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a b s t r a c t

A plasmonic biosensor for rapid detection of protein biomarkers in complex media is reported. Clinical
serum samples were analyzed by using a novel biointerface architecture based on poly[(N-(2-hydro-
xypropyl) methacrylamide)-co-(carboxybetaine methacrylamide)] brushes functionalized with bior-
eceptors. This biointerface provided an excellent resistance to fouling even after the functionalization
and allowed for the first time the direct detection of antibodies against hepatitis B surface antigen (anti-
HBs) in clinical serum samples using surface plasmon resonance (SPR). The fabricated SPR biosensor
allowed discrimination of anti-HBs positive and negative clinical samples in 10 min. Results are validated
by enzyme-linked immunoassays of the sera in a certified laboratory. The sensor could be regenerated by
simple treatment with glycine buffer.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

As the infection by hepatitis B virus (HBV) can cause potentially
life-threatening diseases such as chronic hepatitis, cirrhosis, or
even liver cancer, it represents one of the major global health
threats. Almost one third of the world population is infected by the
HBV, from which over 250 million people become chronically in-
fected, and more than 780 thousand people die every year due to
complications related to hepatitis B (Lozano et al., 2012). The rate
of prevalence reaches up to 10% in developing countries in Africa
and East Asia (Hollinger and Liang, 2001) and even up to 20% in
the Asia-Pacific region (Lesmana et al., 2006). The prevalence is
much lower in western countries such as Germany, under 1%,
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which represents a total HBV-related cost exceeding 600 million
EUR per year (Harbarth et al., 2000). HBV is easily transmitted by
the exposure to infected blood or body fluids. Infection of humans
by HBV is accompanied with the production of antibodies against
the antigens presented on the HBV surface.

The infection and further spreading of the virus can be effi-
ciently prevented by vaccination with the purified and re-
combinant surface antigen of the hepatitis B virus (HBsAg).
However, the duration of the protection varies and regular check
of the antibody titer is recommended, especially in the groups
with elevated risk such as hospital staff (Gitlin, 1997; Poorolajal
et al., 2010). Currently, the most commonly used technique for
serological diagnostic is ELISA, however its use is restricted to
centralized laboratories as it requires highly trained personnel and
relies on multiple-step procedures. Thus, preventing the use of
ELISA for point-of-care diagnostics (Tighe et al., 2015).

In order to perform diagnostic assays outside specialized la-
boratories and carry out the analysis closer to patients, we wit-
nessed the development of biosensor technologies for point-of-
care analysis of human plasma/serum and other accessible bodily
fluids (Wang et al., 2010; Yao and Fu, 2014). However, none of
these examples showed the detection in real clinical samples nor
at biologically relevant concentrations of the markers. Therefore, it

www.sciencedirect.com/science/journal/09565663
www.elsevier.com/locate/bios
http://dx.doi.org/10.1016/j.bios.2016.05.014
http://dx.doi.org/10.1016/j.bios.2016.05.014
http://dx.doi.org/10.1016/j.bios.2016.05.014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2016.05.014&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2016.05.014&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2016.05.014&domain=pdf
mailto:riedel@imc.cas.cz
mailto:rodriguez@dwi.rwth-aachen.de
mailto:jakub.dostalek@ait.ac.at
http://dx.doi.org/10.1016/j.bios.2016.05.014


T. Riedel et al. / Biosensors and Bioelectronics 85 (2016) 272–279 273
is of high interest to develop detection techniques that provide
fast response, high sensitivity, and possibilities for the miniatur-
ization required for personalized medicine. Optical affinity bio-
sensors represent a promising technology allowing fast high-
throughput and in-real time detection (Homola, 2008; Stewart
et al., 2008). Numerous SPR based biosensors were reported for
the rapid detection of the anti-HBs or even the HBV viral DNA in
the last years (Choi et al., 2014; Chuang et al., 2012, 2005; Hwang
et al., 2005; Lu et al., 2013; Uzun et al., 2009; Wang et al., 2010;
Zheng et al., 2010). These works demonstrate the detection in
buffer, spiked serum, or detection of viral DNA after its separation
and amplification. It is noteworthy that none of these examples
achieved the detection of biologically relevant concentrations in
clinical samples. Presumably, the high fouling observed in the
clinical samples hampers the direct detection. Therefore, the
analysis of complex matrices requires advanced biointerface ar-
chitectures that are sufficiently resistant to fouling which impedes
the sensor specificity by unspecific adsorption.

Arguably, protein fouling is the most critical technical challenge
preventing plasmonic (and other affinity) biosensors reaching
clinical practice (Blaszykowski et al., 2015). This effect leads to
unspecific adsorption that blocks the sensor surface and hinders
its ability to discriminate the specific binding of target analyte. To
prevent fouling self-assembled monolayers (SAM) of alkanethiols
terminated with variable functional units are often used (Blas-
zykowski et al., 2015). However, they do not provide sufficient
resistance when challenged with complex biological media such as
serum (Chung et al., 2005; Herrwerth et al., 2003; Riedel et al.,
2014, 2013; Rodriguez Emmenegger et al., 2009).

Polymer brushes prepared by surface-initiated radical poly-
merization, have been shown to efficiently reduce or even com-
pletely suppress the fouling from complex biological media
(Blaszykowski et al., 2012; Cho et al., 2014; Rodriguez-Emme-
negger et al., 2012b). Poly(carboxybetaine acrylamide) (poly
(CBAA)) and poly[N-(2-hydroxypropyl) methacrylamide] (poly
(HPMA)) brushes were demonstrated to completely eliminate
fouling from blood plasma, the most widely used bodily fluid for
biosensing (Jiang and Cao, 2010; Rodriguez-Emmenegger et al.,
2011; Yang et al., 2009). Moreover, poly(HPMA) brushes resist
fouling from complex biological media, such as human blood
plasma and serum, calf serum, fetal serum, urine, cerebrospinal
fluid and saliva (Rodriguez-Emmenegger et al., 2012b). In addition,
the polymer brushes resisted fouling of whole blood and its
components, prevent adhesion of cells (rat embryonic fibroblasts),
reduce bacteria adhesion and biofilm formation, and they even
display non-thrombogenic surface properties (de Los Santos Per-
eira et al., 2016; Pop-Georgievski et al., 2013; Rodriguez-Emme-
negger et al., 2015, 2013; Surman et al., 2015). The resistance of
carboxybetaines polymer layers is ascribed to electrostatically in-
duced hydration layer (Jiang and Cao, 2010) while the resistance of
poly(HPMA) brushes is still under scrutiny.

The preparation of affinity biosensors not only requires ex-
cellent resistance to fouling as well as the presence of functional
groups exploitable for immobilization of bioreceptors. The facile
activation of all functional groups along the polymer chain led to
several affinity biosensors (Brault et al., 2013; Mahmud et al., 2011;
Vaisocherová et al., 2008). However, it has been shown that the
activation and biofunctionalization lead to irreversible changes in
fouling (Vaisocherová et al., 2014). While this problem is usually
neglected, careful evaluation of the presented published data
showed always reference-compensated signals as a result of the
increment in fouling (Vaisocherová et al., 2008). A feasible way to
circumvent this problem is to activate and functionalize only a
small fraction of the functional groups. For instance, two mono-
mers with distinct side groups can be copolymerized and by using
an orthogonal reaction which activates the sides groups of only
one of the monomers, it is possible to create only minimal changes
in the brush preserving the non-fouling properties. Building on
this concept we developed a biosensing platform able to detect
anti-HBs antibodies. The surface was prepared by the statistic
copolymerization of two non-fouling monomers, HPMA and
CBMAA, by surface initiated atom transfer radical polymerization
(SI-ATRP). Upon activation HBsAg antigen was immobilized on the
brushes with no increase in the fouling. This was exploited to
fabricate a new plasmonic biosensor for the analysis of anti-HBs in
real clinical serum samples using SPR. It takes advantage of a novel
antifouling poly[(N-(2-hydroxypropyl) methacrylamide)-co-(car-
boxybetaine methacrylamide)] (poly (HPMA-co-CBMAA)) brush
that retains its properties even after the immobilization of large
surface mass density of ligands.
2. Materials and methods

2.1. Materials

All materials were used as purchased otherwise stated. A de-
tailed list can be found in the SI.

2.2. Biological samples

Serum samples were collected from eight healthy donors who
were either vaccinated or not-vaccinated against Hepatitis B.
Blood samples were incubated in Vacuette 9 mL Z Serum Clot
Activator (Greiner Bio One, Frickenhausen, Germany) for 30 min
followed by centrifugation for 10 min at 1800 g at room tem-
perature. Aliquots were stored at �80 °C before analysis. Serum
samples were tested for the presence of anti-HBs antibodies in CE
certified laboratory Labors at in Vienna (Austria) by using regular
enzyme-linked immunoassays (ELISA).

2.3. Synthesis of poly(HPMA-co-CBMAA) brushes via SI-ATRP

Gold-coated glass slides (SPR chips) were first incubated with
ω-mercaptoundecyl bromoisobutyrate, an ATRP initiator, as de-
scribed previously (Rodriguez Emmenegger et al., 2009). The
polymerization of poly(HPMA-co-CBMAA) brushes is schemati-
cally showed in Fig. 1. Firstly, 7 mL of methanol was degassed via
six freeze-pump-thaw cycles and subsequently transferred under
argon atmosphere to a Schlenk tube containing CuCl (35 mg,
354 mmol), CuCl2 (10.5 mg, 78 mmol) and Me4Cyclam (121 mg,
472 mmol). The catalyst mixture was stirred until all solids were
dissolved. In a second Schlenk tube, HPMA (2.4 g, 16.6 mmol) and
CBMAA (0.7 g, 2.9 mmol) were dissolved in 12 mL of water pre-
viously degassed via six freeze-pump-thaw cycles and 5 mL of
deoxygenated methanol and kept at 0 °C. After complete dissolu-
tion, the blue catalyst solution was transferred to the monomer
solution using a gastight syringe. Subsequently, the homogenized
polymerization mixture was cannulated into the reactor contain-
ing the substrates coated with the initiator SAM. The poly-
merization was carried out at 30 °C for 2 h. The samples were ta-
ken out of the reactor, washed thoroughly with water and stored
in water until the use.

2.4. Characterization of poly(HPMA-co-CBMAA) brushes

X-ray photoelectron spectroscopy (XPS) measurements were
carried out with a K-Alphaþ spectrometer (ThermoFisher Scien-
tific). Data acquisition and processing were performed using
Thermo Advantage software. All spectra were referenced to the
C1s peak of hydrocarbons at 285.0 eV BE controlled by means of
the well-known photoelectron peaks of PET and metallic Cu, Ag,



Fig. 1. Synthesis and chemical structure of the poly(HPMA-co-CBMAA) polymer brush (left) and schematics of gold surface with tethered brush that is post-modified with
protein ligand (right).
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and Au. For details see SI.
Fourier transform infrared grazing angle specular reflectance

spectroscopy (FTIR-GASR) was carried out using a Nicolet Nexus
870 with a SAGA attachment. The spectra were acquired with 256
scans at a resolution of 2 cm�1 and processed with OMNIC soft-
ware. The spectrometer was purged continuously with dry air.

Ellipsometric data were acquired using a spectroscopic ellips-
ometer M2000 (J.A. Woollam Co., USA) operated in rotating
compensator mode. All measurements were performed in the
wavelength range of 350–1000 nm with a Xe arc lamp light source
and angle of incidence of 60°. For the measurements in water, a
liquid cell with a volume of V¼0.7 mL was used. The obtained data
were analyzed with the CompleteEASE software. For more details
refer to the SI.

The wettability of surfaces was examined by dynamic sessile
water drop method using a DataPhysics OCA 20 contact angle
system. A 5 mL water drop was placed on the surface, and advan-
cing and receding contact angles were determined while the vo-
lume of the drop was increased up to 15 mL and decreased at flow
Fig. 2. Schematic diagram of the surface plasmon resonance setup (a). Sensor chip with p
anti-HBs target analyte (b).
rate of 0.5 mL s�1. The data were evaluated using the Young–La-
place method. Reported values were averaged over at least three
measurements recorded at different positions on each substrate.

Atomic force microscopy (AFM) was employed to investigate
the morphology of the brushes by using a Multimode Atomic Force
Microscope NanoScope IIIa (Digital Instruments). Topographical
scans in tapping mode were measured in air using OTESPA tips.
Areas of 5�5 mm2 were scanned at a rate of 1 Hz. The scans were
analyzed using Gwyddion software.

2.5. Optical setup of plasmonic biosensors

SPR-based detection was performed by using an instrument
with wavelength interrogation of SPR which was developed at the
Institute of Photonics and Electronic of the Academy of Sciences of
the Czech Republic (Homola et al., 2002) (Fig. 2a). The angle of
incidence of the polychromatic beam θ was adjusted in order to
tune the SPR wavelength close to λSPR¼750 nm. The binding in-
duced variations in λSPR were tracked in time by using dedicated
oly(HPMA-co-CBMAA) brush functioning as a binding matrix for direct detection of
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software. The sensor allowed for the monitoring of refractive index
changes on the sensor surface with the resolution of 3�10�7

refractive index units (RIU). A flow-cell with four chambers (each
with a volume of 1 mL) was clamped against the sensor surface and
analyzed liquid samples were flowed by using a peristaltic pump
with a flow rate of 15 mL min�1. The limit of detection of the SPR is
0.3 ng cm�2 (de los Santos Pereira et al., 2014). All measurements
were carried out at T¼25 °C.

2.6. Determination of fouling from blood serum on poly(HPMA-co-
CBMAA) brushes

The irreversible adsorption (fouling) of biological components
from blood serum on poly(HPMA-co-CBMAA) brushes was quan-
titatively determined by SPR. After establishing a stable baseline of
SPR sensor signal λSPR in PBS buffer (pH 7.4), undiluted human
blood serum from healthy individuals were flowed over the sur-
face of the brushes for 10 min, followed by washing with PBS. The
fouling was estimated by the difference in sensor baselines before
and after contact with serum.

2.7. Immobilization of HBsAg on poly(HPMA-co-CBMAA) brush

The antigen HBsAg was tethered to carboxylic groups available
in the brushes previously activated using the amine coupling re-
action as indicated in Fig. 1. Firstly, the brush surface was con-
tacted with SA buffer pH 5. Subsequently, the surface was reacted
with a freshly prepared solution 1:1 v/v of EDC (0.4 M) and NHS
(0.1 M) for 10 min to form active succinimidyl esters. Then the
surface was subsequently rinsed with SA and HEPES buffers for
one minute each and the antigen, HBsAg (25 mg mL�1 in HEPES
buffer), was flowed over surface for up to 25 min. Finally, the
unreacted active ester groups were let to hydrolyze by flowing PBS
for 90 min.

2.8. Detection assay

The prepared surfaces comprise brushes of poly(HPMA-co-
CBMAA) on which antigen HBsAg was covalently immobilized.
Blood serum samples with the volume of 15 mL were diluted in PBS
at the volumetric ratio 1:10. A baseline in sensor response was
established upon a flow of PBS. Afterwards, the analyzed sample
was injected to the sensor for 10 min followed by 5 min rinsing by
PBS buffer. The affinity binding of target anti-HBs analyte to HBsAg
was directly observed by measuring the sensor signal λSPR. The
sensor response was defined as a difference in the SPR wavelength
ΔλSPR before the sample injection and after the 5 min rinsing with
PBS. All measurements were carried out at least in triplicate.
3. Results and discussion

Statistical copolymer brushes of HPMA and CBMAA were pre-
pared for the first time. While both monomers have been used in
the past to prepare the only two truly non-fouling surface mod-
ifications the combination of both polymers have never been
presented. The brushes were biofunctionalized with HBsAg by an
orthogonal activation of carboxylic groups at the surface to pre-
pare biosensors to detect markers of hepatitis B in blood serum.

3.1. Physicochemical characterization of poly(HPMA-co-CBMAA)
brush

Poly(HPMA-co-CBMAA) copolymer brush was successfully
grown from a densely packed SAM of ω-mercaptoundecyl bro-
moisobutyrate on Au via SI-ATRP. Such polymerization is known to
be not well controlled which is a typical feature for the ATRP of
methacrylamide monomers. However, the combination of the
previously optimized conditions (Rodriguez-Emmenegger et al.,
2011, 2012a) allowed to synthesize poly(HPMA-co-CBMAA) brush
with a reproducible thickness.

The grafting of the polymer brushes by surface-initiated ATRP
is accompanied by pronounced changes in the C 1s region of the
XPS spectrum compared to the SAM of initiator. The high resolu-
tion C1s and N1s spectra of the poly(HPMA-co-CBMAA) brushes
(Fig. 3a and b and Supporting Information) shows the character-
istic contributions observed in the XPS spectra of both homo-
polymer brushes (poly(HPMA) and poly(CBMAA)). The core level C
1s spectrum is characterized by a C–C, C–H contribution at
285.0 eV which is accompanied by a contribution at 285.670.1 eV
arising from the secondary chemical shift, i.e. the effect of the ester
group on the tertiary carbon atom in the C*–C(¼O)–O–R structure
(Fig. 3a). The peak at 286.270.2 eV stems from the C–N moiety
and is well resolved from the C–O–H contribution at
286.970.1 eV. The amide group C(¼O)–NH is present at
288.070.1 eV and is well resolved from the carboxyl (O–C¼O)
peak at 288.670.3 eV. The presence of both HPMA and CBMAA
monomer units in the poly(HPMA-co-CBMAA) brushes is also
corroborated in the high resolution N 1s spectrum presented in
Fig. 3b. The N 1s spectrum exhibits a peak at 400.0 eV stemming
from amides bond of HPMA and CBMAA and an additional con-
tribution at 402.9 eV which is assigned to the positively charged
quaternary ammonium forming the zwitterion from CBMAA (N 1s
spectra of homopolymers is presented in the SI). The fraction of
CBMAA in the copolymerized brushes was calculated from the N
1s spectrum as 12%. This value is close to the ratio in the feed as
expected from the similar polymerization rate of both monomers.
The FTIR GASR spectrum of poly(HPMA-co-CBMAA) brushes
(Fig. 3c) exhibits the amide I and II bands at 1527 and 1653 cm�1.
A band at 1376 cm�1 and a shoulder band at 1610 cm�1 corre-
spond to the symmetric and asymmetric stretching modes of
COO� stemming from CBMAA.

The wettability was evaluated by advancing and receding water
contact angles. The novel copolymer based on poly(HPMA-co-
CBMAA) displayed wettability of θadv¼3470.5°; θrec¼15.373.3°.
Compared to the polymer brushes based on poly(HPMA)
(θadv¼40°; θrec¼21°) and poly(CBAA) (θadv¼23°; θrec¼8°), the
new copolymer brush displayed both advancing and receding
contact angle in between the values measured for the homo-
polymers (Jiang and Cao, 2010; Rodriguez-Emmenegger et al.,
2011). The hydration of the poly(HPMA-co-CBMAA) brush in water
was obtained from its swelling ratio in water of SR¼179%, de-
termined from the ellipsometric dry and swollen film thickness
(hdry¼29.272.3 nm and hsw¼81.571.7 nm) using Eq. (1). It is
worth of noting that the swelling ratio was similar to that ob-
served for homopolymer brushes composed of only poly(HPMA)
(SR¼176%) and poly(CBAA) (SR¼190%). The volume fraction of
water in the swollen copolymer brush was obtained from the
brush thickness in dry and in swollen state using Eq. (2) which
yields fh¼0.6470.04. This value is in good agreement with the
volume fraction of water calculated applying the Lorentz-Lorenz
effective medium theory: fL-L EMA¼0.6970.05, obtained using Eq.
(3) employing the refractive indices of swollen polymer brush
(nsw¼1.3866), dry polymer (ndry¼1.4956) obtained from the el-
lipsometric measurements and water (nH2O¼1.3389 from the lit-
erature) at λ¼500 nm.
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Fig. 3. Characterization of the poly(HPMA-co-CBMAA) copolymer brush. (a) High resolution of C 1s and (b) N 1s XPS spectra, (c) FTIR GASR spectrum, and (d) representative
AFM topography image (scale bar is 1 mm).
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The morphology of poly(HPMA-co-CBMAA) polymer brush was
examined by AFM in the swollen state (Fig. 3d). The surface of the
brush was smooth, without uncovered areas and displayed a low
(root means square) roughness of Rq¼1.470.08 nm. Homogenous
polymer layer without visible pinholes is generally signature of
well controlled polymerization and a prerequisite good resistance
to protein fouling (Shi et al., 2012).

3.2. Immobilization of HBsAg on non-fouling brushes

The activation and biofunctionalization of poly(HPMA-co-
CBMAA) brush were carried out in situ and monitored by the SPR,
as depicted in Fig. 4a. The carboxylic groups present in CBMAA
monomeric units were activated by 10 min flow of aqueous
solution of EDC/NHS. Subsequently, the HBsAg in HEPES buffer (pH
7.5) was flowed over the surface. After the reaction, the surface is
rinsed with the HEPES buffer and the surface mass density of the
immobilized HBsAg can be estimated from the SPR wavelength
shift before and after the immobilization. Fig. 4b reveals that the
amount of antigen immobilized at the surface can be controlled by
the reaction time with the HBsAg solution. The maximum surface
coverage was obtained after approximately 10 min flow when the
SPR response reached its plateau of ΔλSPR¼33.24 nm.

3.3. Fouling of pristine and biofunctionalized poly(HPMA-co-
CBMAA) brush

The antifouling properties of the poly(HPMA-co-CBMAA) brush
were evaluated for human blood serum from healthy individuals.
Since the immobilization of bioreceptors may induce impairment
of the antifouling properties, the fouling from samples from in-
dividuals that showed negative response in the ELISA test was
evaluated on brushes after the immobilization of HBsAg. No de-
tectable shift in SPR wavelength ΔλSPR was observed from un-
diluted and 10% human blood serum samples as depicted in Figs. 5
and S4 in the SI. Therefore, the pristine poly(HPMA-co-CBMAA)
provides resistance to the fouling similar to homopolymer brushes



Fig. 4. (a) SPR measurement of the immobilization of HBsAg onto poly(HPMA-co-
CBMAA) brush. The arrows indicate solutions changes (PBS – phosphate buffered
saline buffer, pH 7.4; SA – sodium acetate buffer, pH 5; HEPES – HEPES buffer, pH
7.5; 0.2 M EDC and 0.05 M NHS; HBsAg 25 μg/mL in PBS). (b) Time-dependent
immobilization of HBsAg onto poly(HPMA-co-CBMAA) brush.
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of HPMA and CBMAA reported before (o0.3 ng cm�2), the so far
only brushes able to prevent the fouling from human blood,
plasma and serum (de Los Santos Pereira et al., 2016; Kostina et al.,
2012; Rodriguez-Emmenegger et al., 2011).

Importantly, the resistance to the fouling of poly(HPMA-co-
CBMAA) is retained even after the post-modification with HBsAg
Fig. 5. SPR characterization of the fouling on pristine and functionalized poly(HPMA-co-
contact with 10% serum.
(Fig. 5b). This is a key advancement as the post modification of
brushes composed from individual homopolymers (HPMA and
CBMAA) is known to severely deteriorate their antifouling prop-
erties (Vaisocherová et al., 2014). The negative effect on the
homopolymer brushes may be ascribed to the reaction of too
many functional groups (e.g., carboxyl of CBMAA) leading to a net
positive charge or crosslinking of the chains. The herein reported
approach enables efficient biofunctionalization of the polymer
brush due to the presence of carboxyl groups in CBMAA while
preserving antifouling properties of the polymer brush owing to
the HPMA units.

3.4. Detection of anti-HBs antibodies in clinical serum

We prepared a biosensing surface for the detection of anti-
bodies against hepatitis B anti-HBs in clinical samples using SPR.
The samples (A-H) were collected from 8 apparently healthy hu-
man donors. The total amount of sample needed for one analysis
was only 15 mL. The diagnosis obtained by SPR were compared
with the results obtained from ELISA, which was carried out by an
independent certified laboratory on the same samples (SI Table
S1). The tested group contained three negative samples (antibody
titer below the detection limit of ELISA – 0.002 IU mL�1), three
positive (0.068–0.645 IU mL�1) and two highly positive samples
(41 IU mL�1).

Direct detection of anti-HBs in serum A-H was carried out using
an SPR instrument and a sensor chip with poly(HPMA-co-CBMAA)
brushes. For each assay, the SPR wavelength was tracked upon
sequential flow of analyzed sample followed by the rinsing and
reaction with secondary antibody (Fig. S5 in SI). For the direct
detection format, the sensor response ΔλSPR was determined as
the shift of SPR wavelength due to the binding of anti-HBs after
10 min flow of a sample followed by rinsing with a buffer. As seen
in Fig. 6a, the direct assay allowed to clearly discriminate between
positive and negative samples. The response of newly fabricated
SPR biosensor shows a linear relationship with the concentration
of anti-HBs obtained by ELISA (Fig. 6b). This response can be fur-
ther amplified by the binding of a secondary anti-hIgG after the
capture of anti-HBs. However, it must be noted that the linear
function is not accurate as ELISA values in the high (41 IU mL�1)
and low range (o0.002 IU mL�1) is not able to differentiate be-
tween concentrations. For instance serum D, E, and H were below
the detection limit of ELISA while our SPR was able to differentiate
between these samples. Furthermore, serum A and C had values
above 1 IU mL�1 and again the SPR could differentiate between
them. The presented SPR sensor thus show excellent dynamic
range superior to ELISA. The comparison of the SPR response to the
binding of the target analyte and anti-hIgG shows similar SPR
CBMAA) brush: (a) pristine surface and (b) surface modified with HBsAg brought in



Fig. 6. (a) Analysis of anti-HBs antibodies in clinical serum samples from donors
A-H by SPR in comparison to ELISA (green columns represent direct detection
of anti-HBs; red columns represent secondary response; black columns represent
ELISA results). (b) SPR sensor response to clinical serum samples is plotted as a
function of concentration in serum determined ELISA. Lines represent linear fits
(R¼0.9 and 0.96). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

T. Riedel et al. / Biosensors and Bioelectronics 85 (2016) 272–279278
response. Thus, roughly each captured anti-HBs was captured by
one anti-hIgG. This observation suggests that steric hindrance is
not significant. Moreover, the assay is based on antigen-antibody
interaction that can be easily disrupted by changing pH or ionic
strength of the buffer. To demonstrate this we treated the bio-
sensor with 20 mM glycine-HCl buffer (pH 1.5) after detection. It
was possible to regenerate about 95% of the capacity of the sensor
after 3 cycles of measurement-regeneration (Fig. S6 in SI).

It is worth of noting that previous works on SPR detection of
HBV and antibodies against HBsAg have been almost solely carried
out in model samples spiked with the analyte in either buffer or
highly diluted serum at concentrations orders of magnitude higher
than the biologically relevant (Choi et al., 2014; Chuang et al.,
2012, 2005; Hwang et al., 2005; Uzun et al., 2009; Wang et al.,
2010; Zheng et al., 2010). Moreover, in those studies carried out in
dilute serum, the signal needed to be compensated by a reference
to subtract the response due to the unspecific adsorption of serum.
While that approach can be applied in model experiments with
pooled serum samples, the large difference in fouling from dif-
ferent donors makes this means of fouling compensation not
feasible for real clinical samples (Pereira et al., 2014). The results
presented herein show that by suppressing the fouling below the
limit of detection of the SPR, it was possible to quantify antibodies
against HBsAg in clinical serum samples.

4. Conclusions

Using a novel biointerface architecture we report the detection
of anti-HBs in real (non-spiked) clinical serum samples. The in-
terface is based on poly(HPMA-co-CBMAA) brushes functionalized
with bioreceptors. The new poly(HPMA-co-CBMAA) brushes were
thoroughly characterized and demonstrated to exhibit antifouling
properties as well as high binding capacity. Remarkably, these
brushes remained non-fouling even after the biofunctionalization
with the hepatitis B surface antigen. The combination of un-
matched resistance to fouling, low sample consumption (15 mL),
and fast label-free SPR detection (10 min) with accuracy compar-
able to established ELISA is envisioned to set the way to new
biosensor technologies that can be deployed outside centralized
laboratories.
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