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a  b  s  t  r  a  c  t

Currently,  the  implantable  enzyme  electrode  sensor  is  the  only  method  for  continuous  glucose  moni-
toring  in  clinical  applications,  but the significant  drift  caused  by  bioelectricity  in body  and  the  effect  of
electrochemical  reactions  under  hypoxia  reduce  the  accuracy  of  the  glucose  measurements.  Therefore,
finger-prick  blood  corrections  are  often  required  to calibrate  enzyme-based  glucose  sensors  several  times
each  day.  In  this  paper,  we  proposed  an  implantable  miniaturized  fiber  Attenuated  Total  Reflection  (ATR)
sensor  based  on  mid-infrared  spectroscopy  to overcome  the  two drawbacks.  A  single-loop  structure  of
fiber ATR  sensor  was  used  to  increase  the  effective  optical  length  to  enhance  the  sensitivity.  By  growing
silver  nanoparticles  (AgNPs)  on  the cylindrical  surface  of  the  fiber ATR  sensor  with  a chemical  silver  mir-
ror  method,  the  sensitivity  of the infrared  absorption  signal  was  further  enhanced.  In the  experiment,  the
ilver nanoparticles
urface enhanced IR absorption

fiber ATR  sensor  enhanced  by  AgNPs  combined  with  a  CO2 laser  showed  an  intense  absorption  signal  from
glucose,  with  enhancement  factors  of  two  to  six  folds  at different  absorption  wavenumbers  compared
with  the  bare  fiber  ATR  sensors.  The  prediction  of glucose  concentration  with  high accuracy  was  achieved
by  using  the  five-variable  partial  least-squares  model  yielding  a root-mean-square  error  of  prediction  as
small  as  4.45  mg/dL.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Diabetes mellitus is a common chronic disease that requires
o monitor blood glucose level continuously to provide guidance
or diagnosis and therapy [1–3]. Today the only method in clinic
or continuous glucose determination is the enzyme electrode
ensing technique, which is realized by measuring the enzyme
eaction electricity while the enzyme electrode is implanted in
ubcutaneous tissue. Some representative produ cts based on this
echnique include SEVEN® Plus (DexCom, Inc.) [4], Paradigm®

EAL-Time (Medtronic, Inc.) [5,6], FreeStyle Navigator® (Abbott
aboratories) [7], etc. However, two problems of the enzyme elec-
rode sensing technique need to be paid close attention: (1) The
lucose concentration is determined by measuring the current gen-

rated by the enzymatic reactions when used with the enzyme
lectrode sensor. However, the change of potential in the biolog-
cal processes caused by electrochemical reactions under hypoxia

∗ Corresponding author. Room 407, Building 17, Tianjin University, 92 Weijin
oad, Tianjin 300072, China. Tel.: +86 22 27403916; fax: +86 22 27406726.

E-mail address: dchli@tju.edu.cn (D. Li).

ttp://dx.doi.org/10.1016/j.snb.2015.06.028
925-4005/© 2015 Elsevier B.V. All rights reserved.
in the body which is called bioelectricity, leads to significant signal
drift and reduces the glucose concentration measurement accu-
racy, especially for a long period of continuous glucose monitoring.
Consequently, it is necessary to take frequent finger prick blood
for calibration which causes additional pain and inconvenience for
the patient [8,9]. (2) The local glucose level is irreversibly depleted
by the glucose oxide enzyme, resulting in measurement inaccu-
racy at low glucose concentrations. Therefore it is more difficult to
find hypoglycemia in clinical treatment [10,11]. However, it is very
important to monitor hypoglycemia, which is potentially danger-
ous if not discovered in time.

The fiber-based technique provides an excellent approach to
fabricate miniaturized ATR sensors [12,13], which makes it possi-
ble to implant the sensor into subcutaneous tissue. Compared with
the enzyme electrode sensing technique, it is more suitable for
continuous glucose monitoring over long periods based on the two
following advantages. First, fiber sensing is based on optical signals
and the measurement is not affected by bioelectricity caused by

electrochemical reactions in the body; thus, the signal drift would
be reduced greatly and result are more accurate [14]. Second,
five emission wavenumbers around the glucose absorption peaks
were employed for glucose specific determination, as opposed to

dx.doi.org/10.1016/j.snb.2015.06.028
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2015.06.028&domain=pdf
mailto:dchli@tju.edu.cn
dx.doi.org/10.1016/j.snb.2015.06.028
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Fig. 1. Schematic diagram of implantable single-loop fiber ATR sensor.

pecificity of enzyme [15,16]; thus, no glucose was depleted during
he measurement. In this case, hypoglycemia will not be missed,
hich is very important for continuous glucose monitoring.
owever, the miniaturization of the fiber ATR sensor could bring
bout low sensitivity and resolution compared with traditional
rism-type ATR sensors. How to improve the sensitivity and
easurement resolution of the fiber ATR sensor is the key point

or its practical application in continuous glucose monitoring.
In this paper, a single-loop structure of fiber ATR sensor was  used

o increase the sensing optical length to enhance the sensitivity.
ilver has good biocompatibility, and in this paper, we  will fur-
her improve the sensitivity and measurement resolution of fiber
TR sensor with surface modification by AgNPs on the cylindrical
urface of fiber. There are many methods to grow nanoparticles
or different applications [17–24]. Vacuum evaporation [17,18]
nd sputtering [19,20] are two traditional dry process to grow
anoparticles, but these methods are limited on flat substrates and
ery difficult to apply on a cylindrical surface, especially on the
ylindrical surface of a single-loop fiber ATR sensor. Wet  chem-
cal processes offers some advantages over dry processes, such
s lower cost and easier operation during preparation [21–23]. A
eduction method as one type of wet chemical process has been
tudied to grow AgNPs on flat substrates of silver chloride; Silver
ons of the substrate that were dissolved in solution were reduced
y agents such as N2H4 and NaBH4 in the alkaline condition of
odium hydroxide[22]. Though AgNPs could be grown on the cylin-
rical surface of the fiber ATR sensor by this reduction method, the
urface of fiber might be partly corroded by the sodium hydroxide,
hich might lead to light leakage and the reduction of the mea-

urement resolution of fiber ATR sensor. In this paper, we grow
gNPs on the cylindrical surface of single-loop fiber ATR sensor by

 chemical silver mirror method to enhance the measurement sen-
itivity. The fiber ATR sensor enhanced by AgNPs was characterized
nd the experiment results show a strong enhancement compared
ith the bare fiber ATR sensor. Finally, a multivariable partial least-

quares model proved that a root-mean-square error of prediction
f multiple wavelengths is more accurate than one wavelength. We
lso found that the fiber ATR sensor enhanced by AgNPs has better
erformance than the bare ATR sensor. This work lies a technical
oundation for implantable glucose measurement by an optical ATR
ensor.

. Design of fiber ATR sensor

.1. Structure of implantable fiber ATR sensor

Fig. 1 shows the silver-nanoparticle-enhanced fiber ATR sensor

hat can be implanted into subcutaneous tissue for continuous glu-
ose determination in interstitial fluid (ISF) [25]. The components
f the interstitial fluid are simpler than the blood and many macro-
olecular substances in the blood have been filtered when the
Fig. 2. Normalized laser emission spectrum and absorption spectrum of glucose.

glucose molecules penetrates into the interstitial fluid from blood.
A cellulose acetate semi-permeable membrane with a selectable
molecular weight cut-off was used as a protective cover to sepa-
rate the implanted sensor from the tissue, further filter out large
biological molecules within the ISF and allow glucose molecules
to pass through [26]. The sensor was fabricated in three steps:
(1) the single-loop fiber ATR sensor; (2) the fabrication of silver
nanoparticles; (3) the biocompatible encapsulation of the sensor.

2.2. Specific determination of glucose using tunable laser

The fiber ATR sensor implements the optical measurement
based on the mid-IR spectrum of glucose. In our study we used
five wavenumbers around the two glucose strong absorption
peaks which was  emitted by the wavelength tunable CO2 laser
to eliminate or weaken the interference of other compositions in
interstitial fluid for the measurement of the glucose concentration
[27–29]. Several strong, prominent and isolated glucose absorp-
tion peaks in the “finger print” band distinguishes glucose from
other interfering species in human blood in vitro [30]. As there
are evident absorption peaks of glucose at five different wavenum-
bers (994 cm−1, 1035 cm−1, 1080 cm−1, 1107 cm−1,  1152 cm−1), the
wavenumbers emitted by the CO2 laser was selected over a range
of five (1081 cm−1, 1076 cm−1, 1051 cm−1, 1041 cm−1, 1037 cm−1)
by finely tuning the laser cavity. Furthermore, the five differ-
ent wavenumbers (1081 cm−1, 1076 cm−1, 1051 cm−1, 1041 cm−1,
1037 cm−1), approximating to the two  intense absorption peaks of
glucose at 1035 cm−1 and 1080 cm−1. Fig. 2 shows the normalized
laser emission spectrum and absorption spectrum of glucose. The
optical-based detection does not consume glucose, which is more
preponderant than the electrochemical detection. The new method
of using five wavenumbers effectively avoids the interferences from
other components when measuring the glucose concentration in
the interstitial fluid, providing a higher precision and sensitivity.

2.3. Increasement of optical length by single-loop structure

The silver halide polycrystalline infrared fibers are highly trans-
parent in the mid-infrared (mid-IR) range. In addition, they have
many desirable properties, such as flexibility, non-toxicity and
insolubility in water [31–33], which make them suitable to be
implantable ATR sensors. Multimode silver halide polycrystalline

infrared fibers with an outer diameter of 700 �m and a core diam-
eter of 630 �m (A.R.T. Photonics GmbH, Berlin, Germany) was  used
in this paper. The refractive index of the core and cladding were
ncore = 2.15 and nclad = 2.13, respectively. To make the implantable
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TR sensors small and highly sensitive, a single-loop structure of
TR sensor was used to reduce the volume but increase the sensing

ength compared with straight fiber ATR sensor. In this paper, the
adius of single-loop fiber ATR sensor was 2.5 mm,  which is conve-
ient for the experiment. The size of the single-loop sensor could
e further decreased upon implantation. Increasing the effective
ptical length of fiber-optic ATR sensor would augment the num-
ers of total reflection, which could directly improve its sensitivity
ccording to Lambert–Beer’s law. Therefore, the single-loop fiber
TR sensor is more sensitive than the conventional straight fiber
TR sensor.

.4. Enhancement of infrared molecules absorption by AgNPs

Silver nanoparticles are grown on the cylindrical surface of
 single-loop fiber ATR sensor to achieve the enhancement of
he infrared absorption signal as shown in Fig. 1B. The infrared
bsorption of glucose molecules would be more intense when
hey were adsorbed on AgNPs than what would be expected
rom conventional measurements without AgNPs [34]. The intense
nhancement was mainly contributed by the electromagnetic and
hemical mechanisms. The infrared absorption (A) may  be written
34] as (1)

 ∝
∣∣∂�/∂Q · E

∣∣2 =
∣∣∂�/∂Q

∣∣2∣∣E∣∣2
cos2 � (1)

here ∂�/∂Q is the derivative of the dipole moment with respect
o a normal coordinate Q, E is the electric field that excites the silver

olecule, and � is the angle between ∂�/∂Q and E. The electromag-
etic mechanism assumes an increase of the local electric field (E)
t the surface of the AgNPs [35,36]. On the other hand, the chemical

echanism assumes an increase of
∣∣∂�/∂Q

∣∣2
(i.e., the absorption

oefficient) due to the chemical interactions between the absorbed
lucose molecules and the surface of the nanoparticles [37,38].
herefore, the enhancement of the infrared absorption signal is
he collaborative result of both the electromagnetic and chemical

echanisms. However, it is difficult to grow AgNPs on the cylin-
rical surface of the single-loop fiber ATR sensor. In this paper, a
hemical silver mirror method was proposed to grow nanoparticles
n the cylindrical surface of the single-loop fiber ATR sensor.

. Fabrication of AgNPs on cylindrical surface of
ingle-loop fiber ATR sensor

.1. Growing method of AgNPs by chemical silver mirror

The chemical silver mirror method, one of the wet  chemical
ethods, is simple, highly reproducible and effective in prepar-

ng metallic nanoparticles [39,40]. Moreover, it is not limited to flat
ubstrates. In the chemical silver mirror method, glucose acts as a
educing agent to reduce silver ions of [Ag(NH3)2]OH. The reduction
f silver ions is expressed in the following equations:

gNO3 + NH3·H2O → NH4NO3 + AgOH

AgOH → Ag2O + H2O

g2O + 4NH3·H2O → 2[Ag(NH3)2]OH

H2OH(CHO)4CHO + 2[Ag(NH3)2]OH

→ CH2OH(CHO)4COONH4 + 2Ag ↓ + 3NH3·H2O (2)
As soon as the last step of reaction begins, the fiber ATR sensor
as placed into the solution and the Ag element was  deposited on

he spot of the sensor after the designated reaction time. As glucose
s B 220 (2015) 1033–1042 1035

and fiber materials are non-reactive, the sensor is only a point of
attachment for the silver nanoparticles. The morphologies of the
AgNPs could be controlled by varying the reaction conditions and
were examined by the scanning electron microscopy (SEM).

3.2. Chemicals

Silver nitrate (AgNO3), ammonia (NH3·H2O) and sodium
hydroxide (NaOH) were purchased from Jiangtian Chemical Tech-
nology Co., Ltd. (Tianjin, China). Peroxide (H2O2), ethanol (C2H5OH)
and glucose were purchased from Guangfusci Co. (Tianjin, China).
The fiber ATR sensors were purchased from A.R.T. Photonics GmbH
(Berlin, Germany). All chemicals were of analytical grade. Deionized
water was used for the preparation of all aqueous solutions.

3.3. Growing process of AgNPs on single-loop fiber ATR sensors

All of the glassware were cleaned in ethanol, peroxide and
deionized water; ultrasonicated for 15 min; and dried (70 ◦C for
30 min). The ammonia (2%) was  added slowly in different concen-
trations of silver nitrate solution (0.5%, 1%, 1.5% and 2%). The pH
value of the solution was measured and adjusted to 10 with a few
drops of sodium hydroxide. We  then added the glucose (10%) to
the silver ammonia solution; the dose of glucose depends on the
concentrations of silver nitrate. We put the fiber ATR sensor in the
solution. The reaction temperature was controlled by a water bath
at 60 ◦C; when the designated reaction time (30 s, 60 s, 90 s) was
finished, the fiber ATR sensor was removed from the solution and
soaked in deionized water for 2 min  to terminate the reaction. All
of the soluble particles were dissolved in deionized water. The SEM
observation was performed with an S-4800 microscope (Hitachi,
Japan). All of the experimental procedure was  processed in a dark
room to avoid the degradation of silver halide fiber.

3.4. Effect of different growing conditions on AgNPs

During the process of depositing AgNPs on the cylindrical sur-
face of the fiber ATR sensor, the distribution and the size of AgNPs
changed under different conditions and this size will eventually
affect the absorption signals of the glucose. The conditions that
affect the size are the concentration of silver nitrate and the reac-
tion time. To simplify the description of the system used, the fiber
ATR sensor conditions are denoted in the following manner: Pxtk, P
represents the concentration of silver nitrate by x%, t represents the
reaction time by k second. For example, P1%t60 represents fiber ATR
sensor prepared by 1% of silver nitrate in a reaction time of 60 s. The
size and distribution of AgNPs grown on the circumference surface
of fiber ATR sensor were preliminarily evaluated using scanning
electron microscope, and the resulting images are shown in Figs. 3.

(1) Effect of the concentration of silver nitrate.
Comparing Fig. 3A to D, it is clear that the AgNP size is larger

when the concentration of silver nitrate is higher, and it is also
easier to percolate. With a low concentration of silver nitrate,
the silver ions were too small to form the AgNPs. The AgNPs
are very small and few when the concentration of silver nitrate
is 0.5%, and the size of the AgNPs is 30–40 nm.  When the con-
centration of silver nitrate is increased to 1%, the AgNPs are
uniform and the size is approximately 50 nm.  When the con-
centration of silver nitrate is more than 1.5%, the AgNPs begin
to aggregate and the size of the AgNPs is 80–150 nm. At that con-

centration, the AgNPs are percolated, which would not yield as
large a glucose absorption signal as the following experimental
result would indicate.

(2) Effect of deposition time.
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Fig. 3. Effect of concentration of silver nitr

Comparing Fig. 4A to C, the size of AgNPs increases as the
reaction time of hot water bath increases, and the sizes of the
AgNPs are 45 nm,  50 nm and 100 nm when the reaction times
in the hot water bath are 30 s, 60 s and 90 s, respectively. We
can see that the reaction time of 60 s in the hot water bath is
most suitable to grow the AgNPs on the surface, as longer time
would lead to clustered AgNPs, which would not yield as large
an enhancement as the following experimental results would
indicate. During the process of the experiment, adding two drop
of ethanol will also make the AgNPs uniform and decrease the
percolation.

The absorption bands are distorted to derivative band shapes
hen the metals are percolated [18]. According to the results of

he experiment, the AgNPs are uniform with a size of 50 nm and
ewer cluster at the condition of P1%t60. SEM images suggest that

 higher concentration of silver nitrate and a longer reaction time
ould lead the AgNPs to be more easily percolated, which is not

avorable for high enhancement; therefore, we choose P1%t60 as the
ptimal conditions for the growth of the nanoparticles.

.5. The reproducibility of AgNPs by chemical silver mirror

It is a challenge to control the distribution and the size of AgNPs
y chemical deposition method. We  carried out a lot of experiments
o try to overcome this difficult. Finally, the uniform AgNPs with
ize of around 50 nm and almost without cluster were obtained
nder the optimal deposition conditions (P1%t60) by chemical silver
irror method. Fig. 5A and B are the SEM images of the AgNPs on
wo different silver halide infrared fibers in our experiments. As you
an see from Fig. 5, the distribution and size of the AgNPs on the two
ifferent fibers are similar which shows the good reproducibility of
gNPs gown by chemical deposition.
) P0.5%t60, (B) P1%t60, (C) P1.5%t60, (D) P2%t60.

4. Characterization of single-loop fiber ATR sensor
enhanced by AgNPs

4.1. Experimental system

Due to the operating principle of the CO2 laser, it is difficult to
tune the wavelength and stabilize the line frequency and power
simultaneously. But the stability of line frequency and power were
important to the accuracy of the glucose measurement in our
experiments. In our study, the wavelength tunable CO2 laser was
customized from Access Laser Co. in Washington in USA. The emis-
sion wavenumbers were tuned by linear motor to rotate a grating,
and the frequency and power of the tuned lines were stabilized
using a photoelectric detection feedback system and a piezo actu-
ator to modulate the cavity length [41]. In this study, the CO2 laser
achieved line tuning over the band of 9.19–9.77 �m; five emis-
sion wavenumbers around the glucose absorption peaks 1080 and
1035 cm−1, including 1081, 1076, 1051, 1041 and 1037 cm−1 were
selected as working wavenumbers for glucose specific determi-
nation [16]. The five wavenumbers between the two absorption
wavenumbers (1035 cm−1 and 1080 cm−1) could be tuned ran-
domly in the theory, but after lots of experiment we found that the
five wavenumbers (1081, 1076, 1051, 1041 and 1037 cm−1) which
we selected can achieve both high stability of line frequency and
power simultaneously compared to other wavenumbers. Because
water absorption peaks are not near these wavenumbers, water
absorption does not affect the measured values at these wavenum-
bers. All the operations were controlled by a control board with
LabVIEW software installed on a computer.

Concentrations of glucose from 5 to 500 mg/dL were used to
characterize the fiber ATR sensor with the optimized AgNPs. As

shown in Fig. 6, a dual path laser measurement set-up was estab-
lished for glucose determination using a tunable CO2 laser and
fiber ATR sensor. An infrared attenuator (Model 401, Lasnix, Berg,
Germany) was used to attenuate the high power of the laser
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Fig. 4. Effect of deposition time (A) P1%t30, (B) P1%t60, (C) P1%t90.

Fig. 5. Morphologies of the AgNPs on two different silver halide infrared fibers.
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Fig. 6. Schematic of the measurement system of both the bare fiber ATR sensor and the fiber ATR sensor with the optimized AgNPs.
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Fig. 7. Plot of absorbance for different single-

utput to a reasonable level. After being attenuated, the laser beam
as divided into dual paths by a Zinc Selenide (ZnSe) beam split-

er (BS) for both the reference optic path and sample optic path.
ach path’s incident laser beam was coupled into the reference and
ample detector (Det. R and Det. S) by the ZnSe lens. Two  infrared
etectors (LME-353, InfraTec GmbH, Dresden, Germany) were
atched with two lock-in amplifiers (SR830, Stanford Research

ystems, Inc., California, USA). The synchronous reference fre-
uency (750 Hz) was offered by the RF circuit of the laser system.
he lock-in signals of the dual paths were then recorded by a data
cquisition card synchronously.

The absorbance caused by the change of glucose can be
xpressed as following equation:
s = ln

(
us

b

us
g

)
+ ln

(
ur

g

ur
b

)
(3)
ber ATR sensors with different nanoparticles.

where u represents the lock-in amplified voltage, the superscripts
“s” and “r” represents the sample and reference paths, respectively,
and the subscripts “b” and “g” denote the background and glucose
solutions, respectively. A bare fiber ATR sensor was always used
as a control. In this experiment, a water solution was employed
as both the sample and background solution, and the transmission
intensities of the same solution were recorded at the five tuning
lengths.

4.2. Effect of different AgNPs for the performance of single-loop
fiber ATR sensors

To investigate the characteristic of the fiber ATR sensors

enhanced by AgNPs with different growing nanoparticles, a series
of different concentrations of glucose ranging from 5 to 500 mg/dL
were configured to characterize the enhancement based on the ATR
theory. Fig. 7 is a plot of the absorbance for different single-loop
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Fig. 8. Plot of absorbance for both the bare fiber ATR sensor (A) and

ber ATR sensors with AgNPs grown under different conditions.
he absorbance of the glucose based on the single-loop fiber ATR
ensors with AgNPs at P0.5%t60 have a little difference compared
ith the bare ATR sensors. With bigger and denser AgNPs, such as

he growing condition of at P1.5%t60 and P1%t30, the sensors have
ome enhancement compared with the bare one. However, the
erformance of the sensor decreased when the nanoparticles was
ercolated such as the growing condition of at P2%t60 and P1%t90, the

inearity and the repeatability of the sensor was  not very good at
he same time. Above all, the growing condition at P1%t60 was  con-
idered the optimum condition because it has the best performance
n Fig. 7. As the enhancement trends at each of the five wavenum-
ers are similar, here only the glucose measurement result of one
avenumbers was given.

.3. Characterization of single-loop fiber ATR sensors with

ptimized AgNPs

AgNPs were grown on the surface of single-loop fiber ATR sen-
ors under the optimum growing condition at P1%t60. Fig. 8 shows
ber ATR sensor with the optimized AgNPs (B) at five wavelengths.

the absorbance of glucose on both the bare fiber ATR sensor and the
fiber ATR sensor with the optimized AgNPs at five wavenumbers
combined with the set-up of the dual optical path. We can obtain
an approximate trend from Fig. 8 and Table 1. The absorbance of
glucose at very low concentrations, which have very weak sig-
nals, may  reach negative values due to the noise of CO2 laser
itself.

If the glucose concentration is altered by ıC and the correspond-
ing change in the absorbance of the fiber ATR sensor is ıA, then the
sensitivity of the fiber ATR sensor could be defined as(4)Sn = ıA

ıC
The enhancement factor is defined as the ratio of the sensitivity

of as-deposited AgNPs fiber ATR sensor to the sensitivity of the bare
fiber ATR sensor. As seen in Fig. 2, the absorbance of glucose was
different at different wavenumbers. According to Lambert–Beer’s
Law, under the wavenumber with strong absorbance, the change in
glucose concentration will bring larger change of the absorbance.

Therefore, the sensitivity depends on the wavenumbers. Five
wavenumbers around two  strong absorption peaks of glucose
(1035 cm−1 and 1080 cm−1) were selected to achieve high sensitiv-
ity and we didn’t choose the five wavenumbers between another



1040 D. Li et al. / Sensors and Actuators B 220 (2015) 1033–1042

Table  1
Characterization of single-loop fiber ATR sensors with AgNPs.

Bare/AgNPs Wavenumbers (cm−1)

1081 1076 1051 1041 1037

S 6.44E−5/3.10E−4 5.14E−5/1.90E−4 4.99E−5/1.14E−4 6.53E−5/1.41E−4 7.02E−5/3.95E−4
R2 0.987/0.995 0.982/0.989 0.983/0.988 0.985/0.990 0.997/0.992
DL(mg/dL) 24/7 24/9 23/8 25/8 24/7

S: The slope of the straight line in Fig. 8 and the sensitivity of the fiber ATR sensor. R2: The linearity of the line at each wavenumbers. DL: The detection limit of the fiber ATR
sensor.
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Fig. 9. Plot of the RMSEP value against the num

wo glucose absorption wavenumbers such as 1107 cm−1 and
152 cm−1.

From the table, we obtain three types of information: (1) The
ber ATR sensor with the optimized AgNPs improved the sensitivity
t different wavenumbers (1081, 1076, 1051, 1041 and 1037 cm−1)
ompared with the bare fiber ATR sensor. The estimated enhance-
ent factors at each of the five wavenumbers (1081, 1076, 1051,

041 and 1037 cm−1) were 4.81, 3.70, 2.28, 2.16 and 5.63, respec-
ively. These values were determined by calculating the sensitivity
f fiber ATR sensors. (2) The linearity of the as-deposited AgNPs
ber ATR sensor is as good as the bare fiber ATR sensor. Linear-

ty of both types of fiber ATR sensors are better than R2 ≥ 0.98. (3)
lucose solution with different concentrations from 5 to 40 mg/dL
ith 1 mg/dL intervals was used to characterize the detection limit

f the bare fiber ATR sensor and the fiber ATR sensor with the AgNPs
y experiments. And the detection limit for glucose of the fiber ATR
ensor was changed from 23 to 7 mg/dL by growing the AgNPs on
he surface of the fiber, which means that the measurement res-
lution of the fiber ATR sensor is greatly improved. All of above
ould confirm that the as-deposited AgNPs fiber ATR sensor shows a
igher enhancement capacity at the optimal condition by chemical
ilver mirror method than conventional measurements.

.4. Evaluation of fiber ATR sensor for glucose measurement

The calibration was carried out by a partial least-squares (PLS)
lgorithm with spectral data from the five wavelengths, and a cross-

alidation was performed to optimize the PLS model. According to
he spectral analysis, a single wavelength is not enough to deter-

ine one analyte using a discrete wavelength spectrometer. At
east 3–5 working wavelengths are needed for the stability of the
f wavelengths by cross-validation PLS model.

prediction mode to determine one analyte. The prediction quality
of the PLS mode was  compared for various variable wavelength
numbers using the root-mean-square error of prediction (RMSEP).
Fig. 9 shows that the RMSEP decreases sharply with the increasing
wavelengths by cross-validation of the PLS model. The best perfor-
mance of the ATR sensor enhanced by AgNPs was achieved with the
five-wavelength PLS model yielding a RMSEP that was smaller than
the bare fiber ATR sensor. The best prediction of glucose concen-
tration was achieved using the five-variable partial least-squares
model yielding a root-mean-square error of prediction as small
as 4.45 mg/dL based on the as-deposited AgNPs fiber ATR sensor,
which is clinically acceptable [30].

5. Conclusion

In this study, we  proposed a miniaturized implantable fiber ATR
sensor for continuous glucose determination that could reduce the
signal drift and overcome the difficulty of hypoglycemia detection
compared with the enzyme electrode sensing technique. A single-
loop structure was used to increase the effective optical length
to enhance the sensitivity of the optical ATR sensor. AgNPs were
grown on the cylindrical surface of the single-loop fiber ATR sen-
sor by the chemical silver mirror method to further improve the
measurement resolution. A dual optical laser measurement set-
up was presented to characterize the ATR sensor enhanced by
AgNPs and bare fiber ATR sensor by measuring the concentra-
tions of glucose. Experimental results show that the ATR sensor

enhanced by AgNPs at the optimum condition possessed a bet-
ter sensitivity compared with the bare fiber ATR sensor, with an
enhancement factor between 2 and 6 times at different glucose
absorption wavenumbers. The detection limit of the ATR sensor
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nhanced by AgNPs was as low as 7 mg/dL, which is suitable for
ontinuous glucose monitoring in clinical applications. A multivari-
ble partial least-squares model was used to calibrate the spectral
ata for the five wavenumbers, which shows the advantage of as-
eposited AgNPs sensor over the bare ATR sensor. The proposed
ber ATR sensor has already been miniaturized in our study for

mplantable application. But the fiber ATR sensor needs to be con-
ected to a spectrometer out of body to process the data. The
pectrometer is still a little bigger. However, the miniaturization
f spectrometer is ongoing and it is also a hot research field in
ecent years. The instrument of ATR glucose sensing will become
ortable soon with miniaturized fiber ATR sensor and miniaturized
pectrometer together for long time continuous glucose monitoring
n the near future. Therefore, future studies will further investi-
ate the biocompatible encapsulation of the fiber ATR sensor using
iological materials through animal experiments.
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