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a  b  s  t  r  a  c  t

A  novel  surface  plasmon  resonance  (SPR)  sensor  bound  to  the borate  polymer  PAA-ran-PAAPBA  through
a  layer-by-layer  method  was  proposed  for the  determination  of  glucose  concentration.  In  contrast  to
the  enzyme  electrode  sensor,  the  use  of optical  refractive  index  sensing  to detect  glucose  concentration
eliminates  the  measurement  drift caused  by bioelectricity  when  the  sensor  is  implanted  into  subcuta-
neous  tissue;  in  addition,  a  borate  polymer  was  used  to  replace  the  glucose  oxidase  (GOD)  enzyme  and
it does  not  consume  the glucose  molecule  during  measurement  through  the  affinity  reaction  between
the  polymer  and  glucose.  In this  study,  the layer-by-layer  self-assembly  method  was used  to  immobilize
the  borate  polymer  on  the  surface  of  the SPR  sensor.  The  effects  of the number  of  layers  are  discussed  in
the  manuscript,  and  the regenerability,  reproducibility,  and  stability  of  the  SPR  sensor  were  evaluated.
Almost  all  of the  studies  are  performed  under  specific  alkaline  conditions  (usually  close  to or  higher
ayer-by-layer self-assembly than  the  pKa  of PBA).  And  for the future  application  in  vivo,  we  further  investigated  glucose  detection
at physiological  conditions.  The  measurement  resolution  of the  sensor  bound  to  12  polymer  layers  at
physiological  conditions  was  1  mg/dL,  and  the  R-squared  value  of the  glucose  concentration-�RU fitting
curve  within  1–1000  mg/dL  was  as  high  as  0.998,  which  indicates  that this measurement  may  form  the
foundation  of  an  implantable  device  for the  continuous  measurement  of glucose  concentration.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Continuous blood glucose monitoring provides guidance for
iagnosis and therapy [1]. The concentration of glucose in the blood

s closely correlated to that in interstitial fluid [2–8]. Currently,
he only technique available for continuous glucose monitoring in
linical applications involves the implantation of an enzyme elec-
rode sensor under the skin to detect the concentration of glucose
n interstitial fluid through an electrochemical method. However,
ince the enzyme electrode sensor detects the change of electric
urrent caused by the reaction between the glucose oxidase (GOD)
nzyme and the glucose, the bioelectricity of the human body may
auses the drift during the measurement; thus, finger-prick blood
ollection is required to calibrate the sensor several times each day.
n addition, the reaction between the enzyme electrode sensor and

lucose is not reversible, which means that the consumption of
lucose cannot be avoided during the measurement, and this effect
annot be ignored, particularly in cases of hypoglycemia [9].

∗ Corresponding author. Tel.: +86 022 27403916; fax: +86 022 27404209.
E-mail address: dchli@tju.edu.cn (D. Li).

ttp://dx.doi.org/10.1016/j.sna.2014.10.039
924-4247/© 2014 Elsevier B.V. All rights reserved.
A new glucose affinity measurement method based on a surface
plasmon resonance (SPR) sensor with the borate polymer PAA-ran-
PAAPBA [10] is proposed in this paper. The SPR sensor detects the
differences in the refractive index of glucose solutions of different
concentrations flowing over the surface of the sensor; therefore,
this optical sensing method is not affected by the bioelectricity of
the human body when the SPR sensor is implanted into subcu-
taneous tissue for continuous glucose monitoring. Moreover, the
concentrations of any components in the interstitial fluid would
affect the change in the refractive index, which means measure-
ment result will be affected by all the components in the interstitial
fluid. Therefore, the borate polymer PAA-ran-PAAPBA, which can
specifically adsorb glucose molecules, is immobilized on the sur-
face of the SPR sensor to replace GOD. The affinity reaction between
the polymer and glucose molecules is reversible, which means that
the molecules will bind to the polymer at high glucose concen-
trations and this bond will break at low glucose concentrations.
This reversible binding to the borate polymer stands in contrast to

the consumption of glucose observed during measurements with
enzyme electrode sensors [11].

The binding materials that are most commonly used to specifi-
cally adsorb glucose to SPR sensors are concanavalin (Con A) [12,13]

dx.doi.org/10.1016/j.sna.2014.10.039
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
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ig. 1. Measurement principles underlying the use of the SPR sensor for the detec-
ion of glucose molecules.

nd d-galactose/d-glucose binding protein (GGBP) [14–16]. Due
o its immunogenicity and cytotoxicity, Con A is not suitable for
mplantable medical devices. The GGBP protein is inherently unsta-
le, which makes it difficult for a sensor based on this protein to
perate for a long time; furthermore, the binding of the protein
ia covalent bonds is complex. Indeed, the flow velocity, temper-
ture, and preparation of the protein affect its binding properties
17,18] and only single layer of GGBP could be bound to the sur-
ace of the sensor. The borate polymer was introduced in the SPR
ensing by our group, and this polymer has no immunogenicity
r cytotoxicity, and its physical and chemical properties are stable
10], which extends the life of the SPR sensor based on this poly-

er. In this study, this borate polymer was bound to the surface of
 sensor through layer-by-layer self-assembly method. This tech-
ology exhibits high reliability, making it possible to control the
umber of borate polymer layers and enabling the improvement of
he measurement range and resolution of the SPR sensor.

. Glucose measurement method by surface plasmon
esonance

In this paper, the standard glucose solutions of different con-
entrations were used as standard to evaluate the accuracy and
alidation of the SPR sensor. Glucose solutions of known concen-
rations were sequentially injected through the surface of the SPR
ensor without the borate polymer and the sensor bound with
ix or twelve layers of borate polymer. The effects of the number
f layers are discussed in the manuscript, and the regenerability,
eproducibility, and stability characteristics of the SPR sensor were
valuated. Almost all of the studies are performed under specific
lkaline conditions (usually close to or higher than the pKa of PBA).
nd for the future application in vivo, we further investigated glu-
ose detection at physiological conditions.

.1. Measurement principle of surface plasmon resonance

As shown in Fig. 1, the total internal reflection occurs when an
ncident beam of p-polarized light of a given wavelength strikes
he interface between the prism and metal over the angle of total
eflection through a prism. Under such conditions, part of the polar-
zed light continues propagating in the form of an evanescent wave,
hich is parallel to the mental dielectric interface. When the wave
ector of the evanescent wave (Kx) matches that of the surface
lasmon wave (SPW) in the metallic film (Ksp), surface plasmon
esonance occurs, and the associated optical electric field decays
Fig. 2. Reaction of boric acid and water.

exponentially with distance from the surface. The incident angle at
this moment is called the SPR angle (�spr).

The wave vector Kx of the horizontal component of the p-
polarized light is

Kx = 2�

�
εp sin (�) (1)

The wave vector Ksp of the surface plasmon resonance is

Ksp = 2�

�

√
εnεo

εm + εo
(2)

The SPR angle is

�spr = arcsin (Re
√

εoεm/(ε0 + εm)/
√

εp) (3)

where � is the incident wavelength, and εp, εm, and εo represent
the dielectric constants of the prism, gold film, and glucose solution,
respectively [19,20].

According to the Maxwell equations, the velocity of light is

v = 1√
ε�

= 1√
ε0�0

· 1√
εr�r

= c√
εr�r

= c

n
(4)

Thus the relation between the refractive index and the dielectric
constant is

n = √
εr�r (5)

where c is the speed of light in vacuum, � is the medium’s perme-
ability, ε is the medium’s dielectric constant, �0 is the permeability
in vacuum, ε0 is the dielectric constant in vacuum, �r is the
medium’s relative permeability, and the εr is the medium’s relative
dielectric constant.

Based on the relationship between the refractive index and the
glucose concentration, from Eq. (5) the glucose concentration can
be obtained through the change in the dielectric constant, which
can be calculated by the SPR angle [21]. In this study, 6 and 12
polymer layers were bound to a gold film, which could adsorb glu-
cose molecules when a glucose solution was passed through the
surface of the SPR sensor. Compared with the enzyme electrode
sensor, which detects changes in electric current, the SPR sensor
uses optical refractive index sensing to detect the glucose con-
centration, which eliminates the effects of bioelectricity when the
sensor is implanted under the skin and results in high-precision
measurements [19,20].

2.2. Affinity reaction between the borate polymer and glucose

As shown in Fig. 2, boric acid in aqueous exists in equilibrium
between its uncharged normal state and its negatively charged
dissociated state, and the percentage of the anionic state in the
solution can be increased by increasing the solution pH because
the pKa of PBA is 8.8[22]. Fig. 3 shows the condensation reac-
tion between the borate polymer and glucose. As shown, glucose
will bind to the borate polymer to form boronate ester reversibly
which depends on the concentration of glucose and the pH of the
solution, because only tetrahedral anionic boric acid can form a

stable complex with diols-containing targets [22]. Therefore, as
the more glucose or the higher pH is present in the solution, the
more PBA-glucose compounds form. In contrast, as the boronate
ester bonding is reversible, PBA-glucose compounds disassociated
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Fig. 3. Reaction of the borate polymer and glucose.
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occurs at the interface of the prism and gold film at the SPR angle.
Fig. 4. Process used t

hrough decreasing the glucose concentration or pH of solution.
hus, no glucose is consumed, and the SPR sensor exhibits good
egenerability [17,18].

.3. Binding process of the borate polymer

In this study, the borate polymer was bound to a gold surface
hrough layer-by-layer self-assembly method, which uses weak
nteractions as the driving force for depositing multiple layers of
lm [23–25]. Compared to the use of a covalent bond for protein
inding, electrostatic adsorption is easier to achieve. In particular,
his method makes it possible to control the layers of the borate
olymer, and as a result, the measurement range and resolution
f the SPR sensor can be adjusted. The references [17–20] explain
he details about the physics and chemistry behind the layer-by-
ayer self-assembly method. The reaction films were assembled as
ollows:

1) Pretreatment
The gold surface of the SPR sensor was immersed in a solution

(1:1:5 mixture of ammonia, H2O2, and H2O) at 75 ◦C for 15 min,
rinsed with excess ultrapure water, dried with nitrogen, and
prepared for assembly.

2) Reagents
The dipping concentration of the polyelectrolytes was

1 mg/mL  for Poly (diallyldimethylammonium chloride)
(PDDA, MW = ∼200,000–350,000 Da) and poly(sodium 4-
styrene sulfonate) (PSS, MW = 70,000 Da) were purchased
from Sigma–Aldrich Co with 0.25 M NaCl for each. The borate
polymer was synthesized as reported [10] was dissolved in a
0.01 M NaH2PO4 solution (pH 4.8), and the final concentration
in the solution with 0.25 M NaCl was 0.1 mg/mL.

3) Assembly
(a) The gold surface was dipped into the PDDA solution for

10 min, rinsed with ultrapure water to remove excess polyca-

tions and dried with nitrogen. (b) The sensor’s gold surface was
subsequently dipped into the PSS solution for 10 min, rinsed
with ultrapure water, and dried with nitrogen as described
above. Steps (a) and (b) were repeated until 2.5 bilayers, i.e.,
 the borate polymer.

(PDDA/PSS)2PDDA, which served as the basement membrane,
were obtained, which provides uniform charge and smooth sur-
face for subsequent deposition. And the number 2 indicates the
number of immersions. (c) The sensor’s surface with the base-
ment membrane was dipped into the negatively charged PSS
solution for 30 min, rinsed with ultrapure water, and dried with
nitrogen. (d) Subsequently, the sensor’s surface was  dipped into
the PAA-ran-PAAPBA solution for 30 min, rinsed with ultrapure
water, and dried with nitrogen (Fig. 4). The PAA-ran-PAAPBA
can be considered as an cationic macromolecule at pH 4.8
because of protonated amino groups at acidic pH. Steps (c)
and (d) were repeated until 6 or 12 bilayers, i.e., (PSS/PAA-ran-
PAAPBA)2, were assembled on the gold film of the SPR sensor.
The layer-by-layer assembly process of polymer was monitored
by quartz crystal microbalance (QCM). For 6 bilayer film, the
frequency shift was  447 Hz, and the thickness of polymer film
was  ca. 6.1 nm calculated by Sauerbrey’s Eq. (1). Used the same
method, the frequency shift was 621 Hz, and the thickness was
ca. 8.5 nm for 12 bilayer film. After assembly, as shown in Fig. 5,
we can see the different morphology of the surfaces using the
atomic force microscopy (AFM). In addition, the surface rough-
ness (Rq) for the bare sensor and assembled with 12 layers
polymers are 5.19 nm and 4.10 nm,  respectively.

3. Measurement system for glucose concentration

3.1. SPR sensor

An SPR sensor in the Krestchman structure (ICx Technologies)
(Fig. 6) was  used in this study, and the exterior and interior struc-
tures included a LED, an aperture and polarizing film, a gold film,
a reflecting mirror, a photodiode array, and a memory chip. When
polarized light of a given wavelength is reflected from the sensing
surface over a range of incident angles, surface plasmon resonance
The intensity of the reflected light decreases markedly, which can
be detected by a photodiode array. The software can convert the
SPR angle to a refractive index to obtain the concentration of the
analyte [19,20].
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Fig. 5. The different morphology of the surfaces of the SPR sensors. (a) The surface morp
sensor with 12 layers of polymer.

Fig. 6. Structure of the SPR sensor.
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the curve fit. The results are shown in Fig. 8(a)–(c). The R-squared
value of the glucose solution concentration-�RU fitted curve was
Fig. 7. Fluidic system used for the SPR measurement.

.2. Fluidic system

As shown in Fig. 7, the SPR glucose measurement system
ncludes a sample cell, a six-port two-position valve, a sample loop,

 syringe pump, and a waste bottle. The microsyringe injects the
ample into the 260-�L sample loop through the injection port and
ix-port, two-position valve. The valve then changes to the injecting
osition, and the syringe pump pushes buffer into the valve such
hat the sample is pushed into the sample cell. When pinch valve 1
nd W1 are opened and W2 is closed, the buffer is stored in the C2

ensing area, and the sample can only flow through the C1 area and
ow out from W1.  If pinch valve 1 is closed, W1  is closed, and W2
hology of the SPR sensor without polymer. (b) The surface morphology of the SPR

is opened, the sample will pass through C1, C2, and W2  and then
flow into the waste bottle [19,20].

4. Experiments and discussion

4.1. Reagent preparation

4.1.1. PBS (phosphate buffered saline)
Na2HPO4·12H2O (3.5814 g; Mw = 358.14, Jiang Tian Chemical

Technology Co., Ltd., China) was  dissolved in 1000 mL of deionized
water (Jiang Tian Chemical Technology Co., Ltd., China) to obtain
0.01 mol/L PBS (pH 9.0). 8 g of NaCl, 0.2 g of KCl (Jiang Tian Chemical
Technology Co., Ltd., China), 3.63 g of Na2HPO4·12H2O, and 0.24 g
of KH2PO4 (Jiang Tian Chemical Technology Co., Ltd., China) were
dissolved in 1000 mL  of deionized water to obtain PBS (pH 7.4).

4.1.2. Glucose solution
Because of the pKa of PBA (8.8), borate polymer ions exist at

alkaline solution, which form a stable complex with glucose. Almost
all of the studies are performed under specific alkaline conditions
(usually close to or higher than the pKa of PBA). However, for the
future application in vivo, we further investigated glucose detection
at physiological conditions. The reproducibility experiments were
repeated 5 times, and the other experiments were repeated 3 times.

The glucose solutions in group A featured PBS (pH 9.0) as
the solvent, and the glucose solution (pH 9.0) with a concen-
tration of 1000 mg/dL was serially diluted. In this experiment,
the glucose solutions were divided into three ranges: 1–10 mg/dL
(� = 1 mg/dL), 10–100 mg/dL (� = 10 mg/dL), and 100–1000 mg/dL
(� = 100 mg/dL).

The glucose solutions of group B featured PBS (pH 7.4) as the
solvent, and the glucose solution (pH 9.0) with a concentration of
1000 mg/dL was diluted to obtain the same concentrations as those
in group A.

4.2. Effect of the number of layers

4.2.1. Measurement using the SPR sensors without polymer
PBS (pH 9.0) was used as the buffer, and the glucose solutions

of group A were sequentially injected from low to high concen-
tration through the surface of the SPR sensor without polymer.
The �RUs between the different glucose solutions and the buffer
solution were obtained. The experimental data were fitted by a
quadratic curve, and the R-squared value was used to evaluate
0.28664 in the concentration range of 1–10 mg/dL, which indicates
a lack of linearity at low concentrations. The R-squared values of the
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Fig. 8. Fitted curve of the �RU-glucose concentration withou

lucose solution concentration-�RU fitted curve for the concentra-
ion ranges of 10–100 mg/dL and 100–1000 mg/dL were 0.97323
nd 0.98945, respectively.

.2.2. Measurement using the SPR sensor with 6 polymer layers
PBS (pH 9.0) was used as the buffer, and the glucose solutions of

roup A were sequentially injected from low to high concentration
hrough the surface of the SPR sensor with six immobilized layers
f the borate polymer. The results are shown in Fig. 9(a)–(c). In the
oncentration range from 1 to 10 mg/dL the R-squared value was
.64253, which is better than that obtained with the sensor without
olymer. In addition, the R-squared values were 0.99024 in the con-
entration range of 10–100 mg/dL and 0.99348 in the concentration
ange of 100–1000 mg/dL.

.2.3. Measurement using the SPR sensor with 12 polymer layers
For the SPR sensor with 12 polymer layers, PBS (pH 9.0) was  used

s the buffer, and the glucose solutions of group A were sequentially
njected from low to high concentration. The results are shown in
ig. 10(a)–(c). In the concentration range from 1 to 10 mg/dL, the
-squared value was 0.78823, which is better than that obtained
sing the sensor with six polymer layers. The R-square values in the
oncentration ranges from 10 to 100 mg/dL and 100 to 1000 mg/dL
ere 0.99525 and 0.99780, respectively.

The glucose concentration of human interstitial fluid is always
n the range of 30–600 mg/dL. After extracting the interstitial fluid
hrough transdermal extraction, the interstitial fluid was diluted
en-fold, which means that the performance of the SPR sensor in
he ranges of 1–10 mg/dL and 10–100 mg/dL are significant. The
esults of the above-described experiments are shown in Table 1.
n the ranges of 1–10 mg/dL and 10–100 mg/dL, the performance of
he sensors bound to the borate polymer was better than that of the
ensor without the polymer. At pH 9.0, the sensitivity of the sensor
ith 12 polymer layers was better than that of the sensor with 6
olymer layers. In the low-concentration range, the measurement
ccuracy was improved with an increase in the number of polymer
ayers. From Fig. 10(a), the glucose concentration of 1–10 mg/dL
� = 1 mg/dL) in the buffer of PBS were subsequently injected to
he surface of the SPR sensor bound to twelve polymer layers in a
H 9.0 environment, and the measurement resolution of glucose
olution was 1 mg/dL. In this paper, the buffer was PBS, which has
any components, such as sodium, potassium ions, thus the SPR

ensor with borate polymer PAA-ran-PAAPBA has good specificity
nd sensitivity.

.3. Regenerability
As shown in Fig. 3, the reaction between glucose and the SPR
ensor with the borate polymer is reversible, which means that
he measurement of the glucose concentration using this sensor,
mer. (a) 1–10 mg/dL, (b) 10–100 mg/dL, (c) 100–1000 mg/dL.

as opposed to that afforded by the enzyme electrode sensor, does
not require the consumption of glucose. The regenerability is used
to evaluate the affinity of the sensor for glucose. When the con-
centration of glucose increases, a condensation reaction occurs; in
contrast, when the concentration decreases, dissociation occurs.
To test the regenerability of the sensor with the borate polymer,
the glucose solutions of group A were sequentially injected from
high to low concentration through the surface of the SPR sensor
bound to 12 polymer layers. The experimental data were fit to
a quadratic curve, and the results are shown in Fig. 11(a)–(c). In
the range of 1000–100 mg/dL, the R-squared value of the fitted
curve was  0.98825, and R-squared values of 0.98837 and 0.52453
were obtained for the concentration ranges of 100–10 mg/dL and
10–1 mg/dL, respectively. The result shows good regenerability of
the SPR sensor.

Compared with the results shown in Fig. 10(a)–(c), the R-
squared values of the three datasets were all high, and there was
no obvious difference between them. Thus, there is no relationship
between the measurement sequence and the experimental result.

4.4. Reproducibility

In this paper, the SPR sensor without borate polymer and the
sensor bound to six or twelve layers of polymer were used to dis-
cuss the effects of the number of layers and the pH environment.
The experiment results in this paper are based on abundant experi-
ments, and the data shows good reproducibility, thus only one set of
experimental result was  selected in each part of the paper. Fig. 12
is the standard deviation diagram of the sensor bound to twelve
polymer layers in pH 9.0, and all the experiments were repeated
five times respectively under the same condition. The result shows
good reproducibility of the SPR sensor.

4.5. Stability and response speed

To test its stability characteristics, the SPR sensor with 12 poly-
mer  layers was preserved for three months at room temperature.
The glucose solutions from group A were injected from low to
high concentration, and the results are shown in Fig. 13. In the
range of 1–10 mg/dL, the R-squared value of the glucose solu-
tion concentration-�RU fitted curve was  0.85468, whereas the
R-squared values for the concentration ranges of 10–100 mg/dL and
100–1000 mg/dL were 0.99561 and 0.99963, respectively.

The SPR glucose measurement system and the data processing
software used in the experiment was  SensiQ (SensiQ Technologies,
Inc.), and the SPR spectrum is handled into the real time kinetic

curve through the software. Use the maximum RU value substrates
the baseline RU value, and then the response of different glucose
concentration is got. To compare the data of different sensors, only
the value of �RU were provided though the real time kinetic curve
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Fig. 9. Fitted curve of �RU-glucose concentration with 6 layers of polymer. (a) 1–10 mg/dL, (b) 10–100 mg/dL, (c) 100–1000 mg/dL.

Fig. 10. Fitted curve of �RU-glucose concentration with 12 polymer layers. (a) 1–10 mg/dL (b) 10–100 mg/dL (c) 100–1000 mg/dL.

Table 1
R2 values obtained with different numbers of polymer layers.

R2 1–10 mg/dL 10–100 mg/dL 100–1000 mg/dL

SPR sensor without polymer 0.28664 0.97323 0.98945
SPR  sensor with 6 layers of polymer 0.64253 0.99024 0.99348
SPR  sensor with 12 layers of polymer 0.78823 0.99525 0.99780

Fig. 11. The glucose solution was injected from high to low concentration through the surface of the SPR sensor bound to 12 polymer layers. (a) 100–1000 mg/dL, (b)
10–100  mg/dL, (c) 1–10 mg/dL.

Fig. 12. The reproducibility of the SPR sensor bound to twelve polymer layers in pH 9.0. (a) 1–10 mg/dL, (b) 10–100 mg/dL, (c) 100–1000 mg/dL.
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Fig. 13. Stability characteristics of the SPR sensor with 12 polymer layers. (a) 1–10 mg/dL, (b) 10–100 mg/dL, (c) 100–1000 mg/dL.
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Fig. 14. The sensorgram of the stability exp

hows the surface plasmon resonance response intuitively. Fig. 14
s the real time kinetic curve of the stability experiment when the
lucose concentration ranges from 100 mg/dL to 1000 mg/dL.

The experimental results show that the sensor with 12 polymer
ayers was still in good condition after three months of preservation
t room temperature, and its stability was better than that of the

ensor bound to GGBP.

To discuss the response speed of the sensor, the response time
as calculated from the real time kinetic curve of the stability char-

cteristics experiment of the SPR sensor bound to twelve polymer

Fig. 15. Fitted curve of �RU-glucose concentration with 12 polymer layers at phys
nt at the range of 100 mg/dL–1000 mg/dL.

layers in pH 9.0, and the average response time was 17.6 s, which
indicates that the response time of the SPR sensor is fast.

4.6. Glucose detection at physiological conditions

Almost all of the studies are performed under specific alkaline

conditions (usually close to or higher than the pKa of PBA). How-
ever, for the future application in vivo, we  further investigated
glucose detection at physiological conditions, the pH of which is
7.4. Using the SPR sensor bound to 12 polymer layers and the

iological conditions. (a) 1–10 mg/dL, (b) 10–100 mg/dL, (c) 100–1000 mg/dL.
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BS (pH 7.4) as the buffer, and the glucose solutions of group B
ere sequentially injected from low to high concentration. The
RUs between the different glucose solutions and buffer solu-

ions were obtained. The experimental data were fit to a quadratic
urve, and the results are shown in Fig. 15(a)–(c). In the range of
–10 mg/dL, the R-squared value of the fitted curve was  0.57322,
hich is worse than that obtained with PBS at pH 9.0. Because of

he pKa of PBA (8.8), borate polymer ions exist at alkaline solution.
he R-squared values in the concentration ranges of 10–100 mg/dL
nd 100–1000 mg/dL were 0.97650 and 0.99793, respectively. From
he experiment results, we can draw the conclusion that the SPR
ensor bound to 12 layers of polymer works well at physiological
onditions.

. Conclusions

The borate polymer PAA-ran-PAAPBA was introduced into a SPR
ensor to detect glucose concentration. The layer-by-layer self-
ssembly method was used to bind the borate polymer to the
urface of the SPR sensor and to control the number of layers such
hat the measurement range and resolution of the SPR sensor could
e adjusted. In this study, 6 and 12 layers of polymer were immobi-

ized on the surface of the SPR sensor, and the experimental results
ndicated that the linearity of the SPR sensor was highly improved

ith the use of the borate polymer. The R-squared values of the
lucose concentration-�RU fitted curves of the SPR sensor with
2 polymer layers in the concentration ranges of 1–10 mg/dL and
0–100 mg/dL were as high as 0.78823 and 0.99525, respectively,
nd those of the sensor with 6 layers polymer were 0.64523 and
.99024, respectively, which means that the measurement accu-
acy improved with an increase in the number of polymer layers.
he sensor works well at physiological conditions and exhibited
ood regenerability, reproducibility and stability, which lay the
oundation for the development of an implantable device for con-
inuous glucose measurement.

Our group focuses on the research of the continuous measure-
ent of glucose concentration in vivo for many years. The colleague

n our group is now developing a fiber optic SPR (FO-SPR) sensor
or glucose monitoring. The miniaturized size of the FO-SPR sensor
enders it particularly appropriate for implantable measurement
f the glucose concentration in the interstitial fluid by detecting
he refractive index to replace the enzyme electrode sensor. In the
ontinuous glucose measurement system of FO-SPR, the fiber optic
PR sensor is the only part implanted under the skin, which means
nly the optical signal passes through the subcutaneous tissue and
he other parts such as the light source, the spectrograph, the elec-
rical circuit and the PC will be out of human body. As a result,
ompared to the enzyme electrode sensor, the effects of bioelec-
ricity could be eliminated during the measurement. In the near
uture, the methods and the results in vitro testing in this paper
ill be used to modify the surface of the FO-SPR sensor to realize

he glucose affinity measurement in vivo testing.
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