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a  b  s  t  r  a  c  t

Molecularly  imprinted  hydrogel  membranes  were  developed  and  evaluated  for  detection  of  small  ana-
lytes  via  surface  plasmon  resonance  spectroscopy.  Imprinting  of glucose  phosphate  barium  salt  into  a
poly(allylamine  hydrochloride)  network  covalently  bound  to  gold  surfaces  yielded  a  selective  sensor
for  glucose.  Optimization  of  relative  amounts  of chemicals  used  for preparation  of  the  hydrogel  was  per-
formed  to obtain  highest  sensitivity.  Addition  of gold  nanoparticles  into  the  hydrogel  matrix  significantly
amplified  its  response  and  sensitivity  due  to  the  impact  of  gold  nanoparticles  on  the  refractive  index  of
the  sensing  layer.  Evaluation  of  its  selectivity  showed  that  the  sensor  displayed  preferential  recognition
to  glucose  compared  to structurally  related  sugars  in  addition  to  being  unaffected  by  phosphate  as  well
as  compounds  containing  amine  groups,  like  creatinine.  The  detection  limit  of glucose  in deionized  water
old  nanoparticles
lucose sensing

was  calculated  to  be 0.02  mg/mL.  The  developed  sensor  was  finally  exposed  to  human  urine  spiked  with
glucose  illustrating  the  coating’s  ability  to  re-bind  the  analyte  in  complex  matrices.  While  the  working
concentration  range  in  water  was  determined  to  be suitable  for  glucose  monitoring  in  diabetic  indi-
viduals  at  physiological  levels,  the detection  in  urine  was  determined  to  be 0.12  mg/mL.  The decreased
performance  in  urine  provided  an  initial  perspective  on  the  difficulties  associated  with  measurements  in
complex  media.
. Introduction

Monitoring of small molecules, such as metabolites, drugs,
esticides, and pollutants in complex matrices is of interest to envi-
onmental analysis, medical studies, clinical treatment and food
cience [1–7]. Surface plasmon resonance (SPR) spectroscopy is

 versatile approach capable of detecting a wide range of small
olecules upon incorporation of appropriate surface modification

trategies [8–13]. In the Kretschmann configuration, surface plas-
on polaritons (SPPs) are excited by backside-illuminating the

lasmon supporting material (typically gold or silver) via total
nternal reflectance [14–16]. SPR spectroscopic sensing measures
hanges in the dielectric constant (ultimately, the refractive index,
I) of the sample induced by either chemical (e.g. antibody–antigen
inding) or physical (e.g. temperature) events. The analytical sig-

al is derived from the intensity minima of the reflected light
the so-called ‘SPR dip’) which corresponds to photons momentum

atched to SPPs, and is measured as a function of in-coupling angle
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(for monochromatic light sources) or wavelength (for fixed-angle
configurations). SPR spectroscopy displays high sensitivity towards
biomolecular binding events, as evidenced by low detection limits
reported (ng/mL level [15,17]), as well as capability for real-time
monitoring, rendering it an important tool in (bio)chemical analy-
ses [15,16,18,19].

However, RI measurements are not inherently selective, there-
fore non-specific events originating from interferents present a
challenge to SPR sensors. To overcome this limitation, differ-
ent analyte recognition strategies have been incorporated [20].
Molecularly imprinted polymers (MIPs) and molecularly imprinted
hydrogels (MIHs) consist of biomimetic matrices templated with a
target analyte, yielding recognition sites capable of selectively re-
binding the analyte [21]. Imprinted matrices have been regarded
as an attractive approach towards improvement of sensor selec-
tivity [22–25], due to their versatility, chemical robustness, simple
preparation and extended shelf-life compared to biosensing strate-
gies (e.g., enzymes, antibodies). However, adoption of imprinted
coatings for SPR sensing has been limited despite initial positive
reports from the literature [9,26–28].
Glucose detection is important for health monitoring in diabetic
individuals [29,30]. Furthermore, accurate quantification of glucose
in untreated physiological fluids, such as urine, remains challenging
due to the complexity of the background matrix. Several examples
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f commercial glucose sensors are available; however, limita-
ions on the long-term storage, resulting from degradation of the
nzymes used for molecular recognition, has fueled investigations
n alternative sensing strategies [31], with biomimetic materials,
ike MIPs, becoming a focus [24,32–34]. Hydrogels consist of a
lass of hydrophilic polymers capable of absorbing a high fraction
f water [35,36], therefore diffusion, and ultimately detection, of
olar glucose molecules through these hydrophilic membranes is
acilitated. The coatings developed in this work consist of cross-
inked poly(allylamine hydrochloride) (PAH) templated with the
-glucose 6-phosphate monobarium salt (GPS-Ba), the hydrogel

s then covalently bound to gold-coated glass slides to produce
he chemical recognition sites. In addition to health monitoring,
he use of glucose as the target analyte also provided a solid
aseline to compare the performance of the strategy proposed to
ther sensing architectures available in the literature and in the
arket [37].
Binding site formation in molecular imprinting is largely driven

y complexation of the template and monomers in solution via
ydrogen bonding and �–� stacking [38–40]. Imprinting in sol-
ents that disrupt hydrogen bonding interactions present an
dditional challenge which can be partially mitigated by employing

 template baring a charge. Herein, self-assembly of the positively
harged polymer around the template is facilitated by the nega-
ively charged phosphate group. Once the template is removed,
etection of glucose (pure, not the barium salt) is achieved follow-

ng RI changes resulting from physical swelling of the MIH  upon
inding of the analyte. This sensing platform can be prepared eas-

ly, used repeatedly and displays good sensitivity and selectivity
owards concentrations lower than 5 mg/mL  glucose in aqueous

edia.
In contrast to detection of biomolecules, SPR sensing of small

olecules remains largely unexplored due to the low RI changes
nduced by the analyte [14], ultimately translating into sensors with
omparatively poor sensitivity requiring incorporation of a signal
mplification method to improve limits of detection [41–43]. One
pproach used to improve sensor performance relies on incorporat-
ng gold nanoparticles into the chemical recognition matrix [44,45].
n this case, the enhancement phenomenon can be attributed to
ither an increase in bulk RI due to the presence of nanoparti-
les and/or plasmonic coupling between the nanoparticles and the
nderlying continuous metal film [45–51]. Addition of nanoparti-
les to the MIH  amplified the response of the sensor to glucose in
ater approximately 10-fold. The detection limit, sensitivity and

electivity of the sensor over sugars structurally similar to glucose
uggests the ability to measure the analyte at physiologically rel-
vant levels, as well as the prospect of applying similar detection
trategies to other low molecular weight compounds.

. Experimental methods

.1.  Instrumental configuration

Slides  used were made from either SF-10 (n = 1.73) or BK-
 (n = 1.52) glass and were coated with 5 nm chromium as an
dhesion layer followed by 50 nm of gold by a Cressington 308R
C magnetron sputter coating system (Watford, UK). The SPR

ystem was configured to use the Kretschmann arrangement
here the sensor was back-side illuminated with a 5 W Lux-

on V white light LED (Lumileds Lighting, LLC, San Jose, CA)
hrough a 60◦ equilateral prism of the same material as the

lide, and the reflected light was transmitted via a linear array of
ptical fibers to a Jobin-Yvon SPEX 270M spectrometer (Horiba
obin-Yvon, Edison New Jersey, NJ) with an 1200 g/mm grating.
pectra were collected with a 1024 × 1024 pixel TE-cooled CCD
6 (2011) 133– 141

camera  (Andor Technology, model DV435, South Windsor, CT). The
spectrometer allowed light reflected from different positions on
the sensor surface being collected separately, therefore allowing
both the analytic and reference channels to be probed simulta-
neously on the same sensor. Each channel consisted of a strip
20 mm L × 4 mm W of the MIH  coated sensor, though the spot size
probed spectroscopically consisted of a 4 mm × 4 mm  area in the
center of each channel. The SPR shift measured corresponds to the
response of the MIH  coating to chemical stimuli over the 16 mm2

area.

2.2. MIH  preparation

Two  different self-assembled monolayers, formed from dithio-
bis(succinimidyl propionate) (DSP) and N-hydroxysuccinimide
ester of 16-mercaptohexadecanoic acid (NHS-MHA) respectively,
were evaluated for attachment of the MIH  to sensor surfaces.
DSP was  purchased from Soltec Ventures, Inc. (Beverly, MA),
whereas NHS-MHA was  synthesized in-house following a previ-
ously described procedure [52].

DSP self-assembled monolayers were prepared by soaking
freshly sputtered gold surfaces in 0.001 M DSP in dimethylsul-
foxide (DMSO, MP  Biomedicals, Solon, OH). Similarly, for the
NHS-MHA self-assembled monolayer preparation, sensor surfaces
were exposed to 0.005 M NHS-MHA in tetrahydrofuran (THF, Fisher
Scientific, Fair Lawn, NJ). Modified gold surfaces were rinsed with
DMSO or THF (depending of the SAM used), and then with water
before being immediately used in the MIH  preparation process.

The  MIH  synthesis employed in this study was modified from
Parmpi and Kofinas [53] to yield membranes suitable for SPR anal-
ysis. Specifically, a 20 mL  aqueous solution containing 0.1 mg/mL
aqueous poly(allylamine hydrochloride) (PAH, Sigma–Aldrich, St.
Louis, MO), 0.5 mg/mL  d-glucose phosphate barium salt (GPS-Ba,
Sigma–Aldrich, St. Louis, MO)  and sufficient 1 M NaOH (Mallinck-
rodt, Paris, KY) to raise the solution pH to 9 (in order to partially
neutralize the amine sites, rendering them available for subsequent
tethering to the gold surface) was stirred for 30 min  prior to addi-
tion of DSP-modified gold-coated slides. The 30 min  delay allows
for interaction and re-arrangement of the PAH around the template,
initiating the formation of the analyte-recognizing cavities [53,54].
After 3 h, 5 mL  of 0.03 M epichlorohydrin (Acros Organics, Morris
Plains, NJ) were added to crosslink the hydrogel and the solution
was stirred overnight. The slides were then removed from the solu-
tion, rinsed with deionized water and dipped in 4 M NaOH solution
overnight to extract the template. Finally, sensors were dipped in
stirred deionized water for 30 min  to thoroughly rinse off the NaOH.
Sensor slides with NHS-MHA were prepared similarly, except that
1 mg/mL  GPS-Ba was  added to the polymer solution and that 0.2 M
NaOH was used to remove the template after imprinting. Finally the
slides were dried under a stream of dry nitrogen (Keen Compressed
Gas, Wilmington, DE) and stored under atmospheric conditions
until used. For FT-IR studies, sensor slides were sputtered with 5 nm
chromium followed by 150 nm of gold and prepared as described
above. Mid-infrared absorption spectra were acquired with a Ver-
tex 70 FT-IR spectrometer (Bruker Optics, Billerica, MA)  equipped
with a liquid nitrogen-cooled mercury–cadmium–telluride detec-
tor (Infrared Associates, Inc., Stuart, FL) at a 2 cm−1 resolution.
Each spectrum represents an average of 100 scans. An AutoSeagull
specular reflectance accessory (Harrick Scientific, Pleasantville, NY)
permitted spectral collection at an incident angle of 87◦. In order to
minimize atmospheric contributions, the sample compartment of

the FT-IR spectrometer was  aggressively purged with dry nitrogen
gas. Scanning electron micrographs were acquired using a XL-30
scanning electron microscope (FEI, Hillsboro, OR) equipped with a
field emission electron gun and operating in environmental mode.
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.3. Gold nanoparticle preparation

Gold  nanoparticles were synthesized by a modified Turkevitch
ethod [55]. Initially, the pH of a 10 mL  0.001 M HAuCl4 3H2O

Acros Organics, Morris Plains, NJ) solution was adjusted to 7.2 with
 M NaOH. The solution was heated to boiling and 5% (w/w)  sodium
itrate (Fisher Scientific, Fair Lawn, NJ) was added to achieve a 2:1
atio between citrate and AuCl4−. The boiling solution was  contin-
ously stirred for 1 h turning a wine-red color. The colloid solution
as allowed to cool to room temperature at which point several
rops of a 1 M cysteamine hydrochloride (Sigma–Aldrich, St. Louis,
O) in 1 M NaOH solution was added until the colloid solution

urned blue, indicating that the gold nanoparticles were modified
ith the cysteamine capping agent. A 5 mL  aliquot of this solution
as added to the PAH solution immediately prior to the addition

f epichlorohydrin. When gold nanoparticles were used the vol-
me of 0.03 M epichlorohydrin was also adjusted to 6.25 mL  to
aintain the concentration of cross-linker. Characterization of the

ynthesized nanoparticles was performed with a JEM-2000fx trans-
ission electron microscope (JEOL, Tokyo, Japan) equipped with

 lanthanum hexaboride electron gun using an acceleration volt-
ge of 200 kV. An aliquot of the freshly synthesized colloid solution
as drop-casted onto 200-mesh carbon-coated nickel grids pur-

hased from SPI Supplies (West Chester, PA). Size distribution was
etermined with the DigitalMicrograph software from Gatan Inc.
Pleasanton, CA).

.4.  Sugar detection in aqueous media

For SPR measurements, a custom-made dual channel
oly(methyl methacrylate) flow-cell was used to divide the
ensor surface into two separate sensing regions and to guide flow
f solutions across the sensor surface. One channel was  presented
ith the analyte in solution, while the other served as a reference

hannel to account for signal drifting from pressure changes, tem-
erature fluctuation or other external factors. The sensor was fixed
o the flow-cell with a gasket made from laboratory paraffin film
Parafilm, Pechiney Plastic Packaging, Menasha, WI). The liquid
owing system consisted of a Rainin Dynamax peristaltic pump
odel RP-1 (Rainin Instrument, LLC, Oakland, CA) and a series

f valves connected by 1/16 in. polytetrafluoroethylene tubing
nd controlled by a custom-written LabView virtual instrument
National Instruments, Austin, TX). Experimental runs began with
he collection of s-polarized reflectance spectra used to normalize
he light output from the source. Rotating the linear polarizer
0◦ the p-polarized component required for plasmonic coupling.
he SPR dip minima was located using automated ‘minimum-
unting’ MATLAB (Mathworks, Natick, MA)  routines based on
olynomial fitting of the parabolic SPR dip, with the roots of the fit
orresponding to �SPR.

Each  sensing cycle began with equilibration of the coating in
ater, followed by exposure to the analyte and then a water
ashing step to remove non-specifically bound species. At the

nd of each cycle, 0.1 M NaOH was flushed to regenerate the
ensor surface. Each step lasted 10 min. The MIHs were eval-
ated for rebinding affinity towards glucose and structurally
elated sugars, fructose and sucrose, at various concentrations. Glu-
ose, fructose and sucrose were all obtained from Sigma–Aldrich
St. Louis, MO).

.5.  Glucose detection in human urine
Urine sample collected from a healthy (non-diabetic) human
ale was used to verify the performance of the sensor exposed

o physiological fluids. Prior to analysis, the urine was centrifuged
o remove any particulate matter and the supernatant was spiked
6 (2011) 133– 141 135

with  0.5–5.0 mg/mL  glucose. Ammonium phosphate (Fisher Sci-
entific, Fair Lawn, NJ), urea, uric acid and creatinine (all from
Sigma–Aldrich, St. Louis, MO)  at physiologically relevant con-
centrations [56] were dissolved in deionized water and used to
condition the sensor prior to the SPR measurements. The collec-
tion conditions were identical to measurements performed with
deionized water.

3.  Results and discussion

3.1.  MIH synthesis and characterization

Two  SAMs with different carbon-chain lengths (C3 versus C16)
were tested for MIH  attachment to the gold SPR surfaces with no
discernible difference in coating quality. This is not surprising since
in the application described herein, the SAM is utilized merely as a
tether site for the MIH, therefore, the length of the carbon chain is
inconsequential.

Two  contrasting processes are responsible for the formation
of MIH  coatings: the first one involves the availability of primary
amines in neutralized PAH for reaction via amide coupling with the
succinimidyl end-groups of the immobilized SAM and subsequent
cross-linking upon addition of epichlorohydrin. The second process
relies on the remaining amine salts in PAH to associate with the
negatively charged phosphate groups of the template, forming the
analyte binding sites in the MIH. Hence, control of the ratio between
protonated and unprotonated amine groups present in solution
is necessary, since attachment and cross-linking of the hydrogel
network as well as the imprinting process itself are affected.

These  processes were monitored by FT-IR spectroscopy;
Fig. 1(A–C) displays graphically the influence of the relative con-
centration of protonated to unprotonated amine (as a function of
pH) on the attachment of the hydrogel to SAM-modified gold sur-
faces, while Fig. 1(D–E) highlights the imprinting process of the
hydrogel.

PAH binding to SAM-modified surfaces can be monitored as a
function of the decreasing –C O stretching peak absorbance at
1740 cm−1 associated with the NHS end-group. Concomitantly,
the increasing symmetric and antisymmetric –NH2 bands between
1500 and 1700 cm−1 further confirms attachment of the hydrogel to
the surface [57]. At a pH value of 4 (see Fig. 1(A)) the –C O peak was
still prominent after a reaction time of 420 min, whereas it slowly
decreases in intensity over 180 min  at pH 9 (Fig. 1(B)) and com-
pletely disappears within 30 min  at pH 11 (Fig. 1(C)). Comparison
of the spectral time-series collected at the three pH values indi-
cate that the rate of reaction between PAH and SAM concomitantly
with the pH. The increase in intensity of the –NH2 band confirms
that amide coupling is favored at higher pHs. Estimation of the
fraction of unprotonated amine groups in PAH (pKa ∼ 9 [58,59]),
yields that at pH values of 4, 9 and 11 the primary amines repre-
sent approximately 0.001%, 50% and 99%, respectively, of the total
amines present in the hydrogel. Since unprotonated amines are
responsible for reaction with the NHS leaving group and covalently
bind to the SAM, the pH influences the binding rate of the hydrogel
to sensor surfaces. Hydrogel attachment at pH 4 (Fig. 1(A)) was not
observed to occur to any appreciable extend, hence further studies
focused exclusively on MIHs bound at pH values of 9 and 11.

Imprinting  with the template was  also evaluated by FT-IR spec-
troscopy. Using GPS-Ba as the template, instead of glucose, results
in the formation of stronger GPS-Ba–hydrogel complex due to
the ionic interaction. Because the MIH  preparation is carried out

in an aqueous environment, hydrogen bonding between glucose
and amines cannot be relied on as the sole driving force for
the imprinting process due to the interference of water [60,61].
Imprinting of the hydrogel with GPS-Ba yields an absorbance band
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Fig. 1. The attachment of polymer via the NHS-MHA linker under (A) pH 4, (B) pH 9 and (C) pH 11, and the imprinting of GPS-Ba into PAH at (D) pH 9 and (E) pH 11 tracked
by mid-IR spectroscopy. Each series of overlaid spectra corresponds to one slide. For (A–C) spectra of slides coated with NHS-MHA were taken after the indicated time in
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Hydrogel coatings immobilized in the absence of GPS-Ba serve
to establish a baseline ‘control’ response to non-selective diffu-
sion of glucose through the hydrogel. Utilizing PAH concentrations
below 1 mg/mL  yielded non-reproducible batch-to-batch MIH

Table 1
Measured response to 10 mg/mL  glucose in DI water for membranes prepared with
different amounts of polymer, template and cross-linker.

Coating PAH (mg/mL) Epichlorohydrin
(mg/mL)

GPS-Ba
(mg/mL)

��SPR (nm,
� ± 1�)

1 1.0 0.2 0.0 0.15 ± 0.03
2  1.0 0.2 0.05 0.18 ± 0.05
3  1.0 0.2 0.5 0.28 ± 0.03
4  1.0 0.5 0.0 0.12 ± 0.04
 mg/mL  polymer solution without template; for (D) and (E) spectra of slides imprin
eaks of interest are highlighted by grey shadows.

t approximately 1050 cm−1 associated with –P O stretching of the
hosphate group [57], indicating the incorporation of the template
ithin the hydrogel. The FT-IR spectra in Fig. 1(D) indicate that at
H 9, where approximately half of the amine groups are protonated,

 strong association between the phosphate group and the PAH is
chieved, as demonstrated by retention of the phosphate group
ithin the hydrogel even after exposure to DI water for 6 h. At pH

1 (Fig. 1(E)), most of the amine groups are deprotonated, there-
ore the ionic interaction between the template and the hydrogel
s not possible, resulting in a comparatively weak –P O absorp-
ion peak. These results indicate that at pH 9 a good compromise is
chieved between efficient hydrogel attachment to gold surfaces,
hile maintaining sufficient amine salts capable of interacting with

he template. Hence, all hydrogel mixtures used for sensor studies
resented below were adjusted to a pH 9.

In addition to PAH binding and extent of complex formation,

he relative concentrations of the template, polymer and cross-
inker require further tuning to yield a high SPR response. Different

IH synthesis parameters were evaluated with respect to the high-
st performance (i.e., �RI/�C[glucose]) by exposing the sensor to
nd cross-linked were taken after the indicated time stirring in DI water. Absorption

10  mg/mL aqueous glucose solution. The results are summarized in
Table 1.
5  1.0 0.5 0.05 0.14 ± 0.03
6  1.0 0.5 0.5 0.38 ± 0.05
7  1.0 1.0 0.5 0.35 ± 0.07
8 2.0  0.5 0.5 0.27 ± 0.05
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Fig. 2. (A) SPR response of imprinted (black circles) and non-imprinted (grey stars) hydrogel sensor to glucose in DI water. Results came from different slides and error
bars stand for 95% confidence interval. Precision of SPR shift is shown by plus/minus standard deviation of the mean (black dots, usually n = 3). (B) A TEM image of gold
nanoparticles used. (C) SPR response of imprinted (black circles) and non-imprinted (grey stars) hydrogel sensor embedded with gold nanoparticles to glucose in DI water.
Results came from different slides and error bars stand for 95% confidence interval. Precision of SPR shift is shown by plus/minus standard deviation of the mean (black dots,
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sually n = 3).

embranes, therefore no data could be included in Table 1. In con-
rast, PAH concentrations approaching 2 mg/mL (coating 8) and
igher produced broad SPR dips (i.e. SPR coupling occurring at
ultiple conditions) due to coating heterogeneity within the plas-
onically probed volume. Since measuring the response to the

nalyte is contingent upon precisely locating (in terms of wave-
ength) the SPR dip minima, broader dips render this procedure
hallenging. Coatings labeled 1 and 4 both serve as non-imprinted
ydrogel (NIH) controls illustrating that non-selective absorption

rom a 10 mg/mL  glucose solution yields a �SPR shift of approxi-
ately 0.15 nm.  Addition of 0.05 mg/mL  GPS-Ba (coatings 2 and 5)

id not improve the response to the analyte beyond levels already
ttributed to non-specific interactions. Raising the concentration
f the template to 0.5 mg/mL  (coatings 3 and 6) resulted in the for-
ation of sufficient template binding cavities to yield a statistically

elevant �SPR shift. Comparison of MIHs formed with increasing
evels of cross-linker (coatings 3, 6 and 7) indicate that structural
igidity of the hydrogel will influence the performance measured.
rom three epichlorohydrin concentrations investigated, it is evi-
ent that “softer” hydrogels obtained at lower concentrations do
ot exhibit the same level of response to 10 mg/mL  glucose as the
wo ‘more rigid’ counterparts. In part this may  be due to the fact
hat a malleable carbon network is better capable of accommo-
ating enriched analyte molecules within the free volume of the

ydrogel, resulting in a lower degree of swelling. In contrast, a more
igid structure is forced to expand upon incorporation of the ana-
yte since the carbon network in unable to re-adjust itself around
he analyte.
Cross-linker concentration greater than 1 mg/mL  were not pur-
sued in this initial contribution because a structurally rigid coating,
less amenable to swelling, and therefore displaying smaller �SPR
shifts, is anticipated. For the binding studies presented herein, a
cross-linker concentration of 0.5 mg/mL  was  used since it provided
sufficient rigidity for selective cavities to retain their shape after
template removal as well as enabling swelling of the MIH  upon
glucose re-binding.

3.2.  Physical characterization

As  was previously mentioned, RI changes monitored by SPR
spectroscopy are non-selective. Therefore, discrimination of �SPR
shift induced by bulk RI changes associated with solutions con-
taining different glucose concentrations (e.g. a false positive) from
�SPR shifts resulting from selective analyte uptake, is achieved by
employing MIH  membranes with thicknesses greater than pene-
tration depth (dp) of surface plasmons (approximately 200–300 nm
[14]).

Scanning electron micrographs acquired along fractured edges
provide an approach for evaluating MIH  thickness. By this method,
MIH thickness ranged from approximately 0.8 �m to 2.5 �m.
Therefore, �SPR shifts recorded reflect refractive index changes

within the MIH  rather than in the bulk liquid. The micrograph also
reveals superficial accumulations ranging from 1 �m to 5 �m in
size atop the relatively uniform background. The origin of these
features is still unknown though it is likely that they correspond
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Fig. 3. Exemplary sensorgrams of (A) MIH  and (B) Au-MIH coated sensor detecting
1  mg/mL  glucose in water. The sensor was rinsed with (i) deionized water, (ii) 0.1 M
38 J. Wang et al. / Tala

o hydrogel agglomerations formed in solution and bound to the
oated sensor during later stages of MIH  synthesis.

.3. Glucose detection

Evaluation  of MIH-coated sensors involved measuring glucose
olutions with different concentrations. Sensor slides coated with
IH  but without gold nanoparticles reached equilibrium response

o the analyte within 2 min  and displayed an increasing �SPR shift
ith glucose concentrations below ∼5 mg/mL  (Fig. 2(A)).

As was previously mentioned, control NIHs were prepared in
xactly the same way as MIHs but without the template. In all mea-
urements, the response obtained with NIH was lower compared
o imprinted hydrogels. Furthermore, NIH sensors required glucose
oncentrations greater than 5 mg/mL  in order to register measur-
ble shifts in �SPR. The difference in response between MIH  and
IH suggest the presence of selective binding sites in the imprinted
ydrogel, as well as indicating that non-specific interactions, such
s surficial adsorption and non-specific diffusion of glucose, do not
ontribute significantly to the SPR response measured.

.4. Addition of gold nanoparticles

The  interaction between metallic nanoparticles, especially gold
anoparticles, and freely propagating plasmons excited at contin-
ous metal films has been previously described as a method for
nhancing the SPR sensitivity [45–47,49–51,62]. In order to evalu-
te the influence of nanoparticles on MIHs, cysteamine-capped gold
anoparticles were embedded into the hydrogel by cross-linking
he amine groups of the capping agent with unprotonated primary
mines in PAH. An exemplary transmission electron microscopic
mage of the nanoparticles synthesized is shown in Fig. 2(B). A
istribution study of the images recorded indicates that the gold
anoparticles have a diameter of 25 ± 8 nm.

The response of MIH-coated sensors containing gold nanopar-
icles to aqueous glucose solutions of different concentrations is
ummarized graphically in Fig. 2(C). Comparison with the results
hown in Fig. 2(A) demonstrate that addition of gold nanoparti-
les produces a 10- to 15-fold improvement in the amplitude of
he SPR signal as well as increased sensitivity at low glucose con-
entrations (<1 mg/mL). In contrast, control experiments with NIH
embranes containing gold nanoparticles showed a comparatively

mall response to non-specific binding of glucose. The linear range
f gold nanoparticles-MIH sensors decreased compared to MIH  sen-
ors without nanoparticles, as well as reaching saturation levels at
ower glucose concentrations: 5 mg/mL  versus 10 mg/mL  for coat-
ngs with and without gold nanoparticles, respectively. A possible
xplanation for these observations is that the number of binding
ites available inside the sensing layer is altered considerably by
he incorporation of the nanoparticles. It may  also be more difficult
or glucose molecules to diffuse into the sensing layer during mea-
urement when the layer is embedded with nanoparticles. Indeed
omparison of the response of MIH  and Au-MIH membranes to glu-
ose shows that the presence of gold nanoparticles delays the onset
f a stable response, as depicted in the sensorgrams shown in Fig. 3.

The working concentration range of gold nanoparticles-MIH
embranes  cover the critical glucose concentrations in plasma

ests [63,64] and urine glucose screening [65,66] for diagnosis
f diabetes, and its upper limit is comparable to typical non-
nzymatic glucose sensors reported [67–71]. From calibration, the
imit of detection of the gold nanoparticle-MIH sensor in water was
etermined to be 0.02 mg/mL  (S/N = 3 based on standard deviation

f the MIH  response in a blank solution) and a limit of quantifi-
ation of 0.06 mg/mL  (based on 10 standard deviations of the MIH
esponse in a blank solution) and a sensitivity of 1.9 nm (mg/mL
lucose)−1 in deionized water.
NaOH and (iii) 1 mg/mL.

Upon glucose binding and MIH  swelling, a red-shift in the res-
onant wavelength was observed, which is in sharp contrast to the
blue-shift expected from the increased distance between the gold
nanoparticles and the underlying gold film (so-called “gap-mode”
[48,49,72]). SPR responses are enhanced by plasmonic coupling if
the distance, d, between the two  plasmon active entities is main-
tained within the radius of the nanoparticle or smaller [73]. For the
nanoparticles utilized herein, r ∼ 13 nm.  Considering that the MIH
synthesis was carried out by mixing all components in one vessel, it
is likely that the nanoparticles are randomly distributed within the
0.8 �m thick membrane, and that most of them reside at d > 13 nm.
Therefore, the 10-fold increase in measured signal most likely rises
from the increased bulk RI of the composite gold nanoparticles-MIH
membrane.

It is worth noting that the comparatively large error bars (on
average approx. ±0.15 nm)  reported in Fig. 2(C) result from mea-
surements taken with different sensors, providing an estimate of
batch-to-batch variability as opposed to variability within the same
sensor. Glucose response was observed to decrease during repeated
cycles, though this is possibly associated with degradation of the
coating by the 0.1 M NaOH washing step used to release the analyte
and regenerate the MIH. Finally, Fig. 2(A and C) suggest a Lang-
muir adsorption behavior. Though at first glance it may  appear
to appropriately describe the MIH  response to glucose, modeling
of adsorption processes at imprinted matrices is complicated by
the failure to satisfy two  of the basic requirements: monolayer
adsorption and binding sites homogeneity. The lack of consen-
sus regarding a ‘correct’ isotherm used for imprinted matrices has
resulted in a variety of models being invoked to explain the bind-

ing event [74–76]. Therefore, at this stage, modeling of glucose
re-binding was  deferred.
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Fig. 4. Sensor performances in presence of interferences. (A) SPR response of MIH  sensor to 60 mM aqueous phosphate only. (B) SPR response of MIH  sensor to glucose
added to 40 mM aqueous phosphate solution in different concentrations (0.1, 0.2 and 0.5 mg/ml). (C) SPR response of Au-MIH sensor to glucose (black circles), fructose (grey
triangles) and sucrose (grey stars). Results were obtained from different MIH  coatings. Precision of SPR shift is shown by plus/minus standard deviation of the mean (black
dots, usually n = 3 for glucose samples). Individual sucrose and fructose samples were not replicated.
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.5. Interference studies

The  formation of recognition sites for glucose in the sensing
ydrogel is facilitated by ionic bonding of protonated amines in
AH with phosphate groups in GPS-Ba. Since a significant amount
f phosphate (0.03–0.06 M)  is present in urine [56] it is necessary to
valuate whether the presence of phosphate groups can interfere
ith the MIH  ability to bind to glucose. Initial studies involving
IH coatings exposed to intermittent phosphate plumes did not

how a net �SPR shift (i.e., the signal returned to baseline levels
mmediately upon flushing with deionized water) indicating that
hosphate groups do not permanently re-bind to available amines

n PAH (Fig. 4(A)). Spiking 0.06 M ammonium phosphate solutions
ith the analyte showed a response similar in magnitude to the

PR response of glucose in DI water suggesting that physiologi-
ally relevant levels of phosphate in urine are unlikely to interfere.
xemplary sensorgrams are depicted in Fig. 4(B), which show a net
SPR shift due to glucose re-binding.

Another  source of potential interferents for imprinted matrices
ises from cross-reactivity with structurally related compounds.

ence, selective glucose recognition was examined by exposing

he gold nanoparticles-MIH coatings to similar sugars. Fig. 4(C)
ummarizes the �SPR shift measured with fructose and sucrose
olutions. Fructose is structurally related to glucose, yet induces
a  significantly smaller response suggesting that although fructose
is capable of binding to some of the recognition sites, the MIH
preferentially binds to the template. The response measured with
sucrose is even smaller than that for fructose. Sucrose is larger than
either glucose or fructose, therefore, it can be anticipated that hin-
dered diffusion through the MIH  will affected the response level
in addition to size incompatibility with most of the recognition
sites.

Cross-reactivity between molecularly imprinted materials and
compounds structurally related to the template is common and
can be minimized by careful choice of synthetic parameters (e.g.
solvent, starting monomers) [74,77]; with regards to glucose mon-
itoring, fructose has been previously recognized as a potential
interferent [32,53,78]. This presents a challenge for sensing plat-
forms aimed at single-compound detection in complex media. An
approach to mitigate cross-reactivity with molecularly imprinted
materials involves the use of sensor arrays, wherein coatings with
different specificities (analyte and interferents) are utilized and the
response obtained is mathematically treated to deconvolute the
analytic from the interfering signal [79].
In addition to phosphate, urine also contains a number of molec-
ular species with amine groups (urea, uric acid and creatinine). To
test their effect on the MIH  coatings, a mixture of these compounds
at concentrations commonly found in urine [56] was prepared and
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Fig. 5. Response of (A) MIH and (B) Au-MIH coated glucose sen

resented to the sensor similarly to the phosphate experiments
escribed above (except for replacing titrated phosphate solution
ith the mixture), and it was indicated by the results that these

ompounds showed no net affect either.
Finally, glucose detection in human urine was  explored. The

atrix resulted from combining multiple urine collections from
 healthy, non-diabetic individual throughout one day, homog-
nizing any temporal variations in composition. The matrix was
entrifuged to remove potential sediment and spiked with glucose
t different amount. Fig. 5 shows the response of MIH  coatings with-
ut and with gold nanoparticle to the spike urine. The measured
esponse decreased significantly compared to sample solutions
repared with DI water. The limit of detection and limit of quan-
ification for urine analysis with Au-MIH were determined to be
.12 mg/mL  and 0.40 mg/mL, respectively, with a sensitivity of
pproximately 0.34 nm (mg/mL glucose)−1. There are three pos-
ible contributing factors, all acting to decrease the MIH  sensitivity
o glucose. PAA hydrogels undergo contraction when exposed to
alt solutions due to increased osmotic pressure [80]. Therefore, it
s possible that MIH  coatings in urine are prevented from swelling

hen incorporating glucose to the same extent as in DI water. Simi-
arly, it is likely that some of the binding cavities distort and collapse
ending them incapable of interacting with the analyte. Addition-
lly, to the extent that hydrogen bonding between glucose and the
mine functional groups in the MIH  influence sensitivity, increasing
onic strength decreases the amount of intermolecular hydrogen
onding [81].

The  limit of detection for the Au-MIH membranes (0.12 mg/mL)
s within levels anticipated for glucose content in the urine of
ealthy individuals (0.06–0.15 mg/mL  [78,82–84]) and is compara-
le to other recent reports [85–89]. The decreased dynamic range,
owever, renders quantification of glucose at elevated levels dif-
cult. Considering that glucose levels can spike to over 6 mg/mL
85] shortly after ingesting a meal and the sensor’s inability to dif-
erentiate between glucose concentrations above ∼1 mg/mL, this
rst iteration the sensor would only reliably function for thresh-
ld sensing, discriminating between glucose levels in healthy or
iabetic individuals. If needed, samples could be diluted to expand
he dynamic range to higher concentrations. Done in an automated

anner this would not significantly increase the variance of anal-
ses at the expense of a greater dynamic range. Regardless, despite

he current lack of sensitivity necessary for precise monitoring in
rine, these results provide a first approximation of the achievable
etection limits as well as highlighting some of the challenges rising
rom performing measurements in complex solutions.

[

[

undiluted urine spiked with different concentration of glucose.

4. Conclusion

A  SPR sensing system with hydrophilic molecularly imprinted
hydrogel as recognition unit was developed for glucose monitoring.
Swelling of the hydrogel sensing layer due to combination with glu-
cose was tracked by SPR spectroscopy. While further refinements
are necessary to improve sensitivity of the chemical recognition
layer, the system displays potential as a specific detection method
for glucose monitoring in a complex physiological fluid. Coopera-
tion of gold nanoparticles has significantly enhanced the sensor’s
response and sensitivity at low glucose concentrations. The sen-
sor showed selective response to glucose compared to fructose
and sucrose, and was  capable to detect glucose spiked in deion-
ized water at the �g/mL level. Preliminary analysis of glucose in
urine indicates that high ionic strength media may be disrupting
the re-binding event, decreasing the MIH  sensitivity.
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