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a b s t r a c t

An implementation of evanescent wave affinity biosensor with a large-capacity three-dimensional bind-
ing matrix for ultra-sensitive detection of molecular analytes is investigated. In the experimental part
of the work, highly swollen carboxylated poly(N-isopropylacryamide) (NIPAAm) hydrogel with up to
micrometer thickness was grafted to a sensor surface, functionalized with antibody recognition ele-
ments and employed for immunoassay-based detection of target molecules contained in a liquid sample.
Molecular binding events were detected by long range surface plasmon (LRSP) and hydrogel optical
waveguide (HOW) field-enhanced fluorescence spectroscopy. These novel methods allowed probing an
ong range surface plasmons
ydrogel
ydrogel optical waveguide
luorescence
iffusion

extended three-dimensional biointerface with an evanescent field reaching up to several micrometers
from the sensor surface. The resonant excitation of LRSP and HOW modes provided strong enhancement
of intensity of electromagnetic field that is directly translated into an increased fluorescence signal asso-
ciated with the binding of fluorophore-labeled molecules. Experimental observations were supported by
numerical simulations of mass transfer and affinity binding of target molecules in the hydrogel. Through
the optimization of the hydrogel thickness and profile of the probing evanescent wave, low femtomolar

ieve
limit of detection was ach

. Introduction

Surface plasmon resonance (SPR) biosensors become increas-
ngly popular technology for the detection of chemical and
iological analytes (Homola, 2008). In these devices, an analyzed

iquid sample with target analyte molecules is brought in con-
act with a metal sensor surface that is probed by resonantly
xcited surface plasmons. The capture of analyte molecules by
he biomolecular recognition elements immobilized on the sur-
ace is optically detected from binding-induced refractive index
hanges. In order to increase the sensitivity of SPR biosensors,
hree-dimensional binding matrices composed of polymer mate-
ials with highly open structure were employed to accommodate
arge amounts of bimolecular recognition elements on the surface
nd to reduce the steric hindrance through linking biomolecules
o flexible polymer chains. The carboxymethyl dextran (Lofas and

ohnsson, 1990) is an example of the most prominent material
hat was characterized in great detail and other polymers includ-
ng different forms of poly(ethylene glycols) were investigated
Andersson et al., 2009; Masson et al., 2004; Tanaka et al., 2009).
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956-5663/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2010.07.072
d.
© 2010 Elsevier B.V. All rights reserved.

The thickness of a binding matrix grafted to a SPR biosensor sur-
face is adjusted with respect to the size of target analyte molecules
and typically does not exceed 100 nm in order to match the pen-
etration depth of surface plasmon field between 100 and 200 nm.
For SPR-based biosensors, these surface architectures allow immo-
bilizing of antibody receptors with surface mass density up to
10 ng mm−2 which corresponds to several full packed monolayers
(Yu et al., 2004). Only recently, novel SPR-based biosensor detec-
tion formats relying on extended evanescent field of long range
surface plasmon (LRSP) and hydrogel optical waveguide (HOW)
modes for probing crosslinked polymer binding matrices with up
to micrometer thickness were developed in our laboratory. These
biosensor schemes took advantage of hydrogels based on poly(N-
isopropylacryamide) (NIPAAm) and dextran (Beines et al., 2007;
Brunsen et al., in preparation) that exhibit large swelling ratio (>10)
ensuring fast diffusion of analyte and that can be functionalized by
antibodies with surface mass density up to 100 ng mm−2 (Wang
et al., 2009a) using active ester coupling strategies (Aulasevich et
al., 2009). In addition, the responsive properties of hydrogels such

as NIPAAm are attractive for further increasing the sensitivity and
detection time based on compacting of captured analyte on the sur-
face through a collapse triggered by an external stimulus (Huang
et al., 2009). These new schemes were employed in refractometric-
based (Wang et al., 2010) and fluorescence spectroscopy-based
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An optical setup based on the angular spectroscopy of guided
waves was employed in this study. As shown in Fig. 1a, a monochro-
matic TM polarized light beam from He–Ne laser (PL610P, Polytec,
Germany, power 2 mW, wavelength � = 632.8 nm) was coupled
426 C.J. Huang et al. / Biosensors and

Wang et al., 2009a) biosensors for detection of protein analytes and
ere demonstrated to reach the limit of detection at low picomolar

nd femtomolar levels, respectively.
The effect of diffusion-limited mass transfer of a target analyte

o the SPR sensor surface with dextran brush binding matrix was
ubject to extensive study in order to enable accurate evaluation
f biomolecular interaction analysis (BIA) (Edwards, 2001; Schuck,
996; Sikavitsas et al., 2002). However, to the best of our knowl-
dge the dependence of the sensitivity of SPR-based biosensors
or detection of molecular analytes on the diffusion mass trans-
er to and through an extended large binding capacity hydrogel

atrix was not yet investigated in detail. This study addresses
esign of three-dimensional binding matrices in order to reach
ltra-low detection limits and it takes into account the concentra-
ion and affinity constants of biomolecular recognition elements,
hickness of a hydrogel film, mass transfer of target analyte to and
hrough the hydrogel biointerface as well as the spatial profile of
robing evanescent wave. In the experimental part of the work,

ong range surface plasmon (LRSP) and hydrogel optical waveguide
HOW) field-enhanced fluorescence spectroscopy were used for
he detection of fluorophore-labeled analyte molecules captured
n a functionalized NIPAAm-based hydrogel binding matrix. Results
btained from an immunoassay experiment were supported by a
heoretical model which describes the temporal and spatial evolu-
ion of the affinity binding events and analyte diffusion through the
unctionalized hydrogel film.

. Materials and methods

.1. Materials

The synthesis of the NIPAAm-based hydrogel (composed of the
erpolymer with N-isoproprylacrylamide, methacrylic acid, and
-methacryloyl benzophenone), sodium para-tetrafluorophenol-
ulfonate (TFPS) and S-3-(benzoylphenoxy)propyl ethanthioate
benzophenone-thiol) was performed at the Max Planck
nstitute for Polymer Research in Mainz (Germany) as
escribed in the literature (Beines et al., 2007). Mouse

mmunoglobulin G (IgG) and goat anti-mouse immunoglobu-
in G (a-IgG) were purchased from Invitrogen (Camarillo, CA).
-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and
-hydroxysulfosuccinimide (NHS) were obtained from Pierce

Rockford, IL). A-IgG molecules were labeled with Alexa Fluor
47 and the dye-to-protein molar ratio was of 4.9 determined
y UV spectrometry. Sodium acetate, acetic acid and Tween 20
ere purchased from Sigma–Aldrich (Schnelldorf, Germany) and
hosphate buffered saline (PBS, 140 mM NaCl, 10 mM phosphate,
mM KCl, and a pH of 7.4) was acquired from Calbiochem (Darm-

tadt, Germany). For the affinity binding experiments, samples
ere prepared by spiking PBS containing 0.05% Tween 20 (PBST)
ith a-IgG. For the immobilization of IgG into the hydrogel, IgG
as dissolved in 10 mM acetate buffer (ACT with pH 4) that was
repared from sodium acetate by adjusting the pH with acetic acid.
ytop fluoropolymer (CTL-809 M, 9 wt.% in the solvent of CT-solv
80) was obtained from Asahi Glass (Tokyo, Japan).

.2. Preparation of the layer structure on the sensor surface

The preparation of LRSP-supporting layer structure and the
rafting of a NIPAAm-based hydrogel on its surface was per-

ormed as described in our previous studies (Huang et al., 2010)
nd (Aulasevich et al., 2009), respectively. Cytop layer with the
hickness of db = 715 nm was prepared on a glass substrate using
pin-coating followed by a deposition of gold thin film with the
hickness of dm = 13.2 nm using magnetron sputtering (UNIVEX
ectronics 26 (2010) 1425–1431

450C from Leybold Systems, Germany). Afterwards, the substrate
was soaked overnight in a solution of benzophenone-terminated
thiol (dissolved at a concentration of 1 mM in absolute ethanol that
was purged with argon) in order to form a self-assembled mono-
layer (SAM). The modified gold surface was rinsed with absolute
ethanol, dried in the stream of nitrogen and a thin NIPAAm-based
polymer was deposited on its top using spin-coating. A rotating
speed of 2000 rpm was applied for 120 s and the thickness of the
NIPAAm-based film was controlled by adjusting the concentration
of the polymer (between 1 and 20 mg mL−1 in ethanol). Finally, the
NIPAAm-based hydrogel was dried in a vacuum oven at 50 ◦C fol-
lowed by its simultaneous crosslinking and attachment to the gold
surface via benzophenone groups by exposing to UV light (with
an irradiation dose of 2 J cm−2 at a wavelength of � = 365 nm). The
thickness of dry NIPAAm-based films was determined by a surface
profiler (Alpha-Step IQ, KLA Tencor, CA).

2.3. Optical setup
Fig. 1. (a) Setup for the angular spectroscopy of LRSP and HOW modes with a flu-
orescence spectroscopy module and a scheme of LRSP-supporting layer structure
with NIPAAm-based hydrogel binding matrix. (b) Simulated electric intensity pro-
file upon the resonant excitation of LRSP (at the angle of incidence of �LRSP) and
HOW (at the angle of incidence of �HOW) modes in the hydrogel with a thickness of
dh = 1.8 �m and the refractive index of nh = 1.345.
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o a 90◦ LASFN9 optical prism. A glass substrate coated with
RSP-supporting layers and the NIPAAm-based hydrogel film was
ptically matched to the prism base using refractive index match-
ng oil (Cargille, USA). To the sensor surface, there was attached a
ow-cell composed of a poly(dimethylsiloxane) gasket and a trans-
arent quartz slide with input and output ports. The depth of the
ow-cell was h = 0.3 mm, length L = 8 mm and width w = 5 mm.
he flow-cell input and output ports were connected to a peri-
taltic pump (Reglo, Ismatec, Switzerland) with a rubber tubing
Tygon R3607, Ismatec, Switzerland) to flow liquid samples at the
ow rate of 500 �L min−1. The assembly of prism and flow-cell was
ounted on a rotation stage (precision 10−3 deg, from Hans Huber
G, Germany) to control the angle of incidence � and the inten-
ity of the light beam reflected at the prism base was detected
sing a photodiode and a lock-in amplifier (Model 5210, Prince-
on Applied Research, USA). As simulations in Fig. 1b show, the
esonant coupling to LRSP and HOW modes propagating along the
ensor surface are accompanied with enhanced electromagnetic
eld intensity. This field intensity enhancement provided means

or efficient excitation of Alexa Fluor-647 chromophores (absorp-
ion wavelength close to 633 nm) in vicinity to the surface. Upon the
xcitation of LRSPs, the electric field intensity exponentially decays
nto the hydrogel with the penetration depth of Lp/2 = 460 nm.
he maximum field intensity enhancement of |E/E0|2 = 55 occurs
t the interface between gold and gel (the electric intensity E was
ormalized with the intensity of incident light beam E0). The cou-
ling to HOW provides higher field enhancement of |E/E0|2 = 110
t a distance of 1400 nm from the gold surface. The fluorescence
ight emitted by a chromophore Alexa Fluor-647 (emission wave-
ength of 670 nm) in the gel was collected through the flow-cell
sing a lens (NA of about 0.3), passed through an interference fil-
er (670FS10-25, L.O.T.-Oriel, Germany) in order to suppress the
ackground and its intensity was measured by a photomultiplier
H6240-01, Hamamatsu, Japan) that was connected to a counter
53131A, Agilent, USA). If the fluorescence signal F exceeded the
06 counts per second (cps), attenuation filters were used in order
o operate the photomultiplier in the linear regime. By changing the
ngle of incidence of the laser beam �, the angular reflectivity R(�)
nd fluorescence F(�) spectra were recorded. In vicinity to the crit-
cal angle and resonance angles, the scanning step was set below
.02◦. For time dependent measurements of the fluorescence signal
(t), the angle of incidence � was fixed at the resonance angle for
he excitation of LRSP �LRSP or HOW �HOW modes providing strong
nhancement of the field intensity (see Fig. 1b). The whole optical
etup was controlled using the software Wasplas developed at the
ax-Planck Institute for Polymer Research in Mainz, Germany.

.4. Characterization of hydrogel films

The refractive index nh and the thickness dh of swollen hydro-
el films and refractive index nh-dry and thickness dh-dry of dry
ydrogel films were determined by the spectroscopy of LRSP and
OW modes as described in our previous reports (Aulasevich et
l., 2009; Wang et al., 2009b). For gels with sufficiently large thick-
ess, two resonance dips due to the excitation of LRSP and HOW
odes can be observed in the angular reflectivity spectrum R(�)

entered at distinct angles of �LRSP and �HOW, respectively. Due to
ifferent profiles of electromagnetic field of LRSP and HOW modes
see Fig. 1b), hydrogel thickness dh and refractive index nh can
e independently determined by the analysis of reflectivity spec-
rum R(�). The measured reflectivity spectra R(�) were fitted by

model based on Fresnel equations and transfer matrix formal-

sm (Yeh, 1998) that was implemented in the software Winspall
developed at the Max Planck Institute for Polymer Research in

ainz, Germany). All parameters of the layer structure except nh
nd dh were fixed at values that were determined by other meth-
ectronics 26 (2010) 1425–1431 1427

ods or taken from literature (Hale and Querry, 1973; Huang et
al., 2010). These include the refractive index of the LASFN9 glass
np = 1.845, the thickness db = 715 nm and refractive index nb = 1.337
of Cytop layer, the thickness dm = 13.2 nm and refractive index
nm = 0.269 + 2.58i of gold film, the thickness dt = 2 nm and refrac-
tive index nt = 1.5 of benzophenone-thiol SAM and the refractive
index of buffer ns = 1.333. In the fitting of angular reflectivity spectra
R(�), we assumed that the hydrogel refractive index nh is constant
perpendicular to the surface (“box model”). The gel surface mass
density was calculated as � = (nh − nb)dh∂c/∂nh, where the factor
of ∂nh/∂c = 0.185 mm3 mg−1 was used (Perlmann and Longsworth,
1948). Based on the effective medium theory, the polymer volume
fraction f of the swollen hydrogel was determined as:

f =
(

n2
h − n2

s

)
(

n2
h + 2n2

s

)
(

n2
h-dry + 2n2

s

)
(

n2
h-dry − n2

s

) (1)

2.5. Modification of the hydrogel film

IgG molecules were in situ covalently immobilized to the
NIPAAm-based hydrogel matrix via its carboxylic moieties using
a protocol developed previously in our group (Aulasevich et al.,
2009). Firstly, the hydrogel was swollen in ACT buffer at pH 4 fol-
lowed by 20 min flow of a mixture of TFPS and EDC (dissolved
at concentrations of 21 and 75 mg mL−1, respectively, in water)
in order to form terminal TFPS ester moieties. Then, the surface
was rinsed with ACT buffer for 3 min and a solution containing
IgG molecules at a concentration of 0.64 �M was flowed through
the flow-cell for 90 min. After the diffusion of IgG molecules into
the gel and their reaction with activated carboxylic groups, the gel
was subsequently washed with ACT buffer for 10 min, incubated
for 20 min in 1 M ethanolamine solution at pH 8.5 in order to block
unreacted TFPS ester groups and then rinsed with the ACT buffer
for 15 min. Finally, PBST was flowed over the sensor surface until a
stable reflectivity scan R(�) was measured.

2.6. Modeling of diffusion and affinity binding in the hydrogel
matrix

A numerical model was adopted for the simulation of affinity
binding of analyte and diffusion mass transfer based on the the-
ory which was introduced to SPR biosensors with dextran binding
matrix (Schuck, 1996). We assumed that biomolecular recognition
elements are distributed homogenously in the gel with a concentra-
tion ˇ and their interaction with analyte molecules was described
by the association and dissociation affinity rate constants ka and
kd, respectively. A set of partial differential equations describing the
mass transfer of analyte from a liquid sample (flowed in a flow-cell)
to the hydrogel surface, diffusion of analyte through the hydrogel
and its affinity binding to biomolecular recognition elements was
numerically solved as described in the Supplemental information.
By this model, we calculated the temporal and spatial dependence
of the concentration of free ˛(x,t) and captured �(x,t) analyte in the
gel (where x axis is perpendicular to the surface, see Cartesian coor-
dinates in Fig. 1a). Laminar flow of a sample through the flow-cell
was assumed and the dependence of the concentration of free ˛
and captured � analyte on y and z axes (parallel to the sensor sur-
face) was neglected. These approximations are valid as Reynolds

and Peclét numbers were equal to Re = 28 and Pe = 3100, respec-
tively. Mass transfer of analyte molecules to the sensor surface was
taken into account using two compartment model (Edwards, 2001).
The diffusion rate km of analyte molecules from an aqueous sample
flowed through the flow-cell to the sensor surface was described
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Fig. 2. (a) Angular reflectivity spectra R(�) measured for hydrogel films swollen in
PBST with the thickness of dh = 0 nm (�), 160 (�), 910 nm (�), and 1800 nm (�) and
refractive index nh = 1.345 as determined by fitting with a Fresnel equations-based
model (lines). (b) Angular reflectivity spectra R(�) for hydrogel with the thickness
dh = 1800 nm (�) that is swollen in PBST, after its modification with IgG (�) and
after the affinity binding of a-IgG labeled with Alexa Fluor-647 (�) flowed at the
428 C.J. Huang et al. / Biosensors and

s:

m = 1.378

(
vmaxDs

2

hL

)1/3

(2)

here Ds is the diffusion coefficient in the bulk solution and �max =
.5�/(hw) is the flow velocity in the center of the flow-cell. For
he used volumetric flow rate �, flow-cell geometry (specified in
ection 2.3) and the diffusion constant of IgG molecules in aque-
us environment of Ds = 3 × 10−5 mm2 s−1 (Jossang et al., 1988), the
nalyte molecules diffuse to the sensor surface with the diffusion
ate of km = 2 × 10−3 mm s−1. The simulated sensor signal Fsim cor-
esponding to the intensity of the fluorescence light F was assumed
o be proportional to the overlap between the concentration of cap-
ured molecules �(x,t) and the profile of the field intensity |E(x)|2
f LRSP or HOW modes:

sim ∝
∫ dh

0

∣∣∣E (x)
E0

∣∣∣2

� (x, t) dx (3)

Fluorescence quenching due to the Förster energy transfer in the
lose proximity to the metal surface was omitted in the model as the
ydrogel thickness dh was typically much larger than the distances
p to ∼15 nm for which the quenching occurs. In addition, the angu-

ar distribution of fluorescence emission that is altered through the
nteraction of fluorophores with the surface waves (Vasilev et al.,
004) was not taken into account.

. Results and discussion

.1. Characteristics of hydrogel films

LRSP-supporting substrates were coated by NIPAAm-based
ydrogel layer with a thickness between dh-dry = 8 and 200 nm in
he dry state. These gels were swollen in PBST buffer and char-
cterized in situ by the spectroscopy of LRSP and HOW modes.
ig. 2a shows the angular reflectivity spectra R(�) measured for the
ydrogel films with a thickness of dh-dry = 0, 7.4, 82 and 198 nm.
he measured reflectivity curves were fitted by Fresnel reflectivity-
ased model in order to determine hydrogel thickness dh and
efractive index nh in swollen state. For thicknesses dh-dry > 100 nm,
wo resonance dips can be observed due to the excitation of LRSP
nd HOW modes in the swollen gel. Owing to the different pro-
les of electromagnetic field of LRSP and HOW modes (see Fig. 1b),
oth nh and dh can be determined for these films. For the thickness
h-dry < 100 nm, the swollen hydrogel film does not support HOW
nd therefore only one of these two parameters can be determined.
or such thin gel films, the refractive index nh was fixed at the
alue determined for the thicker films and thickness dh was deter-
ined by fitting the LRSP reflectivity dip in the spectrum R(�). The

btained results revealed that the thickness of the gel increased
fter its swelling by a factor of dh/dh-dry = 10.2 ± 1 (standard devi-
tion – SD). The refractive index of the hydrogel film changed
pon the swelling in PBST from nh-dry = 1.503 in the dry state
see Fig. S2 in Supplemental information) to nh = 1.345 ± 0.002 (SD)
n the swollen state. This change corresponds to the polymer con-
ent in the swollen gel of f = 7.3 ± 2.4% (SD).

Prior to the affinity binding studies, hydrogel films were modi-
ed with IgG molecules using the protocol described in Section 2.5.
ig. 2b shows measured angular reflectivity spectra R(�) for a gel
ith the thickness dh = 1800 nm before and after the immobiliza-

ion of IgG. One can see that the LRSP dip shifted from �LRSP = 48.67◦
o 48.95◦ and HOW mode dip moved from �HOW = 47.63◦ to 47.60◦.
he fitting of reflectivity spectra revealed that the gel surface mass
ensity � increased by 15 ± 4% (SD) due to the coupling of IgG.

n addition, gel thickness dh decreased by 20 ± 2% (SD) which is
robably due to a lower charge density associated with the con-
concentration of ˛0 = 6.7 nM for 	t = 30 min. The measured reflectivity curves were
fitted with Fresnel equations-based model (lines). Fluorescence angular spectrum
F(�) before (dotted line) and after (solid line) the capture of a-IgG labeled with Alexa
Fluor 647.

verting of negatively charged carboxylic moieties to IgG and neutral
ethanolamine groups. The concentration of IgG catcher molecules
in the hydrogel ˇ was determined as the increase of the surface
mass density � divided by the thickness of the gel dh. The IgG
concentration in the gel of ˇ = 16 ± 4 mg mL−1 (SD) was obtained
which corresponds to ˇ = 9 × 10−4 ± 2.4 × 10−4 M for the molecu-
lar weight of IgG of 160 kDa. Let us note that for the hydrogel
in swollen state with dh = 1440 nm, the surface mass density of
the immobilized IgG was 16 ng mm−2 which corresponds to about
four densely packed monolayers (based on the surface mass den-
sity of 4 ng mm−2 per monolayer reported by Voellenkle et al.
(2004)).

3.2. Kinetics of affinity binding in the hydrogel matrix

LRSP and HOW evanescent waves were excited in order to probe
the affinity binding of a-IgG contained in a liquid sample to IgG
molecules immobilized in the NIPAAm-based gel. The dependence
of the intensity of the binding-induced fluorescence signal F on

(a) the hydrogel thickness dh and (b) on the spatial profile of the
probing evanescent wave was investigated. LRSPs with the max-
imum field intensity at the inner interface of the hydrogel were
employed for the observation of hydrogel binding matrices with a
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Fig. 3. The binding kinetics observed from the fluorescence signal F(t) that was
measured upon the successive flow of samples with a-IgG molecules (labeled
with Alexa Fluor-647) at concentrations increasing from ˛0 = 6.7 fM to 1.3 �M. IgG-
functionalized hydrogel binding matrices with the thickness of dh = 64 (×), 130 (�),
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Fig. 4. The comparison of simulated (left axis) and measured (right axis) depen-
dence of the fluorescence signal F on thickness of the hydrogel binding matrix dh.
The hydrogel matrix was probed by LRSP mode the fluorescence signal after the
30 min flow of a-IgG dissolved at (a) low concentration of ˛0 = 0.67 pM and (b) high
concentration of ˛0 = 1.3 �M. Diffusion coefficient in the gel of Dg = 3 × 10−5 mm2 s−1

(black, �), Dg = 3 × 10−6 mm2 s−1 (red, �) and Dg = 3 × 10−7 mm2 s−1 (blue, �) was
assumed. The errors bar of measured fluorescence signal F represents standard devi-
30 (�), 730 (�) and 1440 nm (�) were probed by LRSP mode and the hydrogel
inding matrix with the thickness of dh = 1440 nm was probed by HOW mode (�).

njection times for each sample with a-IgG molecules and rinsing of the sensor
urface with buffer are clearly indicated.

hickness between dh = 64 and 1440 nm (measured after the cou-
ling of IgG). HOW mode exhibits the maximum field strength close
o the outer hydrogel interface and it was employed for the study
f the hydrogel matrix with a thickness of dh = 1440 nm which
as sufficiently large to support this mode. The capture of a-IgG

nalyte molecules labeled with Alexa Fluor 647 chromophores is
anifested as an increase in the fluorescence intensity F. Fig. 2b

llustrates that after the capture of a-IgG molecules in the gel with
he thickness of dh = 1400 nm, the angular fluorescence spectrum
(�) exhibits two strong fluorescence peaks located at the angles
LRSP = 48.95◦ and �HOW = 47.60◦ at which the LRSP and HOW modes
re excited, respectively.

The fluorescence sensor signal F(t) was measured upon a
uccessive flow of series of samples with increasing concentra-
ion of a-IgG ˛0. After a baseline was established, each sample
as flowed for 	t = 30 min across the hydrogel surface followed

y 10 min rinsing with PBST buffer. As Fig. 3 shows, the affin-
ty binding of a-IgG molecules into the gel is manifested as a
radual increase in the fluorescence signal F. During the rins-
ng with PBST, a decrease of the signal F occurs due to the
issociation of a-IgG and IgG pairs. For low analyte concen-
rations ˛0 between 6.7 fM and 6.7 pM, the fluorescence signal
(t) linearly increases in time with the slope dF/dt that is pro-
ortional to the concentration ˛0. For the concentrations ˛0
etween 6.7 nM and 1.3 �M (see the inset of Fig. 3), the fluores-
ence signal F(t) become saturated for the hydrogel matrices with
h < 1 �m.

For the probing with LRSP, the fluorescence light intensi-
ies F measured after the binding of a-IgG molecules from a
ample with high (˛0 = 1.3 �M) and low (˛0 = 0.67 pM) concen-
rations of a-IgG were compared with simulations. In these
imulations, we used association and dissociation rate con-
tants determined as ka = 6.48 × 104 ± 0.05 × 104 M−1 s−1 and
d = 4.46 × 10−5 ± 0.03 × 10−5 s−1 for the IgG and a-IgG pair as
escribed in the Supplemental information. From data presented
n Fig. 4a follows that after the binding of analyte from a sample
ith large concentration ˛0 = 1.3 �M the measured fluorescence

ntensity F increases with the hydrogel thickness dh. The simu-
ation curves exhibit a similar trend and reach a plateau for a
hickness larger than the penetration depth Lp/2 = 460 nm. The sim-
ation obtained from a triplicate measurement (three prepared sensor chips). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

ulated curves depend weakly on the analyte diffusion coefficient in
the gel between Dg = 3 × 10−7 and 3 × 10−5 mm2 s−1. For of about
six orders of magnitude lower analyte concentration ˛0 = 0.67 pM,
the measured fluorescence signal F is approximately five orders of
magnitude smaller and its thickness dependence exhibits differ-
ent behavior, see Fig. 4b. A maximum fluorescence signal F was
measured for the hydrogel thickness between dh = 130 and 410 nm
and it sharply decreases when increasing the thickness above these
values. The hydrogel thickness for which the simulations predict
the maximum fluorescence signal is shifting with the diffusion
coefficient in the gel from dh = 300 nm for Dg = 3 × 10−7 mm2 s−1 to
dh = 580 nm for Dg = 3 × 10−5 mm2 s−1. The comparison of exper-
imental dependence of fluorescence signal F on the hydrogel
thickness dh presented in Fig. 4b indicates that the diffusion coef-
ficient of a-IgG molecules in the gel Dg was more than order of
magnitude lower than that in the aqueous sample Ds. This obser-
vation agrees with the results obtained by fluorescence correlation
spectroscopy for proteins diffusing to NIPAAm-based hydrogel

(Raccis, personal communication).

The probing of a-IgG binding by HOW mode provided higher
fluorescence signal F than that using LRSPs. Compared to LRSP
excitation in the hydrogel with a thickness of dh = 130 nm,



1 Bioel

1
t
L
o
s
fi
o
d
s
3
h

3

3
l
a
t
w
o
w
t
a
d

l
s
s
g
d
a
c
l

d

i

F
g
(
a
fi
c
s
s
g
i

430 C.J. Huang et al. / Biosensors and

.8-fold higher fluorescence signal was observed for excita-
ion of HOW in the gel with a thickness of dh = 1440 nm. For
RSP field-enhanced fluorescence spectroscopy, noise of the flu-
rescence signal baseline 
(F) = 55 cps (SD) and the maximum
lope dF/(dt˛0) = 0.34 cps min−1 fM−1 were measured. For HOW
eld-enhanced fluorescence spectroscopy, higher noise of the flu-
rescence signal baseline 
(F) = 107 cps (SD) and larger slope of
F/(dt·˛0) = 0.59 cps min−1 fM−1 were observed. These data corre-
pond to the similar limit of detection below 20 fM determined as

(F)/[	t·dF/(dt·˛0)] for both LRSP and HOW-based excitation and
ydrogel thicknesses of dh = 130 and 1440 nm, respectively

.3. The spatial distribution of captured analyte

In order to elucidate the observations presented in Section
.2, the spatial distribution of captured analyte �(x) was calcu-

ated using a numerical model. The simulations predict that after
30 min flow of a sample with large concentration of ˛0 = 1.3 �M,

he hydrogel binding matrix becomes saturated and � ∼ ˇ in the
hole gel. Therefore, the fluorescence signal F depends weakly

n the diffusion of the analyte through the gel and it increases
ith the number of biomolecular recognition elements within

he LRSP evanescent field. The maximum fluorescence signal is
chieved for thicknesses dh that exceeds the LRSP penetration
epth Lp/2 = 460 nm.

For the analyte concentrations ˛0 below pM level, the simu-
ations reveal that concentration of the captured analyte is much
maller than that of biomolecular recognition elements � � ˇ. In
uch gel, the analyte molecules diffusing from a sample into the
el become captured within a characteristic time ta and thus can
iffuse only to a limited distance from the outer gel interface. The
verage diffusion time can be shown to be ta = ln(2)/(kaˇ) which
orresponds to the following diffusion depth dp derived using Fick’s
aw: √

p = 4Dg ln (2)

kaˇ
(4)

The numerical simulations shown in Fig. 5 confirm that the bind-
ng events preferably occur within an outer hydrogel slice with the

ig. 5. The comparison of spatial distribution of captured analyte �(x) for the hydro-
el thickness of (a) dh = 64 nm, (b) dh = 130 nm, (c) dh = 330 nm, (d) dh = 730 nm and
e) dh = 1440 nm. In these simulations, the �(x) were calculated for the binding of
nalyte with concentration of ˛0 = 0.67 pM in a sample for 30 min and diffusion coef-
cient in the gel of Dg = 3 × 10−7 mm2 s−1 was assumed. In addition, �(x) for diffusion
oefficient of Dg = 3 × 10−6 mm2 s−1 (black, �) and Dg = 3 × 10−7 mm2 s−1 (blue, �) is
hown for the hydrogel thickness of dh = 1800 nm. The profiles of electric inten-
ity field of LRSP mode are presented for the comparison in the upper part of the
raph. (For interpretation of the references to color in this figure legend, the reader
s referred to the web version of the article.)
ectronics 26 (2010) 1425–1431

thickness dp. For example, the diffusion penetration depth reaches
dp = 380 nm for the diffusion coefficient of Dg = 3 × 10−7 mm2 s−1

and increases to dp = 1.2 �m for Dg = 3 × 10−6 mm2 s−1. These data
illustrate that a more homogenous distribution of �(x) is estab-
lished in gel with small thickness dh or for large diffusion
coefficients Dg. Let us note that as far as � � ˇ, the established
profile of captured analyte does not change in time and the
amount of bound analyte is proportional to the flow time � (x, t) ∝
�(x)�t˛0.

The comparison of the spatial distribution �(x,t) with the profile
of the electromagnetic field of LRSP mode probing the hydrogel
biointerface is also presented in Fig. 5. It indicates that LRSP with
exponentially decaying field from the inner gel interface is suitable
for probing of gels with the thickness dh that is comparable with
the LRSP penetration depth Lp/2 and the analyte diffusion depth dp.
For a binding matrix with larger thickness dh > Lp/2 and dh > dp, the
majority of the binding events occur in the volume outside the LRSP
field and thus does not contribute to the sensor signal F. For probing
the biointerface by HOW mode, the highest enhancement of the
electromagnetic field intensity occurs in vicinity to the gel outer
interface where the analyte binding preferably occurs. Therefore,
the fluorescence sensor signal F is higher than that for the excitation
via LRSPs.

Finally, we discuss the effect of mass transfer of the analyte
to the surface that was taken into account using the diffusion
rate km. When the condition kaˇdh � km (for large analyte dif-
fusion depth dp > dh) or kaˇdp � km (for large hydrogel thickness
dh > dp) holds, the binding of target molecules to the surface is
strongly diffusion limited (let us note, that these conditions relates
to Damköhler number (Edwards, 2001) that can be expressed as
Da ∼ dh,pˇka/km for the herein studied architecture). This effect
is illustrated in Fig. 5 which shows the dependence of the con-
centration of captured analyte molecules �(x,t) for the hydrogel
thickness dh = 1440 nm. When increasing the diffusion coefficient
from Dg = 3 × 10−7 to Dg = 3 × 10−6 mm2 s−1

, one can see that the
binding of the analyte occurs deeper in the gel but the maximum
concentration of �(x) is decreased due to the finite diffusion rate
km. Therefore, increasing the thickness of the hydrogel dh or diffu-
sion penetration depth dp such that surface mass density of catcher
molecules within the whole gel dhˇ or within the analyte diffusion
depth dpˇ is much larger than km/ka will not lead to an enhanced
amount of captured analyte and thus will not provide higher sen-
sor response F. For the investigated architecture, the thickness of
the hydrogel providing binding capacity that is sufficient for the
efficient capture of target analyte diffusing to the sensor surface
with the rate km = 2 × 10−3 mm s−1 is of km/kaˇ = 345 nm which is
consistent with the experimental data and numerical simulations
presented in Fig. 4b.

4. Conclusions

In this work, a high capacity hydrogel binding matrix for evanes-
cent wave affinity biosensors was experimentally and theoretically
investigated. The results show that for detection of target analyte
with maximum sensitivity, a delicate design of three-dimensional
hydrogel binding matrix needs to be carried out. Particularly, the
interplay of parameters including the profile of a probing wave,
diffusion characteristics of an analyte to and through a gel, binding
capacity and affinity rate constants ka and kd have to be taken to
account. In a model immunoassay experiments, the limit of detec-

tion below 20 fM was achieved for optimized hydrogel matrix and
long range surface plasmon and hydrogel optical waveguide field-
enhanced fluorescence spectroscopy. The presented data indicate
that large binding capacity schemes would be particularly bene-
ficial for biosensing with lower-affinity biomolecular recognition
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lements or for detection of small molecules that diffuse fast from
ample to the sensor surface and through the hydrogel binding
atrix. Our future research will include the investigation of binding
atrices based on nanostructured hydrogel materials for more effi-

ient capture of target analyte and the exploitation of responsive
nd molecular imprinted hydrogels.
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