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Abstract A localized surface plasmon resonance biosensor in
a flow-through configuration was applied for investigating
kinetics of lectin binding to surface-grafted glycopolymer
brushes. Polycarbonate filter membranes with pore sizes of
400 nm were coated with a 114-nm thick gold layer and used
as substrate for surface-initiated atom-transfer radical poly-
merization of a glycomonomer. These grafted from
glycopolymer brushes were further modified with two subse-
quent enzymatic reactions on the surface to yield an
immobilized trisaccharide presenting brush. Specific binding
of lectins including Clostridium difficile toxin A receptor do-
main to the glycopolymer brush surface could be investigated

in a microfluidic setup with flow-through of the analytes and
transmission surface plasmon resonance spectroscopy.
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Introduction

Among various optical sensing techniques, surface plasmon
resonance (SPR) spectroscopy is until today the most wide-
spread and standard analysis method for sensing biomolecular
interactions and kinetics thereof. SPR displays excellent sen-
sitivity in label-free real-time monitoring of refractive index
changes in the vicinity of a sensor surface of a thin metal layer
(commonly used gold surface with ∼50 nm thickness) with
plasmonic properties. The widely used Kretschmann config-
uration (reflection mode) requires a complex heavy-weight
bulky measurement setup with a large sensor surface area
[1]. The approach of localized surface plasmon resonance
(LSPR) is the coupling of light with nanostructured objects,
e.g., holes of a few hundred nanometers in diameter (sub-
wavelength apertures) in either regular arrays or non-
periodic short-range order patterns [2–8] or periodic grating
structures [9, 10]. At these apertures, localized surface plas-
mons are excited normally by incident light in collinear optical
geometry, called extraordinary light transmission (EOT) effect
[3, 8]. The excitations in hole-type nanoapertures are observed
as peaks in the spectral plot of the transmission signal.

The LSPR approach allows simplified transmission mea-
surements at small sensor area footprints compared to com-
plex measurements necessary to detect the reflection angle
shifts in Kretschmann configurations [11]. These
nanoplasmonic sensors are distinctive among photonic
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sensors as they allow direct coupling of perpendicularly inci-
dent light and constitute a robust sensing platformminimizing
the alignment requirements for light coupling [8]. The trans-
mission setup is therefore more suitable for miniaturization.

Perforation of the gold layer and the underlying substrate in
a LSPR device forces the analyte to flow through the active
gold layer [8, 12]. In such a flow-through configuration, the
analyte flow has to split up into a large number of sub-micron
flow channels. This reduces significantly the transport limita-
tion of conventional flow-over configurations and leads to an
increased mass transport efficiency to the surface, decreased
response times, and significant increased sensitivities [13–15].
We recently introduced an easy-to-use LSPR flow-through
setup with a custom-made microfluidic chip which includes
an exchangeable low-cost perforated polycarbonate filter
membrane as sensor area [16].

(L)SPR is particularly useful for investigating the interac-
tions between glycans and lectins, which describe the large
class of carbohydrate binding proteins [17–20]. Glycans are
intriguing complex biomolecules known for their high infor-
mation coding capacity [21]. Due to their chemical variability
based on multiple functional hydroxyl-groups and conforma-
tional diversity, they are involved in numerous biological
tasks like cell communication, cell interactions, virus binding,
cancer progression, and bacterial toxin evasion. Synthesis of
complex glycans and revealing of glycan-protein interactions
are still challenging aspects of glycoscience. Therefore, eluci-
dation of structure relationships of glycans binding to lectins
will support efforts to find glycan-based theranostic drugs for
curing cancer or overcoming infections by pathogenic bacte-
ria. SPR gave new insights to understand new aspects in bind-
ing behavior of lectins [17]. An important term in this regard is
the Bcluster glycoside effect,^ which describes the increase in
affinity of lectins toward their glycoligand in orders of mag-
nitude as soon as the number of presented glycans is increased
fulfilling structural criteria to bind to the lectin [22]. This so-
called multivalent effect is the basis of creating strong and
specific glycan-protein interactions. We recently reported on
the multivalent characteristics of glycopolymer brushes with
good anti-fouling properties meaning very low unspecific pro-
tein adsorption [23]. The glycopolymer brushes display high
specificity and selectivity for lectins depending on the present-
ed glycan.

Encouraged by these results, we present here the lable-free
kinetic analysis of lectin binding by LSPR. In detail, surface-
initiated atom-transfer radical polymerization (SI-ATRP) for
the synthesis of glycopolymer brushes grafted from the gold
surface of the sensor foil was established for subsequent anal-
ys i s of lec t in b inding by LSPR. At th is s tage ,
N-acetylglucosamine (GlcNAc) was presented on the brushes
and the binding to this ligand was evaluated with the plant
lectinGriffonia simplicifolia lectin II (GS-II), which is known
to recognize specifically GlcNAc [24]. To get more variability

on the ligand side, we applied a two-step enzymatic synthesis
utilizing recombinant human and murine glycosyltransferases
transferring two galactose (Gal) molecules to yield the trisac-
charide Galα1,3Galβ1,4GlcNAcR, known as Galili-structure
[25, 26]. This glycan epitope is reported to be a good ligand
for the bacterial enterotoxin A (TcdA) from Clostridium
difficile [27]. We investigated binding of the recombinantly
expressed lectin domain (TcdA-R) of TcdA to Galili-
structure and GlcNAc presenting brushes. A combination of
SPR or electrochemical impedance spectroscopy (EIS) with
surface-grafted polymer brushes as well as self-assembled
monolayers (SAMS) was investigated previously and proved
the high binding affinity of a lectin toward the glycopolymers
with KD values in the nanomolar range [28–30]. In contrast,
we present here a novel method that combines a more cost-
effective, disposable measuring platform with the versatility
gained by multiple enzymatic reactions on the surface.

Experimental

For the flow-through LSPR measurements, the microfluidic
chamber described in [16] was miniaturized to a cross-
sectional area of 1.75 mm2 and a volume of approximately
0.15 μl using standard PDMS soft-lithography technique in
combination with photoresist (SU-8)-based micromolds. The
chamber was connected to a fluid distribution system also
made by soft-lithography technique which includes four inlet
channels in PDMS with integrated micro-pneumatically driv-
en micro valves [31]. The fluids were pressure-driven by 1-ml
syringes and syringe pumps, which were controlled by a
LabView program in order to automatize experiments with
multiple rinsing steps. Teflon tubes were used with an inner
diameter of 0.3 mm and an outer diameter of 0.76 mm to
connect the devices. For all experiments, the flow rate was
adjusted to 0.25 ml h−1 to obtain a good resolution of the
adsorption process and to prevent mechanical deformations
of the sensing membrane. Compared to the previously de-
scribed macro reaction chamber [16], the actual volume of
the miniaturized version was reduced by a factor of 30 and
possesses a dead volume of only 2 μl. Hence, the lag time for
medium exchange has been significantly reduced to less than
3 min instead of 20 min (Fig. 1). The overall recovery time of
the modified device was determined by the bulk refractive
index change during a consecutive exchange of sodium chlo-
ride (232 g l−1) and de-ionized water (Fig. 1). The recovering
time after a complete exchange could be reduced to 10 min
compared to 54 min for the original macro chamber type.
Thus, the additional miniaturization of the microfluidic sys-
tem enables faster reaction times and lower analyte
consumption.

The perforated polycarbonate membrane-based LSPR sen-
sor was fabricated as previously reported [16]. Slight modifi-
cations refer to the polycarbonate filter with a pore diameter of
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400 nm double-side coating with 114-nm-thick gold layers
using a sputtering machine. For transmission measurements,
the prepared foil is clamped into the reaction chamber to force
a media flow through the nanopores (Fig. 2).

The complete microfluidic system was implemented into
an optical bench consisting of a halogen lamp serving as light
source and a spectrometer measuring the light transmission.
Optical lenses were used to focus the light (Fig. 2). The trans-
mitted light intensity was used to characterize the biomolecu-
lar interactions at the nanoaperture and for kinetic sensing.
During an experiment, the averaged spectrum of ten individ-
ual measurements was stored in intervals of 10 s. The mea-
surements were monitored by evaluating the intensity of the
wavelength barycenter of the transmission spectra over the
course of the experiment, according to [16]. The detailed ex-
perimental procedure and fabrication process of the
microfluidic devices are described in the electronic supple-
mentary material (ESM 1).

SI-ATRP was carried out on the sputtered membranes
a f t e r d e p o s i t i o n o f t h e i n i t i a t o r b i s [ 2 - ( 2 ′ -
bromoisobutyryloxy)ethyl]disulfide (1) at room tempera-
ture using GlcNAc-2-hydroxyethylmethacrylate (GEMA)
(2) as monomer in the presence of CuCl, CuBr2, and
bipyridine in a mixture of methanol/water (Fig. 3). In this

way, we gained densely grafted glycopolymer brushes on
the gold surface.

The surfaces were analyzed via atomic force micros-
copy (AFM) and scanning electron microscopy (SEM).
The growth of the brush could be measured with AFM
at high magnification, shown in Fig. 4a, b. However,
the image gave some distortion due to the irregularity
of the gold deposition and the roughness of the foil. A
better view of the surface could be achieved by SEM,
which clearly showed that the pores are not blocked
after polymerization (Fig. 4c, d).

To prove the attachment of the glycopolymer brushes quali-
tatively,weperformedfluorescencemicroscopyof thefoils after
incubating themwith fluorescein isothiocyanate (FITC)-labeled
GS-IIasGlcNAc-bindinglectin.Aclearfluorescencesignalwas
detected giving a hint that lectins dobind to this surface (Fig. 5).
Next, we elongatedGlcNAc on the surface with recombinantly
expressed human β1,4-galactosyltransferase-1 (β4GalT) to
yield N-acetyllactosamine (LacNAc) (3). This compound was
used as an intermediate to perform a second enzymatic reaction
using recombinant α1,3-galactosyltransferase (α3GalT) origi-
nating from mouse yielding the final Galili-epitope (4). The
three surface-bound glycans were analyzed by FITC-GS-II
and green fluorescent protein (eGFP)-labeled TcdA-R. The lat-
ter, aswell as thenon-labeledversionof it,wasexpressedwithan
N-terminal His6-Tag recombinantly in Escherichia coli
BL21(DE3) pLysS. Whereas GS-II shows increased fluores-
cence signal onGlcNAc, it did not bind at all toGalili-structure.
In contrast, TcdA-R showed signal on Galili-structure but did
not bind to GlcNAc-presenting brushes (Fig. 5). The results of
the specific lectin binding experiments indicated the attachment
of glycopolymer brushes to the gold surface qualitatively. We
additionally proved the successful SI-ATRP with
glycomonomer by surface FTIR. The results are shown in the
ESM. It isworthmentioning thatall fluorescencemeasurements
were carried out without any further blocking steps of the sur-
face. This leads to the conclusion that the very goodanti-fouling
properties of the glycopolymer brushes which we observed on
silicon surfaces [23] are maintained also on gold surfaces, and
furthermore, glycan-specific binding of lectins is achieved also
on the perforated gold foil.

Fig. 1 Bulk refractive index measurement change during a consecutive
exchange of sodium chloride and de-ionized water to determine the
recovering time. The double arrow represents a time span of 10 min.
NaCl solution of 20 μL and water were used for each injection,
respectively

Fig. 2 Measuring setup of the
flow-through LSPR biosensor
and picture of the actual device. 1:
halogen lamp, 2: sensor and
microfluidic chamber, 3:
photodetector. Scale bar 20 cm

Lectin binding studies on a glycopolymer LSPR biosensor



Results and discussion

For adsorption analysis, we used low protein concentra-
tions of 166.0 nM of GS-II and 155.0 nM of TcdA-R to
get sufficient measuring signals, shown in Fig. 6. This
sensitivity is slightly lower, yet in the same order of mag-
nitude, than the sensitivity of commercially available SPR
devices using Kretschmann configuration [32]. Thus, sen-
sitivity in nanomolar range is still useful for both medical
diagnostics as well as analytical purposes. The specificity
of the LSPR device could be proven by binding studies of
GS-II and TcdA-R to GlcNAc- and Galili-presenting
glycobrushes, respectively (Fig. 6). Only very low unspe-
cific binding to the sensor is observed (Fig. 6b, d). In fact,
the specific binding signals increase by an 8-fold on
Galili-glycopolymer brush sensors compared to GlcNAc
for TcdA-R (Fig. 6c, d). For GS-II, the binding signal is
12-fold higher for GlcNAc-compared to Galili-structure
presenting brushes (Fig. 6a, b). The range of unspecific
adsorption of GS-II is about 7 % and of TcdA-R about
10 %. This means that 10 or 7 % of total binding signal
has to be considered unspecific adsorption.

To gain insight into the kinetic parameters, we calculated
kon, koff, and KD from the sensorgrams (Table 1). We utilized a
well-established binding model for biomolecular interactions
based on first-order Langmuir kinetics. This model is valid for
experiments without mass-transport limitation and is the most
common model for SPR experiments, which are carried out
under flow conditions [33–37]. As we force the flow though
the pores with very small cross section, limitation by diffusion
is unlikely. Additionally, the whole flow cell volume is very
small, again making mass transfer limitation not expectable.
Therefore, we used for fitting the association part of the mea-
sured curves, Eq. (1) [38].

clectin tð Þ ¼ Bmax � c0
c0 þ KD

� 1−e− konþkoffð Þ�t ð1Þ

with Bmax as maximal load of surface with lectin and c0 as
initial concentration of lectin. For fitting the dissociation pro-
cess, we used Eq. (2) [39], which adds a term for dissociation
after t0. t0 is the time point of dissociation initiation.

clectin tð Þ ¼ Bmax � c0
c0 þ KD

� 1−e− konþkoffð Þ�t0 � e−koff� t−t0ð Þ ð2Þ

Fig. 3 General scheme of the
polymerization process with
SAM formation of the initiator 1
on the gold surface followed by
SI-ATRP with glycomonomer 2

Fig. 4 AFM and SEM images of
A, C untreated gold covered foil
and B, D foil after SI-ATRP with
glycopolymer brushes. Scale bars
in SEM images represent 1 μm.
As indicated by the AFM
analysis, the polymerization
increases surface roughness and
the nanopores are not detected
anymore (B) by measurements at
the nanometer level. However,
with SEM, it is clearly shown that
the pores (black) are free and not
blocked by polymer (D), which
leads to the conclusion that the
polymer will not affect the flow-
through setup. For SEM analysis,
the foil was sputtered with
platinum prior to measurement
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Using Eqs. (1) and (2), we were able to determine the
kinetic parameters of lectin binding to the brushes on the
foil, by taking association as well as dissociation by dilu-
tion into account. This circumvents the necessity of mea-
suring different protein concentrations for determination
of KD. Interestingly, the used model describes one-to-
one binding modes but still gives convenient results with
lectin-glycan interactions, although lectins are assumed to
have multiple binding sites. Therefore, interactions be-
tween glycans and lectins may be considered as one-to-
one interactions in this study. The multivalent presenta-
tion of the glycans increases the affinity of the lectins in
orders of magnitude and reveals low nanomolar KD

values. These results confirm our previous studies on
GS-II binding on GlcNAc-glycopolymer brushes by EIS
[30]. This additional data with commercially available
lectin validates the general applicability of glycopolymer
brushes as high-affinity multivalent scaffolds for lectin

analysis. The superb binding properties of multivalent
glycopolymer brushes were further proven also by inhibi-
tion experiments high IC50 values for the corresponding
glycan ligands in solution [23, 28, 40]. In contrast, study-
ing ligands with less multivalency KD values in the lower
μM range are commonly found for lectins [41, 42]. Most
importantly, the receptor binding domain of toxin A from
C. difficile (TcdA-R) binds also with KD values of low
nanomole concentrations to Galili-epitope-presenting
glycopolymer brushes (Table 1). To the best of our knowl-
edge, this is the first time that kinetic data of TcdA-R
binding to carbohydrate structures like Galili-structure in
a multivalent environment was elucidated. It must be tak-
en into consideration that TcdA-R consists of up to seven
putative binding sites; therefore, the one-to-one model
may not be the best representation. Nevertheless, the ex-
perimental data are well described by this simple model
(see ESM). Binding to soluble glycans revealed weak

Fig. 5 Enzymatic synthesis with respective fluorescence lectin analysis
(green) and dark field images of the foils. GS-II clearly binds to GlcNAc,
whereas no fluorescence is detected onGalili-structure. In contrast, TcdA-

R binds to Galili-structure, but not to GlcNAc. The dark field images of
the foils are used for clarification of the foil location in fluorescence
pictures. Scale bars 100 μm

Fig. 6 LSPR sensorgrams for
binding of GS-II to GlcNAc
presenting brushes (A) and Galili
(B) as negative control. C, D
represent the binding cruves of
TcdaA-R to Galili-structure and
GlcNAc as negative control,
respectively. The measurements
were carried out as triplicates. For
complete data, see ESM

Lectin binding studies on a glycopolymer LSPR biosensor



association of TcdA due to the lack ofmultivalent presentation
and KD values were set at the range of 0.5 mM [43, 44]. For
this lectin, multivalent presentation may be especially im-
portant and favorable, as the receptor domain bears ap-
proximately seven potential carbohydrate recognition do-
mains (CRDs) [45]. Due to flexibility of the brushes and the
high number of glycans in close proximity to each other,
individual CRDs may choose the optimal adjacent
glycan ligand for binding. This results here in KD values
in the low nanomolar range. The strong multivalent inter-
actions between glycan-ligand and lectin lead to high-
affinity binding with KD values similar to antibody-
antigen interactions [46]. This is a unique feature of the
glycan presentation by surface-mounted glycopolymer
brushes. It is well described that the binding strength of
lectin to carbohydrates increases in orders of magnitude as
soon as the ligand is presented in a multivalent manner.
This effect is called the Bcluster glycoside effect^ and
explained for example by ligand chelation with lectins
bearing multiple binding sites [22]. The topology of the
glycopolymer brushes provides a multivalent environment
in all directions of space: perpendicular to the sensor sur-
face given by the degree of polymerization, which is di-
rectly related to the numbers of presented glycans and in-
plane of the sensor surface by dense grafting (see ESM).
Taking the koff values in consideration, approximate half-
lives of the lectin-carbohydrate complexes were deter-
mined with values of about 30 h for TcdA-R and about
10 h for GS-II. Half-lives in this range are important in-
dicators for the development of novel carbohydrate-based
scavengers of bacterial toxins. The rather low sample
amount needed in our approach renders these sensors as
versatile disposable diagnostic device for monitoring in-
fections with C. difficile by measuring the abundancy of
TcdA. Not only high-affinity ligands are created but also
the sensitivity of LSPR is in a suitable range, as clinically
used assays detect 2.5 ng mL−1 and higher in stool [47].
Generally, 50 mg of sample is used in commercially avail-
able α-TcdA ELISAs, this would also be sufficient for our
device, while omitting the time-consuming multi-step
ELISA procedure. Normally, kon is determined by the rate
of diffusion and is found in ranges of 106–108 M−1 s−1.
Both lectins show values of 105–106 M−1 s−1 not uncom-
mon for biomolecular interactions. In this case, overall
slower binding may be additionally caused by the multi-
ple binding sites in both lectins. GS-II consists of two or
four binding sites depending if it is originated from leaves

or seeds, whereas TcdA-R shows up to seven CRDs [48].
This causes a slower binding of the lectins in general
depending on how much binding sites are tackled at once.
Comparison of these findings with other lectins reveals
that rather slow binding is common for these proteins,
even if high-affinity ligands are presented [42, 49, 50].

Compared with other methods which are used for detecting
lectin interactions like EIS [30], conventional SPR [17],
quartz crystal microbalance (QCM) [51], or isothermal titra-
tion calorimetry (ITC) [52], our LSPR is similar in sensitivity
and offers the advantages of disposability and cost-effective-
ness. The low-cost production of the foil-based biosensors is
straightforward compared to commonly used gold-coated
glass chips in the SPR Kretschmann configuration [53].
Moreover, sample sizes are small when using our new LSPR
approach. Although in comparison to ITC, not all the thermo-
dynamic parameters may be monitored, SPR measurements
by our device fulfill the task of determining binding kinetics of
biomolecular interactions with high satisfaction.

Conclusion

The developedmicrofluidic flow-through LSPR setup leads to
a reduced sensor area and consumption of fluid volumes com-
pared to commonly used SPR Kretschmann configurations.
This setup gives valid information about lectin binding to
glycopolymer-brush surfaces. We were able to synthesize
complex glycan-structures on the sensor surfaces utilizing re-
combinant glycosyltransferases. Glycan-specific binding of a
plant lectin and a recombinantly expressed bacterial entero-
toxin binding domain was proven and analyzed to gain insight
into binding kinetics. The measurement setup is variable with
respect to presented ligands and represents an economic and
disposable LSPR setup for measuring protein-ligand interac-
tions. In combination with our high-affinity glycan-ligands,
this platform is ideally configured for future fast and specific
diagnostics of TcdA-mediated infections. Our system is opti-
mized for lectin binding with a very multivalent surface cov-
ering resulting in high-affinity binding of lectins with KD

values common for antibody-antigen interaction.
Simultaneously, our system shows very low unspecific adhe-
sion of lectins, which is also superior to commercially avail-
able SPR chip functionalization with hydrogels or dextrane.
This enables the use as diagnostic glycan-based device to
detect low amounts of bacterial enterotoxins or other
disease-relevant lectins. In comparison to commercial

Table 1 Kinetic parameters
collected by LSPR for GS-II
binding to GlcNAc presenting
brushes and TcdA-R binding to
Galili-epitope

kon [M
−1 s−1] koff [s

−1] KD [M]

GS-II 5.4 × 105 ± 3.0 × 105 1.3 × 10−3 ± 4.1 × 10−4 4.2 × 10−9 ± 3.5 × 10−9

TcdA-R 2.2 × 106 ± 1.0 × 106 5.5 × 10−4 ± 2.2 × 10−4 3.0 × 10−10 ± 1.9 × 10−10
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Kretschmann configuration SPR instruments, the LSPR ap-
proach we took is 95 % cheaper and may be miniaturized,
with still reasonable sensitivity, which allows the use of this
device in the field or by standard diagnostic laboratories.
Broadening the scope of this system to other glycan epitopes
is easily achieved by performing different enzymatic reactions
on the surface, giving a high-affinity, low-fouling, yet low-
cost and disposable measuring device, with variable ligand
presentation for binding analysis of lectins. In general, the
developed sensor may be used for any kind of investigations
of kinetics of biomolecule interactions.
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