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a  b  s  t  r  a  c  t

In  this  study,  we  have  prepared  lysozyme  imprinted  poly(ethylene  glycol  dimethacrylate-N-
methacryloyl-l-histidine methylester)  (PEDMAH)  nanoparticles  and  then  attached  on the  surface  of
surface plasmon  resonance  (SPR)  sensor.  Lysozyme  imprinted  SPR  nanosensor  was  characterized  by
Fourier  transform  infrared  spectroscopy,  atomic  force  microscopy,  and  ellipsometry.  The  nanosensor
has  an  ability  to detect  lysozyme  molecules  from  both  aqueous  and  natural  complex  source,  chicken  egg
eywords:
ysozyme
olecular imprinting
anoparticles
urface plasmon resonance nanosensor
hicken egg-white

white, even  if  it has  lysozyme  concentration  as  low  as  32.2  nM.  Association  kinetics  analysis,  Scatchard,
Langmuir,  Freundlich,  Langmuir–Freundlich  isotherms  were  applied  to  data.  The  calculated  detection
limit,  association  and dissociation  constants  are  84 pM,  108.71  nM−1 and  9.20  pM,  respectively.  The  non-
imprinted  nanosensors  were  also prepared  to evaluate  the  selectivity  of  the  imprinted  nanosensor.
Finally,  the  nanosensor  is  used  for  five  adsorption–desorption–regeneration  cycle  and  it  gives  repro-
ducible  response.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Molecular imprinting has attracted growing attempts to pre-
are molecular complementary parts of the interested molecules

nto highly cross-linked polymeric structure. The method, mainly
epends on the molecular recognition, is a type of polymerization
hat occurs around the interested molecules called as template
1,2]. After removal of template molecules, specific cavities are
reated inside solid polymeric matrices [3]. These polymers have
emories that are capable of selectively rebinding the template
olecules [4].  By using this approach, recognition sites for many
olecules including small molecules such as; metal ions [5],

rganic molecules [6] and large molecules like proteins [7–9] in
 synthetic polymer can be created. This technique is one of the
ost promising strategies to produce artificial recognition sys-

ems because molecularly imprinted polymers (MIPs) usually have
ow costs and high physical/chemical stability. Although this tech-
ique has several advantages, it has also has some drawbacks. First,

ighly cross-linked rigid structures of the MIPs with irregular shape
educe the rebinding capacity. Second, the template molecules that
re imprinted inside the polymer cannot be removed easily from

∗ Corresponding author at: Hacettepe University, Department of Chemistry, Bio-
hemistry Division, Ankara, Turkey. Tel.: +90 312 2977963; fax: +90 312 2992163.

E-mail address: lokman@hacettepe.edu.tr (L. Uzun).

925-4005/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.snb.2011.08.064
their cavities. Therefore, some decrease in the analyte adsorption
and desorption rates to the imprinted polymer was  observed. To
overcome these problems, molecularly imprinted nanosized mate-
rials were preferred, because, these materials have high surface
to volume ratio and more critically most of the imprinted sites
are located at the surface. Hereby, the template molecules can
be removed easily and higher adsorption rates can be obtained
[10–14].

Surface plasmon resonance (SPR), an optical phenomenon, is
occurred when a p-polarized light goes through a prism; then, hits
a metal layer covering the prism surface at a particular angle [15].
SPR was  introduced in the early 1990s as the underlying technology
in affinity biosensors for biomolecular interaction analysis, a new
concept for the analysis of the functional properties of biomolecules
[16]. Because of unique properties of SPR biosensors, i.e., real-time
measurement, high specificity and sensitivity, no need to labeling,
the applications of them have been getting more popular for inves-
tigation of several analyte molecules [17–20].  Recently, MIPs are
used for creation of biorecognitive surfaces on the SPR biosensors
[21,22].

In this study, we have focused our attention on combining
of molecular imprinting into nanoparticles and SPR biosensor

approaches and producing SPR nanosensor for lysozyme, chosen as
model protein, using lysozyme imprinted nanoparticles. Lysozyme
(EC 3.2.1.17), called as body’s own antibiotic, is a relatively small
protein (MW:  14.3 kDa) consists of only 129 amino acid residues

dx.doi.org/10.1016/j.snb.2011.08.064
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:lokman@hacettepe.edu.tr
dx.doi.org/10.1016/j.snb.2011.08.064
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nd has an isoelectric point of 11.0. Due to its small size and sim-
le molecular structure, lysozyme has been chosen as a unique
odel protein in developing of new detection methods. There

re several benchmark lysozyme detection methods depending on
etermination of lytic activity by Micrococcus lysodeikticus cells and
nzyme linked immunosorbent assays (ELISA) [23]. Former one has
imitations such as low detection limit, impossibility of routine
nalysis inaccurate quantification due to interfering substances.
n addition, unexpected cross-reactivity high cast and low shelf-
ife of ELISA kits are still waiting for the solution [24,25]. There
re several case-reports in which change of lysozyme concentra-
ion can be a marker for specific health problem. For instance, the
ysozyme concentration increased in cerebrospinal fluid in case of

eningitis [26]; in serum and urine in case of leukemia [27,28]
nd several kidney problems [29,30].  Also, it has been reported
hat lysozyme may  be a new prognostic factor in patients with
reast cancer [30]. Recently, antibodies against to citrullinated
ariants of lysozyme were found in rheumatoid arthritis patients
31]. Therefore, detection of lysozyme has been getting impor-
ance and developing new, rapid, cheap and effective biosensors
ave been under investigation. In this content, we  had prepared

 QCM sensor for detection of lysozyme [10]. In accordance to
his purpose, we began with preparation and characterization
f lysozyme imprinted poly(ethylene glycol dimethacrylate-N-
ethacryloyl-l-histidine methylester) (PEDMAH) nanoparticles.

mprinted nanoparticles were synthesized via mini-emulsion poly-
erization; then, attached on the sensor surface. Here, we  prepared

 SPR sensor by using the same approach and compared the
esults with that of QCM sensor prepared before. Similar to pre-
ious study, lysozyme detection studies were carried out by using
queous lysozyme solutions and natural lysozyme source, chicken
gg-white, in different concentrations. Kinetic and isotherm
arameters were calculated by applying association kinetics anal-
sis, Scatchard, Langmuir, Freundlich, and Langmuir–Freundlich
sotherms.

. Experimental

.1. Materials

Template molecule lysozyme (EC 3.2.1.17), albumin (bovine
erum), poly(vinyl alcohol) (PVA), sodium dodecyl sulfate (SDS),
mmonium persulfate, sodium bicarbonate and sodium bisulfite
ere obtained from Sigma Chemical Co. (St. Louis, USA). Ethy-

ene glycol dimethacrylate was purchased from Fluka A.G. (Buchs,
witzerland). All other chemicals were of reagent grade and pur-
hased from Merck A.G. (Darmstadt, Germany).

.2. Synthesis of N-methacryloyl-l-histidine methyl ester (MAH)
onomer

The following experimental procedure was applied for the syn-
hesis of functional monomer, N-methacryloyl-l-histidine methyl
ster (MAH) [32]. l-Histidine methyl ester (5.0 g) and hydroquinone
0.2 g) were dissolved in 100 mL  of dichloromethane solution. This
olution was cooled down to 0 ◦C. Triethylamine (12.7 g) was  added
o the solution. Methacryloyl chloride (5.0 mL)  was poured slowly
nto this solution and stirred magnetically at room temperature
or 2 h. At the end of the period, hydroquinone and unreacted

ethacryloyl chloride were extracted with 10% NaOH solution.
queous phase was evaporated in a rotary evaporator. The residue

as crystallized in NaOH solution (10%, w/w).

Functional monomer was characterized by 1H NMR. The
btained peaks in spectrum are listed as 1H NMR  (400 MHz, DMSO-
6, ı): 1.85 (t, 3H, CH3), 1.4 (m;  2H, CH2), 3.42 (s; 3H, –OCH3), 5.28
tors B 160 (2011) 791– 799

(s; 1H, vinyl H), 5.6 (s; 1H, vinyl H), 6.6–6.9 (m;  5H, aromatic); 7.42
(1H, NH); ı 7.47 (1H, NH).

2.3. Preparation of lysozyme imprinted PEDMAH nanoparticles

Lysozyme imprinted PEDMAH nanoparticles were prepared by
two-phase mini-emulsion polymerization method [10]. The first
aqueous phase was  prepared by dissolving of PVA (200 mg), SDS
(30 mg)  and sodium bicarbonate (25 mg) in 10 mL deionized water.
The second phase was prepared by dissolving of PVA (100 mg)  and
SDS (100 mg)  in 200 mL  of deionized water. Functional monomer
[MAH, 5 mg  (≈21 �mol)] was  dissolved in monomer (ethylene
glycol dimethacrylate, 2.1 mL)  to form oil phase. The oil phase
was slowly added to the first aqueous phase. In order to obtain
mini-emulsion, the mixture was homogenized at 25 000 rpm by
a homogenizer (T10, Ika Labortechnik, Germany). After homoge-
nization, the template molecule [lysozyme, 100 mg  (≈7 �mol)] was
added to mini-emulsion to establish the ratio between monomer
and template as 3:1 in mole basis. Then, the mixture was slowly
added to the second aqueous phase while the phase has been
stirring in a sealed-cylindrical polymerization reactor (250 mL).
The reactor was magnetically stirred at 300 rpm (Radleys Carousel
6, Essex, UK). The polymerization mixture was slowly heated to
40 ◦C, polymerization temperature. After that, nitrogen gas was
bubbled through solution for 5 min  to remove dissolved oxygen.
Then, initiators, sodium bisulfite (125 mg)  and ammonium persul-
fate (125 mg), were added into the solution. Polymerization was
continued for 24 h. The obtained lysozyme imprinted nanoparti-
cles were washed with water and water/ethyl alcohol mixtures,
in order to remove unreacted monomers, surfactant and initiator.
The solutions were centrifuged at 30 000 rpm for 30 min  (Allegra-
64R Beckman Coulter, USA) for each washing step and then the
nanoparticles were dispersed in fresh solution. After last washing
step, the nanoparticles were dispersed in deionized water contain-
ing 0.5% sodium azide to prevent contamination and stored at 4 ◦C.
The non-imprinted nanoparticles were synthesized by applying
same procedure except addition of template molecules, lysozyme.

2.4. Characterization of lysozyme imprinted PEDMAH
nanoparticles

Characterization studies of the nanoparticles were carried out
by Zetasizer (NanoS, Malvern Instruments, London, UK) and TEM
(FEI, Tecnai G2 F30, Oregon, USA). In zeta-size measurement, the
light scattering was carried out at incidence angle 90◦ and 25 ◦C.
For data analysis, density and refraction index of deionized water
were used as 0.88 mPa  s−1 and 1.33, respectively. For TEM analysis,
imprinted nanoparticle sample was dropped onto carbon coated
copper grid and then dried at room temperature. TEM photographs
were taken at 200 kV by TEM microscope.

2.5. Preparation of lysozyme imprinted nanosensor

In order to clean the sensor surface, the sensor was  immersed
in 20 mL  of acidic piranha solution (3:1 H2SO4:H2O2, v/v) for
30 s. Then, it was washed with pure ethyl alcohol and dried
in vacuum oven (200 mmHg, 37 ◦C) for 3 h. Later on, the chip
was immersed in ethanol/water (4:1, v/v) solution containing
3.0 M 3-mercaptopropene for 12 h. After that, an aliquot (5 �L) of
nanoparticles dispersion (4.2%, v/v) was dropped on the gold sur-
face of the SPR sensor to attach lysozyme imprinted nanoparticles

onto the SPR sensor. Then, the sensor was  dried in oven (37 ◦C, 6 h).
Finally, lysozyme imprinted nanosensor was  washed three times
with both water and ethyl alcohol and dried with nitrogen gas
under vacuum (200 mmHg, 37 ◦C).
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.6. Template removal from nanoparticles

In order to remove template lysozyme, 1 M NaCl solution (pH
.0, phosphate buffer) was used as desorption agent. The first
emoval study was carried out via batch experimental setup.
ysozyme imprinted nanoparticle dispersion (10 mL)  was  added
nto the desorption solution (10 mL)  and stirred in shaking bath
200 rpm) at room temperature. After lysozyme removal, the
anoparticles were centrifuged at 30 000 rpm for 30 min  (Allegra-
4R Beckman Coulter, USA); then, the nanoparticles were dispersed

n fresh stocking solution. The removal of lysozyme molecules
rom imprinted nanoparticles was monitored by fluorescence spec-
rophotometer (Shimadzu, RF53010, Tokyo, Japan). The emission
pectra were recorded in a range of 250–700 nm when excitations
ere applied at 285 nm which was optimized excitation wave-

ength for lysozyme molecules, respectively. Other experimental
arameters were applied like that slit width was 5.0 nm for both
xcitation and emission, scan speed was super, sensitivity was high
nd response time and shutter were automatically controlled.

.7. Characterization of lysozyme imprinted nanosensor

.7.1. FTIR-ATR spectrophotometry
Characterization studies of lysozyme imprinted nanosensor

ere done by using FTIR-ATR, AFM and ellipsometer. Lysozyme
mprinted nanosensor was put in a sample holder of FTIR-ATR spec-
rophotometer (Thermo Fisher Scientific, Nicolet iS10, Waltham,

A,  USA) and total light reflection from surface was measured in
he wavenumber range of 400–4000 cm−1 at 2 cm−1 resolution.
ighteen replicate FTIR-ATR spectra were obtained and baseline
orrection was done due to Ge window.

.7.2. AFM observation
A multimode ambient AFM (Nanomagnetics Instruments,

xford, UK) used for AFM observation. Lysozyme imprinted SPR
anosensor was attached on sampled holder by using double-side
arbon strip. Observation study was carried out via tapping mode in
ir atmosphere. The experimental parameters applied were oscilla-
ion frequency (341.30 kHz), vibration amplitude (1 VRMS) and free
ibration amplitude (2 VRMS). Samples were scanned with 2 �m s−1

canning rate and 256 × 256 pixels resolution to obtain view of
 �m × 2 �m area.

.7.3. Ellipsometry
Ellipsometer measurement was carried out by using an

uto-nulling imaging ellipsometer (Nanofilm EP3, Germany). All
hickness measurements have been performed at a wavelength
f 532 nm with an angle of incidence of 72◦. In the layer thick-
ess analysis, a four-zone auto-nulling procedure integrating over

 sample area of approximately 50 �m × 50 �m followed by a fitting
lgorithm has been performed. Measurement was  carried out thrice
or 6 different points on the nanosensor surface and the results
ere reported as mean value of the measurements with standard
eviations.

.8. Kinetic studies with lysozyme imprinted nanosensor

After characterization of lysozyme imprinted SPR nanosensor,
he nanosensor was used for real-time detection of lysozyme from
queous solution. For this purpose, a SPR system (GenOptics, SPRi-
ab, Orsay, France) was used. The SPR nanosensor was  washed with
eionized water (50 mL,  2.0 mL  min−1 flow-rate) and equilibration

uffer (pH: 7.4, phosphate, 50 mL,  2.0 mL  min−1 flow-rate). Then,
he lysozyme solutions (21–1400 nM)  were applied to SPR system
10 mL  and 2.0 mL  min−1 flow-rate). The changes in resonance fre-
uency were monitored instantly and reached to platue at about
tors B 160 (2011) 791– 799 793

40 min. After that, desorption was  done by applying 10 mL  of 1 M
NaCl solution (in pH 8.0 phosphate buffer, 20 mM)  at the flow-
rate of 1.0 mL  min−1. After the end of desorption step, lysozyme
imprinted SPR nanosensor was  washed with deionized water and
equilibration buffer. Adsorption–desorption–cleaning steps were
repeated for each lysozyme sample, meanwhile, SPR1001 software
obtained from producer used to analyze the kinetic data.

Chicken egg white samples prepared fresh were used as natural
lysozyme source. For this purpose, chicken egg white was sepa-
rated from fresh eggs and diluted to 50% (v/v) with phosphate buffer
(100 mM,  pH 7.4). The diluted egg-white was homogenized in an
ice bath and centrifuged at 4 ◦C, at 10 000 rpm for 30 min. The sam-
ples were diluted in different ratios between 1/2500 and 1/10 000.
SPR measurements were carried out as mentioned before. The real-
time albumin and cytochrome c detection studies were also carried
out to show specificity of lysozyme imprinted SPR nanosensor as
given above.

3. Results and discussion

3.1. Preparation and characterization of nanoparticles

Lysozyme imprinted PEDMAH nanoparticles were prepared by
mini-emulsion polymerization. The nanoparticles were character-
ized by the zeta-sizer and transmission electron microscopy (TEM).
As seen in Fig. 1a, lysozyme imprinted nanoparticles have average
particle size of 64.9 nm with a polydispersity around 0.14. As seen
from the figure, the nanoparticles have narrow size distribution,
and 43% of the imprinted nanoparticles have a particle size around
average value. Therefore, we  can conclude that the polymerization
recipe applied was suitable for synthesizing monosize nanopar-
ticles. As seen in TEM photograph, each of the nanoparticles has
spherical shape and size around 50 nm (Fig. 1b). The non-imprinted
nanoparticles also have similar physical and chemical properties
reported in supporting information (Fig. S1).

3.2. Characterization of SPR nanosensors

Lysozyme imprinted SPR nanosensor was characterized after
attaching the nanoparticles onto SPR sensor surface by Fourier
transform infrared spectroscopy in the attenuated total reflection
mode (FTIR-ATR), atomic force microscopy (AFM), and ellipsometry
measurements. As seen from Fig. 1c, specific bands of the polymeric
structure have been detected. Aliphatic –CH band at 2937 cm−1

and carbonyl band at 1723 cm−1 were determined. Also, amide
bands originated from MAH  were determined at 1652 cm−1 and
1452 cm−1, respectively. The most interesting band determined in
the spectrum is the deepest band at 1145 cm−1 that was stemmed
from imidazole ring of the MAH  monomer. The high intensity of
the band shows that the functional monomers, in other word the
imprinted cavities, are oriented toward to surface.

AFM images of SPR nanosensor were represented in Fig. 1d.
Surface depth determined by AFM measurements of lysozyme
imprinted SPR nanosensor is 60.4 nm.  The result is well fitted to the
results of zeta-sizer measurement and TEM analysis. AFM images
also show that the nanoparticles were attached on the surface
of SPR sensor almost homogeneous. In order to prove this situa-
tion, ellipsometry analysis was also carried out and coherency is
determined between AFM and ellipsometer measurements. Sur-
face depth obtained from ellipsometry of lysozyme imprinted SPR
nanosensor is 44.04 ± 2.75 nm.  As a conclusion, it can be deduced

that homogeneous and monolayer attachment of the nanoparticles
has been accomplished.

Template removal from imprinted nanoparticles was  monitored
by flourimeter measurements (Fig. 2). As seen from Fig. 2a, the
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ig. 1. Characterization of lysozyme imprinted PEDMAH nanoparticles and nanose
mages of lysozyme imprinted SPR nanosensor.

tandard lysozyme solutions have two emission bands at wave-
engths as 317 nm and 570 nm,  respectively. The latter is also seen
n the emission spectrum of the desorption agent (Fig. 2c). There-
ore, we have plotted a calibration curve by using the data obtained
rom wavelength at 317 nm (Fig. 2b). The calibration curve has an R2

alue as 0.99255. The emission spectrum of desorption media was
lso measured after removal of lysozyme molecules from nanopar-
icles. As seen from Fig. 2d, the solution has also emission bands
round 317 nm and 570 nm as expected. The lysozyme concen-
ration calculated in desorption solution is 30.77 nM.  According to
hese results, it can be said that desorption agent is appropriate for
ysozyme removal from imprinted nanoparticles without causing
enaturation and conformational problems.

.3. Kinetic studies with SPR nanosensor

Lysozyme imprinted nanosensor was used for real-time
ysozyme detection from aqueous solutions. The sensor was inter-
cted with lysozyme solutions in different concentrations in the
ange of 21–1400 nM (Fig. 3a). As it is seen from figure, all
teps were almost completed in 45 min. This duration is five

imes faster than our QCM nanosensor’s response time (∼220 min)
10]. Increase in concentration caused also increase in nanosen-
or response. Nanosensor response increased at the beginning and
hen reached plateau value around 350 nM due to saturation of
(a) zetasizer measurements; (b) TEM photograph; (c) FTIR-ATR spectrum; (d) AFM

accessible imprinted nanocavities. On the other hand, QCM
nanosensor has higher saturation concentration value that is
around 20.98 �M.  As comparison of SPR and QCM nanosensors,
QCM nanosensor can detect lysozyme molecules in a wider con-
centration range.

Fig. 3b and c shows that concentration dependency of lysozyme
imprinted SPR nanosensor. As seen in Fig. 3b, imprinted nanosensor
reached maximum value at 700 nM with a response 9.96. Linear-
ity of the nanosensor response was given in Fig. 3c. Lysozyme
imprinted SPR nanosensor has two  different linear regions for
aqueous lysozyme solutions. According to the results lysozyme
molecules bound to lysozyme imprinted nanosensor through two
different orientations with high affinity. The results mainly depend
on the spherical structure of imprinted nanoparticles. When
imprinted nanoparticles were attached on the sensor surface, some
of the imprinted nanocavities were sterically hindered. Therefore,
lysozyme molecules cannot reach these nanocavities as easily as do
for upper nanocavities; but still have high affinity to them (Fig. 4).

3.4. Analysis of kinetic data
3.4.1. Equilibrium analysis
If the total amount of binding side [BS]o is expressed in

terms of the maximum lysozyme binding capacity of imprinted
nanoparticles, all concentration terms can be expressed as SPR
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esponse signal R, eliminating mass–concentration conversion.
nder pseudo-first order conditions where the free analyte concen-

ration is held constant in the flow cell, the binding can be described
y following equation:

d �R

dt
= kaC(�Rmax − �R) − kd �R  (1)

here d �R/dt is the rate of change of the SPR response signal; �R
nd �Rmax are the measured and maximum response signals, mea-
ured via binding; C is the lysozyme concentration injected (nM);
a is the association rate constant (nM−1 s−1); and kd is the disso-
iation rate constant (s−1). The binding constant, i.e., association
onstants KA, may  be calculated as KA = ka/kd (nM−1). At equilib-
ium, d �R/dt = 0 and the equation can be rewritten as:

�Req

C
= KA �Rmax − KA �Req (2)

herefore, the steady state association constant KA can be obtained
rom a plot of �Req/C versus �Req and the dissociation constant KD

an be calculated as 1/KA.
Eq. (1) may  be rearranged to obtain:

d �R

dt
= kaC �Rmax − (kaC + kd) �R  (3)

Thus a plot of d �R/dt against �R  will theoretically be a straight
ine with slope −(kaC + kd) for interaction-controlled kinetics. The
nitial binding rate (at R = 0) is directly proportional to the analyte
oncentration and can be used for concentration measurements. If

Rmax is known, both ka and kd can be determined from a single

ssociation sensorgram. �Rmax is, however, often difficult to deter-
ine experimentally, since a high analyte concentration is required

o fully saturate the surface. A preferable approach is to measure
cence spectra of standard lysozyme solution; (b) calibration curve at 317 nm; (c)
3010; excitation wavelength: 285 nm;  slit width: 5.0 nm for both excitation and
trolled.

the association sensorgram for several different analyte concentra-
tions. For analysis of the forward and back rates, a plot of the change
in total sensor response (d �R/dt)  versus �R  gives a value S as the
slope that relates the forward and back rates as follows:

S = kaC + kd (4)

A plot of S versus C will be a straight line with slope ka. In theory,
the intercept on the ordinate (C = 0) gives kd in practice, however,
this cannot be used as a reliable measure of the dissociation rate
constant if kaC � kd. A more accurate way to obtain this value is by
direct measurement of the dissociation from saturated binding sites
into a buffer feeding that contains no analyte and the dissociation
is quantified by:

ln
(

�Ro

�Rt

)
= kd(t − to) (5)

where Ro is the initial response level at to and R and t represent
values obtained along the dissociation curve [33].

3.4.2. Equilibrium isotherm models
Four different equilibrium isotherm models, Scatchard, Lang-

muir, Freundlich, and Langmuir–Freundlich, were examined to
describe the interaction model between lysozyme imprinted
nanosensor and lysozyme molecules:

Scatchard :
�Rex

C
= KA(�Rmax − �Req) (6)
Langmuir : �R  = {�RmaxC/KD + C} (7)

Freundlich : �R  = �RmaxC1/n (8)

Langmuir–Freundlich : �R  = {�RmaxC1/n/KD + C1/n} (9)
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Fig. 3. Real-time lysozyme detection with lysozyme imprinted SPR nanosensor: (a) conce
nanosensor response; (c) linear regions.

Fig. 4. Lysozyme imprinted nanoparticles attachment on SPR sensor surface.
ntration dependency of lysozyme imprinted SPR nanosensor; (b) concentration vs.

Additional parameters not defined previously are the equilibrium
dissociation constants (KD) and Freundlich heterogeneity index
(1/n).

The adsorption models were used to determine surface homo-
geneity of the imprinted materials. Langmuir model bases on
the assumptions of homogeneous distribution of interaction
points with equal energy and no lateral interactions. Freundlich
model is well fitted to heterogeneous surfaces. Mixed model,
Langmuir–Freundlich can be applied to a system that is not full
fitted to both systems, provides heterogeneity information adsorp-
tion behavior over wide concentration regions.

All isotherms, except Langmuir–Freundlich (R2: 0.8993), have
high correlation coefficients (R2 > 0.95). The linear fit with the
Langmuir equation was comparably the best, which means that
the binding of lysozyme molecules onto lysozyme imprinted
SPR nanosensor is monolayer, although Scatchard curve shows
some surface heterogeneity [34,35]. Surface heterogeneity can be
explained by accessibility problem of imprinted nanocavities due
to attachment on sensor surface. But, these nanocavities still show
high affinity to lysozyme molecules. Hereby, the monolayer binding

of lysozyme molecules was achieved and the binding process was
well-fitted to Langmuir equation. Freundlich model is used to show
multilayer binding of analyte molecules. Linear regression coeffi-
cients of Freundlich and Langmuir–Freundlich isotherms were also
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Fig. 5. Lysozyme detection from chicken egg-white in differ

igh, but not higher than that of Langmuir model. The calculated
arameters for all models were given in Table 1.

The best fitted model to explain the interaction between
ysozyme imprinted SPR nanosensor and lysozyme molecules is
angmuir isotherm (R2 = 0.9911). The �Rmax value, calculated by
sing Langmuir model, was very close to the experimental one
9.96). By the results, maximum detection limit was determined as
35 nM,  KA versus KD values were determined as 108.71 nM−1 and
.20 pM, respectively. Detection limit, defined as the concentra-
ion of analyte giving reflectivity shift equivalent to three standard
eviations of the blank, was determined as 0.084 nM.

.5. Lysozyme detection from natural source
Lysozyme imprinted SPR nanosensor was also used to detect
ysozyme in natural lysozyme source, chicken egg white. Chicken
gg white, contains approximately 3.5% lysozyme, samples were
nteracted with lysozyme imprinted SPR nanosensor. For this

able 1
inetic and isotherm parameters.

Association kinetics analysis Equilibrium analysis (Scatchard) Langmuir 

ka (nM min−1) 0.308 �Rmax 10.59 �Rmax

kd (min−1) 6.2 × 10−4 KA (nM−1) 103.81 KA (nM−1) 

KA (nM−1) 498.4 KD (pM) 9.63 KD (pM) 

KD (pM) 2.00 R2 0.9795 R2

R2 0.9617 
lution ratios: (a) 2500×; (b) 3333×; (c) 5000×; (d) 10 000×.

purpose, freshly prepared chicken egg white samples were diluted
in different ratios in the range of 1/2500 to 1/10 000. As seen in
Fig. 5, decrease in dilution ratio, increase in concentration, caused
increase in nanosensor response as expected. Lysozyme imprinted
SPR nanosensors showed a response when egg white samples
were diluted in high ratio as 10 000 times, lysozyme concentration
was approximately 32.2 nM.  As a conclusion, lysozyme imprinted
nanosensor has an ability to detect lysozyme in a natural complex
mixture, chicken egg white.

In order to show selectivity of lysozyme imprinted SPR nanosen-
sor, the real-time albumin and cytochrome c detections were also
carried out (Fig. 6). The solutions containing competitor molecules
(70 nM,  pH: 7.4, phosphate buffer) were applied to SPR nanosen-
sor. As seen from Fig. 5a, SPR nanosensor did not give any response

to albumin solution (�R = 0.0497). In case of cytochrome c detec-
tion, lysozyme imprinted SPR nanosensors show low non-specific
response (�R = 0.587). This response was  stemmed from the struc-
tural and physico-chemical similarities between cytochrome c and

Freundlich Langmuir–Freundlich

10.50 �Rmax 6.71 �Rmax 29.97
108.71 1/n  0.1893 1/n  0.1893

9.20 R2 0.9547 KA (nM−1) 22.82
0.9911 KD (pM) 43.8

R2 0.8993
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Fig. 6. Comparison of selectivity of SPR nanosensors. The responses of (a) lysozyme imprinted and (b) non-imprinted SPR nanosensor.

Table  2
Comparison of some parameters of SPR and QCM nanosensors.

SPR QCM

 

l
s
t
t
o
i
p
t
n
r
l
t
c
r
3
t
a
c

Response time (min) 45 

Lowest detected concentration (nM) 21
Measurement range 21 nM to 1.4 �M

ysozyme molecules. But, the specific response of the nanosen-
or to lysozyme molecules, �R  = 6.421, is excessively higher than
hat to cytochrome c. The selectivity ratio calculated by dividing
he SPR response data of the competitor molecules is 10.94. In
rder to confirm both selectivity and specificity of the lysozyme
mprinted SPR nanosensor, the non-imprinted nanosensor was
repared and used for real-time albumin and cytochrome c detec-
ion studies (Fig. 6b). The non-imprinted SPR nanosensor did
ot give any response to albumin solution (�R = 0.0986). The
esponses of the non-imprinted nanosensor to cytochrome c and
ysozyme molecules were determined as 0.734 and 1.57, respec-
ively. The selectivity ratio between lysozyme and cytochrome

 molecules is 2.13, respectively. According to both nanosensor
esponses, it is clearly deduced that imprinting process brings a

D-recognition memory and specificity for SPR nanosensor. By
his way, lysozyme imprinted nanosensor specifically recognize
nd detect the lysozyme molecules in both natural source such as
hicken egg-white and aqueous solutions.

Fig. 7. Reproducibility of lysozyme imprinted SPR nanosensor.
220
14
14 nM to 105 �M

3.6. Reproducibility

In order to show the reproducibility of lysozyme imprinted SPR
nanosensor response, five equilibration-adsorption-regeneration
cycles were repeated using aqueous lysozyme solution with
concentration of 35 nM (Fig. 7). As seen in the figure, lysozyme
imprinted nanosensor has shown reproducible reflectivity
response during five cycles (Table 2).

4. Conclusions

Here, we reported the usability of the molecular imprinted
nanoparticles as biorecognition element on SPR nanosensor. The
nanotechnology serves a novel approach as imprinting into/onto
nanoparticles to solve problems occurred during conventional
imprinting process. By this approach, more homogeneously dis-
tributed imprinted cavities can be obtained surface or near inside of
the nanoparticles. That causes regular, rapid, homogenous adsorp-
tion dynamics [13,14]. Hereby, we have focused our attention on
combining of molecular imprinting into nanoparticles and SPR
biosensor approaches and prepared SPR nanosensor for real-time
lysozyme detection using lysozyme imprinted nanoparticles and
compare SPR nanosensor with QCM nanosensor. As conclusion, we
can say that lysozyme imprinted SPR nanosensor has a potential
use for lysozyme detection from both media aqueous solutions and
complex natural samples.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.snb.2011.08.064.
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