98%), so-
dium L-lactate, N,N’-methylenebisacrylamide (99%), D-(+) glucose
(99.5%), 2,2-dimethoxy-2-phenylacetophenone (DMPA) (99%), 2-
hdroxy-2-methylpropiophenone (2-HMP) (97%), phosphate buffered
saline tablets (PBS), dimethyl sulfoxide (DMSO) (99.9%), sodium
phosphate monobasic (NaH,PO,), and sodium phosphate dibasic
(NaH,PO,) were purchased from Sigma Aldrich and used without fur-
ther purification.

2.2. Fabrication of the hydrogel sensor constrained on a glass slide

The precursor solution consisted of acrylamide (78.5 mol %), N, N’-
methylenebisacrylamide (1.5mol %), and 3-APBA (20 mol %) was
mixed with DMPA (2% wt/vol) in DMSO and the monomer dilution was
1:2wt/vol. The monomer solution (100ul) was drop-cast on the
asymmetric microlens array surface (Thorlabs), and subsequently, was
covered with a salinized glass piece, and was polymerized by UV lamp
(365 nm) for 5 min. The polymerized sensor was washed with DI water/
ethanol (1:1 v/v) and preserved in PBS solution at pH 7.4.

2.3. Functionalization of the silica and the hydrogel fibers

To functionalize the optical fiber with the glucose responsive hy-
drogel, the fiber's tip was silanized and dipped in the glucose-sensitive
solution (10 ul) that was drop-cast on the asymmetric microlens array
surface (AMLA) and was exposed to the UV light for 5min. The func-
tionalized fiber was preserved in the PBS solution at pH 7.4.

2.4. Fabrication of the biocompatible optical fiber

PEGDA monomer was mixed with 2-hydroxy-2-methylpropiophe-
none (2-HMP) (5 vol %) in DI water. The dilution of PEGDA in DI water
was varied from 5 to 90 vol%. The prepared solution (200 pl) was in-
jected into a polyvinyl chloride tube with an inner diameter of 1 mm
and the tube was exposed to UV light (365 nm) for 30 min. The optical
fiber was extracted from the tube by applying water pressure using a
syringe. The optical fiber was washed with a mixture of ethanol and DI
water (1:1, v/v).

3. Results and discussion

The glucose-responsive hydrogel was fabricated, functionalized
with the 3-APBA, and stamped with asymmetric microlens arrays
during the photopolymerization (Fig. 1a). Distribution of the microlens
array and the optical microscope image are displayed in the supple-
mentary file, Fig. 1. The stamped hydrogel sensor was attached to a
commercial multimode silica fiber and an in-house made biocompatible
fiber during the polymerization process (Fig. 1b and c). Fabrication of
the biocompatible fibers is shown in Fig. 1d. The immobilized 3-APBA
in the hydrogel matrix of the sensor has a high affinity to glucose
molecules forming anionic boronate due to 1:1 complexation in the
hydrogel network, increasing the osmotic Donnan pressure, and ac-
cordingly causing a volumetric shift (supplementary file, Fig. 2).
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Fig. 1. Fabrication of the glucose-responsive hydrogel, functionalizing the fibers, and fabrication of the hydrogel fiber. (a) Schematic show the procedures of
preparing the glass constrained glucose-responsive hydrogel stamped with asymmetric microlens array. (b-c) The functionalization process of the silica and the
hydrogel fibers. (d) The fabrication process for the biocompatible hydrogel fiber.

(Hisamitsu et al., 1997) The volumetric shift of the hydrogel modified
the curvature of the asymmetric microlens array stamped on the hy-
drogel's surface leading to change the focal lenses of the microlenses,
and consequently the maximum transmitted/reflected power that was
correlated to the measured glucose concentration.

The prepared hydrogel sensor constrained on a glass substrate and
stamped with an asymmetric microlens array was examined in various
glucose concentrations (0-50 mM). The sensor was equilibrated in PBS
solution (pH 7.4, ionic strength 150 mM, 24 °C) for 2 h before testing. A
stock glucose solution (100 mM) was prepared in PBS buffer of pH 7.4
and diluted using the PBS solution to prepare the required glucose
concentrations. The sensor was submerged in glucose-free PBS buffer
solution (1 ml) and illuminated with a green laser (532 nm) and the
spatial profile of the transmitted power (SP,) was recorded as a re-
ference (Fig. 2a). The glucose-free PBS buffer was replaced with a
buffered glucose solution (1 ml, 5mM), and the SPTP was recorded
after 15 min. The low glucose concentration (5 mM) was replaced with
a higher concentration (10 mM) and the reading was recorded after
15 min, and this protocol was repeated until reaching 50 mM. The re-
corded SP; for the sensor in various glucose concentrations presented
Gaussian shape profiles and the forward scattering angles decreased
with increasing glucose concentrations. The diffused light formed a spot
having smaller diameter on the screen, increasing the maximum optical
transmitted power (P,) with glucose concentration (Fig. 2b). The P,
readings as a practical readout method were utilized to monitor the
glucose concentrations. The sensor's response saturated with increasing
glucose concentration; however, it presented a linear response within
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the range of 0-20 mM, which had a correlation coefficient, R* of 0.99
(Fig. 2c). The P, increased from 79.4 to 86.7 yW when glucose con-
centration increased from 0 to 10 mM, and reached 99 pW when glu-
cose concentration increased to 50 mM. To confirm the working prin-
ciple, the surface morphology of the hydrogel sensor was investigated
under the optical microscope while the sensor was submerged in glu-
cose-free PBS buffer and PBS buffer of 50 mM glucose concentration.
Upon glucose-boron complexation, the sensor swelled in z-direction
only as it was constrained on the glass slide. Consequently, the curva-
ture of the imprinted microlenses became flatter (supplementary file,
Fig. 3a and b). The surface profile analysis showed that the depth of the
microlens array was higher under glucose-free condition as compared
to the surface's depth in glucose condition (Supplementary file, Fig. 3c).
Again, the hydrogel sensor was examined for glucose sensing, but in
this test, the sensor was illuminated by a broadband white light beam
and the output signals, the maxima transmitted illuminance (L,), were
measured by a smartphone (Fig. 2d). Thirdly, the sensor was inter-
rogated in the reflection configuration as the sensor was illuminated by
a monochromatic light (532nm) at an incident angle of 45° and the
maximum reflected powers (P,) of the diffused beam were collected
using an optical power meter (Fig. 2d). The ambient light sensor of a
smartphone was utilized to record the output signals to demonstrate the
compatibility and the simplicity of the readout process. The readout for
the glucose-free buffer was 60 lux and jumped up to 69 upon increasing
glucose concentrating from 0 to 20 mM and reached to 75 lux at 50 mM
(Fig. 2e). The relationship of the glucose concentration against the
sensor's output signal was consistent with the experiment carried out
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Fig. 2. Quantification of glucose concentration by the hydrogel sensor. (a)
Schematic of the setup for recording glucose concentrations in the transmission
mode. (b) The profile of the optical transmitted power passing through the
sensor against glucose concentrations when the sensor was illuminated by a
green laser (532nm). (c) P, of the sensor at various glucose concentrations
(0-50 mM). The inset shows the glucose range of 0-20 mM. (d) Schematic of the
setup utilized for interrogating the glucose sensor in the reflection mode. (e)
The maximum transmitted illuminance (L) of the sensor versus glucose con-
centrations while the sensor was illuminated by the broadband white light
beam, and the illuminance was recorded by an ambient light sensor of a
smartphone. (f) The P, of the hydrogel sensor for various glucose concentrations
captured in reflection mode. The inset shows the glucose concentrations range
of 0-20 mM. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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using the monochromatic light and the optical power meter (Fig. 2c).
The sensor's response was linear for glucose concentration range of
0-20 mM with a correlation coefficient, R? of 0.99 and saturated at high
glucose concentrations. The hydrogel sensor consistently detected glu-
cose concentrations whether it was illuminated by a monochromatic
light or a broadband white light and this is due to the ability of the
microlenses array to control the beam shape of the monochromatic and
white light. In reflection configuration, the P, increased with glucose
concentration because of the positive volumetric shift of the hydrogel
sensor, decreasing the curvature of the microlenses and consequently
the light diffusion efficiency of the sensor (Fig. 2f). The sensor behavior
was consistent with the experiments that were carried out in the
transmission mode (Fig. 2c). The P, increased from 2.6 uyW to 3.33 uyW
upon increasing glucose concentration to 20mM and reached
3.88 uW at 50 mM (Fig. 2f). The sensor's output signals saturated at a
high glucose concentration (30 mM) and the correlation coefficient had
a linear relationship (R? = 0.99) for glucose concentration within the
range 0-20 mM.

For in vivo or remote glucose sensing applications, the hydrogel
sensor was attached to the tip of a multimode silica fiber having a
diameter of 500 um. The silica fiber with the functionalized tip was
utilized for glucose detection in vitro in both transmission and reflection
configurations. In the transmission mode, the fiber was coupled with a
monochromatic light source (532 nm) and the output signals (P,) were
recorded by either an optical power meter or a smartphone (Fig. 3a).
Optical microscopy images of the fiber's cross-section and photos of the
functionalized fiber illuminated by different monochromatic light
sources (Fig. 3b—d). The fabrication process of the functionalized silica
fiber including preparing the hydrogel matrix, functionalizing the hy-
drogel with 3-APBA, imprinting the asymmetric microlens array and
attaching the hydrogel sensor to the fiber's tip was carried out in one
stage lasting 5 min (Fig. 1b). This facile and rapid fabrication approach
is one of the great advantages of the developed sensor as compared to
other fiber optic probes such as fluorescent and SPR based probes. For
instance, the preparation of the fluorescent glucose sensor requires
multiple reaction stages and time-consuming synthesis and purification
(Veetil et al., 2010). On the other side, the fabrication of the SPR fiber
probes is complicated and requires many steps: pretreatment of the
optical fiber, decladding, depositing the metal thin layer, immobilizing
the glucose sensitive layer (Li et al., 2015b; Srivastava et al., 2012;
Singh and Gupta, 2013).

The fiber probe was tested in glucose concentration range of
0-50 mM and the P, for each concentration over time were recorded at
24 °C (Fig. 3e). When glucose concentration was increased, the fiber's
output signal (P,) increased, showing a linear trend with a correlation
coefficient R? of 0.99 for glucose concentration range of 5-20 mM.
Upon increasing glucose concentration from 0 to 20 mM, P, surged
48 uW, from 602 to 650 uW (Fig. 3f). For high glucose concentrations
from 20 to 50 mM, the P, increased 30 uW, indicating declined sensi-
tivity. The 8.3% when glucose concentration increased from 0 to 20 mM
as compared to 7% change over the glucose concentration range of
0-100 mM for previously developed fiber probes (Yetisen et al., 2017).
The optical fiber was coupled with a green laser and was re-inter-
rogated for glucose sensing; however, in this test, a smartphone was
employed to measure the output signals. The maximum transmitted
illuminance (L,) increased by 69 Lux, from 929 to 998 Lux with in-
creasing glucose concentration from 0 to 20 mM; however, the growth
of the output signal was 49 Lux when glucose concentration increased
from 20 to 50 mM (Fig. 3g). The trend of the recorded L. against the
glucose concentrations was comparable to results recorded by the op-
tical power meter. The fiber probe's response was linear for glucose
concentration range of 5-20 mM with a correlation coefficient R? of
0.99 and the sensitivity declined at high concentrations as the sensor
saturated. To test the feasibility of utilizing the broadband white light
for sensing as it is safer than laser for human body implantation sensing,
the functionalized fiber was coupled with a broadband white light
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Fig. 3. Detection of glucose with functionalized si-
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source and re-examined for glucose concentrations within the range of
0-50 mM and the readout was collected by a smartphone and an optical
power meter (Fig. 3h and i). The trends of the output signals from the
fiber probe immersed in various glucose concentrations were compar-
able whether the output signals were recorded by the smartphone or the
optical power meter. The probe's response decreased at high con-
centrations and below 30 mM, the response was linear with a correla-
tion sensor's saturation at high glucose concentrations might be at-
tributed to the limited available boronate binding sites and the reduced
elasticity of the hydrogel matrix that competed against the volumetric
swelling process (Elsherif et al., 2018a). The fiber probe interrogation
results matched with the previous experiments carried out when the
hydrogel glucose sensor was constrained on a glass substrate. The fiber
sensitivity was 2.6 yWmM ™! in the most significant glucose con-
centration range (5-20 mM), calculated using the slope of the linear fit.
The output signal of the optical fiber shifted by coefficient R* of 0.99.
Advantageously, the probe's response to glucose concentrations was
similar whether the coupled light source was a broadband white light or
a monochromatic light source, and the smartphone was successfully
employed for readouts and showed a reliable response. The readout
methodology was simple and low cost whether the output signal was
recorded by a power meter or a smartphone and this one of the main
advantages of the developed fiber probe as compared to the previous
reposted glucose probes (Yetisen et al., 2017; Li et al., 2015a; Tierney
et al., 2009). For instance, interferometric, fluorescent, and SPR fiber
probes require processing of the output signal and high-cost instru-
ments such as spectrophotometers and fluorometers for readout (Li
et al., 2015b; Tierney et al., 2009).

The functionalized silica fiber was also tested for glucose sensing
within the concentration range of 0-50 mM, but this time in the re-
flection configuration, which is the desired mode for in vivo glucose
sensing. In the reflection configuration, a three terminal coupler 2 x 1

Concentration (mM)
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was utilized to connect the fiber with the white light source and the
optical power meter (Fig. 4a). The fiber was submerged in the glucose
solution (1 ml) and the optical reflected power (P,) was recorded by the
power meter. Upon swelling of the hydrogel sensor fixed at the fiber's
tip, the P, guided in the optical fiber increased (Fig. 4b). In the re-
flection mode, the behavior of the output signal against glucose con-
centrations was comparable to the measurements in the transmission
mode as the fiber response was linear within the concentration range of
0-20 mM with a correlation coefficient R* of 0.99, and the sensitivity
decreased significantly above 20 mM. The optical reflected power was
318 nW for the glucose-free PBS buffer and increased to 338 nW at
20 mM concentration with a sensitivity of 1 nWmM ™! in this glucose
range. For the high glucose concentration range of 20-50 mM, the
output signal recorded an increment of 13 nW.

The swelling dynamics of the fiber probe was studied at a constant
glucose concentration (10 mM) as the P, was recorded over time. Upon
exposure of the fiber to the glucose solution, the binding equilibrium
(glucose-boron complexation) saturated within 15 min and the response
time was 30s (Fig. 4c). This equilibrium time was one-third of the re-
sponse times reported in previous studies, where the saturation time for
the 3-APBA-modified optical fiber was 45 min (Yetisen et al., 2017). For
the diabetic patients, the readout rate required for monitoring glucose
concentration is 0.078 mM-min~?, and the proposed probe provided a
readout rate of 0.66 mM min~!, which is 8-fold higher than the re-
quired speed (Yetisen et al., 2017). The stability and reusability of the
functionalized silica fiber were investigated by detecting the response
of the fiber in four complete and continuous cycles (Fig. 4d). The
probe's response for 10 mM glucose concentration was monitored for
15 min, followed by a reset using an acetate buffer (pH 4.6) for ~10s,
and maintained in PBS for 15 min buffer before commencing the next
cycle. When the fiber was immersed in buffer at pH 4.6, the hydrogel
attached sensor shrank due to the decrease in the pH below the
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Fig. 4. The functionalized silica fiber used for glucose sensing in reflection
mode. (a) Schematic of the setup utilized for interrogating the functionalized
fiber in the reflection configuration. (b) The optical reflected power versus the
glucose concentrations while the fiber coupled with a white light source and the
output signal was captured by an optical power meter. (c) The maximum
transmitted power of the functionalized fiber over time at 10 mM glucose
concentration. (d) The fiber's output signal versus time at a glucose concentra-
tion of 10 mM for four cyles as the green laser laser pointer coupled with the
fiber and the readings were recorded in transmission mode, the fiber was reset
in acetate buffer (pH 4.6), and the transmitted power baseline was 611 + 1pW
and increased to 623 + 1 pW. (e) The lactate and glucose concentrations versus
the P, at human body temperature, 37 °C, the test was carried out in the
transmission mode. (f) The solution's pH against the fiber's output signal re-
corded in the transmission mode. (g) The solution’ temperature versus the fiber's
output signals, the test was carried out in the transmission mode. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

apparent pK, value of the glucose-responsive hydrogel as the charged
tetrahedral state of the 3-APBA transformed to uncharged trigonal
planar form releasing the bound glucose molecules (Yetisen et al.,
2017). Upon immersing the functionalized tip into the PBS buffer of pH
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7.4, the attached hydrogel returned to it is original volume, and con-
sequently the asymmetric microlens array was reset to its original
geometry. These results are significant as the functionalized fiber ex-
hibited reusability with limited hysteresis and had comparable sensi-
tivity for each cycle. The boronic acids bind to cis-diol containing mo-
lecules and o-hydroxy acids. Fructose and galactose are
monosaccharides present in human blood at low concentrations
(< 0.1 mM)_ (James et al., 1994; Kabilan et al., 2005). In addition,
there are many other sugars in blood in the form of glycoproteins and
macromolecular carbohydrates; however, they are not expected to
significantly interfere with the probe's response as they may not diffuse
into the hydrogel matrix and bind to PBA groups because of their large
molecular sizes (Kabilan et al., 2005). Thus, the glucose selectivity
during in vivo sensing was expected to be minimal; however, lactate is
present in blood at a concentration of 0.36-0.75 mM in healthy adults
and has a high affinity to bind with phenylboronic acid by its a-hydroxy
group (Yetisen et al., 2017). Hence, the potential interference of lactate
on the probe's response was interrogated (Fig. 4e). The lactate solutions
were prepared in PBS buffer (pH 7.4) and the probe's response for
lactate and glucose were recorded separately at human body tem-
perature (37 °C) to determine the potential interference of lactate under
the physiological conditions. The recorded output signals (P,) of the
fiber probe shifted significantly at high lactate concentrations, but
subtly any response was recorded at low lactate concentrations
(1.0 mM). On the contrary, the output signal of the fiber considerably
shifted at low glucose concentrations within the physiological range
(4.0-8.0 mM) and the fiber response saturated at higher concentrations
(Boeckxstaens et al., 1997; Thomé-Duret et al., 1996). At a lactate
concentration of 5.0 mM, the output signal increased by 1.2% over
15 min as compared to 4% increase for the same concentration of glu-
cose in the same interval. Therefore, the interference of the lactate
according to its concentrations in blood would be 0.08%-0.17%.
However, the small molecular weight (Mw: 90 gmol~') of lactate
molecule accelerated its diffusion into the hydrogel matrix and its high
affinity to bind with the pendant phenylboronic acid, it has a limited
potential interference in the fiber's response (Yetisen et al., 2017;
Bajgrowicz-Cieslak et al., 2017).

The effect of pH on the probe's response was examined as the probe
was submerged in various pH solutions of same ionic strength
(150 mM) at 24 °C and the P, was recorded (Fig. 4f). Increasing the pH
induced a positive volumetric shift leading to an increment of the re-
corded P,. Hence, the fiber probe's response for glucose detection de-
pends on the pH of the solution. The measured P; increased significantly
starting from pH 6, which was due to swelling of the attached hydrogel
sensor, caused by the increase in the anionic boronate ions in the hy-
drogel network. Decreasing the pH below 6 slightly shifted the output
signal, indicating a tenuous growth in the anionic boronate ions, con-
sistent with the previous studies (Zhang et al., 2013). Furthermore, the
effect of temperature on the fiber probe's response was investigated
within the range of 10-45 °C. Raising the solution's temperature in-
duced shrinkage of the glucose-responsive hydrogel, enhancing the
curvature of the imprinted microlenses, and consequently the output
signal decreased. Within the temperature range of 20-35 °C, the fiber
probe's signal slightly shifted, but the output signals considerably
changed below 20 °C and above 35 °C. The output signal shifted by 2%
when the temperature increased from 10 to 20°C, 0.5% within
20-35°C, and 3.6% when the temperature increased to 45 °C (Fig. 4g).
The fiber's response to glucose should be calibrated at physiological
conditions to avoid the temperature and pH interferences.

Silica fibers are not compatible with biological tissues to be im-
plemented for in vivo sensing as they cause inflammation at the im-
planted sites and discomfort to patients. Therefore, a biocompatible
hydrogel fiber was fabricated to replace the silica fiber. A biocompa-
tible polymer, polyethylene glycol diacrylate (PEGDA) was utilized to
fabricate hydrogel fibers because PEGDA hydrogel counters the ad-
sorption of proteins such as fibrinogen, albumin, and fibronectin that
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Fig. 5. Hydrogel optical fiber sensors. (a)
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host the inflammatory cell interactions. Initially, polymerized PEGDA
cubes of 1 cm side length were prepared at precursor concentrations of
5-90 vol% to determine the optimum concentrations for fabricating the
hydrogel fiber (Fig. 5a). The hydrogel attenuation for monochromatic
light (532 and 650 nm), and broadband white light were investigated.
For monochromatic and white light, increasing the PEGDA concentra-
tion from 5 to 60 vol% considerably reduced the light attenuation, and
above 60vol% a slight change was detected (Fig. 5b and c). For
monochromatic light, the attenuation was 22 dB cm ™! at the precursor
concentration of 10vol% and decreased to ~1 dBecm™! when the
precursor concentration reached 50 vol%. The attenuation decreased to
~0.4dB cm ™! with increasing the precursor concentration to 90 vol%.
These results confirmed that the optical properties of the PEGDA hy-
drogel depended on the precursor concentration which is consistent
with the previous studies (Choi et al., 2015). The attenuation of the
broadband white light measurements showed higher attenuation for
short wavelengths besides the significant dependence of the attenuation
on the precursor concentration. Considering the mechanical and optical
properties, the hydrogel fiber was made of PEGDA precursor con-
centration of 60 vol%. The tip of the hydrogel optical fiber was func-
tionalized with the glucose-responsive hydrogel as in the case of the
silica fiber. The hydrogel fiber with a length of 5 cm and a diameter of
950 um, was coupled with a broadband white light source and an op-
tical power meter by the 2 x 1 coupler. The functionalized hydrogel
fiber probe was interrogated for glucose sensing in the reflection mode
and the readings were recorded after 15min for each glucose con-
centration. The output signal increased by 17 nW within the glucose
concentrations range of 0-20mM and by 10nW upon glucose con-
centration change from 20 to 50 mM, presenting analogous response to
the functionalized silica fiber (Fig. 5d). The trend of the output signal

20 30 40 50

Concentration (mM)
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was linear for the glucose concentration range of 0-20 mM and above
this concentration the sensitivity decreased considerably. Notably, the
sensitivity of the hydrogel fiber probe was less than the silica fiber
which might be attributed to the higher light loss in the hydrogel fiber
as compared to the silica fiber, and this matter can be tackled by
cladding the hydrogel fiber with a low-refractive index material such as
calcium alginate (Yetisen et al., 2017).

4. Conclusion

We have developed optical fiber probes for continuous glucose
monitoring based on functionalizing the tips of a silica and a bio-
compatible hydrogel fibers. The functionalization process was carried
out during the photopolymerization of the glucose-responsive hydrogel.
The fabrication process of the fiber probe involved preparing the hy-
drogel, replicating the asymmetry microlens array, incorporating the 3-
(acrylamido)phenylboronic acid, and attaching the hydrogel sensor to
the fiber's tip, and was executed in 5min. The facile and rapid fabri-
cation process is one of the main advantages of the proposed fiber probe
for glucose sensing. The PEGDA hydrogel was utilized to fabricate the
biocompatible optical fiber that can potentially minimize the in-
flammation in the probe insertion site. The optical fiber's readout was
simple, practical, and low cost as it did not require data processing or
costly equipment. The output signals were recorded by either a
smartphone or an optical power meter, utilizing broadband white light
or monochromatic light sources for illuminating the probe. Glucose
quantification tests were attained in the transmission and reflection
configurations, and effect of pH and temperature on the fiber's response
also was examined. The silica fiber probe was highly sensitive and se-
lective for glucose than lactate within the physiological range as the
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interference of lactate was trivial (~0.1%). The developed probe pre-
sented significant optical, mechanical, and practical advantages than
their previous counterparts in terms of ease fabrication process, rapid
response, and practical readouts. Therefore, the developed probe may
find applications in vivo glucose monitoring systems at point-of-care and
intensive care units. To realize broader applications, the proposed fiber
probe can be functionalized with chelating agents and aptamers for
continuously sensing a wide range of biomolecules such as proteins,
DNA, and RNA in clinical samples.
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