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Abstract The direct correlation between disease and lyso-
zyme (LYZ) levels in human body fluids makes the sensitive
and convenient detection of LYZ the focus of scientific re-
search. Fluorescent molecularly imprinted polymer has
emerged as a new alternative for LYZ detection in order to
resolve the limitation of immunoassays, which are expensive,
unstable, require complex preparation, and are time consum-
ing. In this study, a novel fluorescence molecularly imprinted
polymer based onNavicula sp. frustules (FITC-MIP) has been
synthesized via post-imprinting treatment for LYZ detection.
Navicula sp. frustules were used as supported material be-
cause of their unique properties of moderate surface area, re-
producibility, and biocompatibility, to address the drawbacks
of nanoparticle core material with low adsorption capacity.
The FITC acts as recognition signal and optical readout,
whereas MIP provides LYZ selectivity. The synthesized
FITC-MIP showed a response time as short as 5 min depend-
ing on the concentration of LYZ. It is found that the LYZ
template can significantly quench the fluorescence intensity
of FITC-MIP linearly within a concentration range of 0 to
0.025 mg mL–1, which is well described by Stern-Volmer
equation. The FITC-MIP can selectively and sensitively detect

down to 0.0015mgmL–1 of LYZ concentration. The excellent
sensing performance of FITC-MIP suggests that FITC-MIP is
a potential biosensor in clinical diagnosis applications.
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Introduction

Lysozyme (LYZ) has widespread distribution in both animals
and plants [1]. In humans, LYZs are present in tears, milk,
saliva, serum, urine, and other body fluids [2]. These LYZs
in human body fluid could be used as an important index in
the diagnosis of various diseases [3]. For instance, the concen-
tration of LYZ in serum of a healthy human is about
0.0017 mg mL–1 [2]. However, the serum LYZ level can be
significantly elevated to 0.015 mg mL–1 in patients who are
suffering from leukemia [4–6], renal disease [7], and sarcoid-
osis [2]. In addition, LYZ was usually not detectable in the
cerebrospinal fluid of normal individual [8] but was found to
be present in concentration of about 0.0055 mg mL–1,
0.010 mg mL–1, and 0.0037 mg mL–1 during the course of
bacterial meningitis, pneumococcal meningitis, and tubercu-
lous meningitis, respectively [9].

Traditionally, it is very difficult to detect LYZs, which act
as biomarkers for disease diagnosis from complex protein
mixture [10]. The conventional immunoassay that employs
antibodies, enzymes, immunoglobulins, and other biological
compounds as recognition elements have demonstrated an
excellent level of sensitivity and selectivity. However, they
suffer from several fundamental limitations, including physi-
ochemical instability, complex preparationmethod, are expen-
sive, time-consuming, and require experienced operators to
perform the test. This hampered their widespread used in
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biosensors [10–12]. In this respect, an alternative artificial
biomimetic receptor, such as molecularly imprinted polymer,
exhibits the potential to be applied in the field of protein rec-
ognition as it is easily prepared with low cost, has good me-
chanical and chemical stability and can be stored easily [13].
Among several reported molecularly imprinted polymer tech-
niques, surface imprinting onto core material is particularly
suitable for bulky structure template such as protein, as the
transport problem can be alleviated [14]. Recently, several
research groups have synthesized molecularly imprinted poly-
mer onto silica nanoparticles [14–18] and magnetic nanopar-
ticles [19–22] for selective recognition of protein. Although
the resulting imprinted polymer layer demonstrated high se-
lectively towards protein template associated with the fast
adsorption kinetics, the specific rebinding capacities are still
unsatisfactory, and this limits the sensitivity of assay. In addi-
tion, even though the molecularly imprinted polymer can se-
lectively recognize protein template, the template that has
bonded at the recognition sites must be removed and then
detected via an expensive and complicated technique, such
as high-liquid chromatography (HPLC) [23]. Hence, it is still
a difficult task to prepare molecularly imprinted polymer that
can be applied to specifically recognize and directly quantify
the protein template without extracting the template from
polymer matrix and, hence, making the quantification very
time-consuming and complicated.

Fluorescence offers an attractive alternative for identifica-
tion and quantification of biological compounds, requiring
less preparation time and without compromising sensitivity
[24, 25]. The incorporation of fluorescence signal could great-
ly enhance the utility of the molecularly imprinted polymer
without sacrificing the selectivity of developed molecularly
imprinted polymer [26, 27]. Among various types of
fluorophore, fluorescein isothiocyanate isomer I (FITC) has
drawn numerous research efforts and has been widely used
in microorganism staining and labeling [28–30] and fluores-
cence immunoassays [31] because of its high solubility in
water, high quantum efficiency, and large extinction coeffi-
cient [32]. In recent years, various forms of FITC-labeled
molecularly-imprinted polymer, relying on the use of fluores-
cence quenching, have been prepared. For instance, Huang
et al. (2013) have synthesized the FITC-labeled molecularly
imprinted polymer on magnetic nanoparticles as recognition
material towards bisphenol A [33]. Subsequently, Chen et al.
(2014) has prepared FITC functionalized magnetic core-shell
Fe3O4/Ag hybrid nanoparticles for detection of molecular
biothiols [34]. Furthermore, Feng et al. (2014) developed
FITC-labeled molecularly imprinted polymer on silica nano-
particles for detection of perfluorooctane sulfonate [35]. Then,
Wang et al. (2015) developed FITC-labeled molecularly
imprinted polymer on silica beads that are capable of selective
recognition and fluorescence detection of λ-cyhalothrin [24].
In addition, FITC-labeled protein configuration based on a

modulation of plasmon-enhanced resonance energy transfer
to gold nanoparticles by protein shell gating for detection of
proteins, including cytochrome c, bovine serum albumin, and
survivin were achieved by Stobiecka and Chalupa [36, 37].
These developed FITC-labeled molecularly imprinted poly-
mers can not only can with template selectively, but also can
generate detectable optical signals for visualization after the
templates have been bound. As seen, the molecularly
imprinted polymer coupled with fluorescence is a more con-
venient and effective strategy for detecting the target mole-
cules with excellent merits. Nevertheless, reports on
FITC-based MIP sensors for protein detection are scarce [26].

In this study, a fluorescent molecularly imprinted polymer
for selective and quantitative detection of LYZ was construct-
ed by incorporating FITC to newly designed molecularly
imprinted polymer based on Navicula sp. frustule (diatom
frustule) as a new core material [38]. The frustule possesses
unique characteristics of highly organized nanostructured
pores, reproducible with exactness in massive numbers, mod-
erate surface area (20–100 m2 g–1), and easily found in fresh
and salt water [39–42]; it exhibited enhancement in rebinding
capacity of molecularly imprinted polymer without showing
significant decrease in adsorption kinetics [38]. The FITC
anchored on molecularly imprinted polymer by covalent
bonding with acrylamide functional monomers via
post-imprinting treatment (Fig. 1). The signal transduction of
protein binding on FITC-MIP was evaluated bymeasuring the
fluorescence spectral change. The response of the intensity of
fluorescence signal and application capability of FITC-MIP
were carried out in a series of experiments, including binding
study, kinetics study, selectivity study, as well as stability
study.

Experimental

Synthesis of FITC-MIP and FITC-NIP

Pristine Navicula sp. frustules were obtained through chemi-
cal cleaning of monoculture of Navicula sp., which was cul-
tured in artificial seawater using Conway medium at 25 °C
under continuous aeration and illumination of 20–30 μmol
photons m–2.s–1 [43]. The LYZ imprinted polymer (denoted
MIP) and nonimprinted polymer (denoted NIP) were prepared
on Navicula sp. frustules by radical induced graft copolymer-
ization method as reported in our previous work [38]. Subse-
quently, the fluorescent-LYZ imprinted frustules (denoted
FITC-MIP) were prepared through post-imprinting treatment,
in which 0.1 g of fluorescein isothiocyanate (FITC) was added
to the flask containing 10 mL of ethanol (purity≥99.5 %)
followed by addition of 0.1 g ofMIP. The mixture was reacted
for 24 h at room temperature under continuous magnetically
stirring. The flask was wrappedwith aluminium foil to prevent
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FITC photo-bleaching during the entire reaction process. The
FITC-MIP was collected by centrifugation at 3500×g, and
washed several times with ethanol and deionized water to
remove unreacted FITC. Finally, the FITC-MIP was dried
by freeze-drying for 24 h. The preparation of FITC-MIP and
protein detection mechanism is illustrated in Fig. 1. The fluo-
rescent nonimprinted frustules (denoted FITC-NIP) were pre-
pared and washed in the same way as FITC-MIP.

Characterization

Fluorescent measurements were performed with Perkin Elmer,
Waltham, MA, USA, LS55 fluorescent spectrophotometer
equipped with 1 cm quartz cuvette at 25 °C, with excitation
wavelength (λex) and emission wavelength (λem) of 498 nm
and 522 nm, respectively. The slit widths of excitation and
emission were 5 nm. The functional groups on the prepared
samples were determined using a Thermo Scientific, Waltham,
MA, USA, Nicolet iS10 FTIR spectrometer. The Fourier trans-
form infrared (FTIR) spectra were recorded over the range of

4000 to 650 cm–1. The fluorescence images of FITC-MIP and
FITC-NIP were examined under fluorescence microscope
(Olympus BX53). The excitation and emission filter set used
was 470-490/520 nm (U-FBW; Olympus, Tokyo, Japan). Fluo-
rescence images were acquired using the computer software
CellSens Dimension (Olympus). In addition, Ultraviolet-
visible (UV-Vis) spectra of LYZ, FITC-MIP and FITC-NIP
were recorded within the range of 200–800 nm on a UV-Vis
spectrophotometer (Agilent Technologies, Cary 60).

Sensing performance of FITC-MIP and FITC-NIP

Effect of pH

To examine the pH effect at 25 °C, FITC-MIP and FITC-NIP
were dispersed in buffer solution with pH varied from 3 to 10.
The fluorescence intensity value from fluorescence spectra
was recorded by fluorescence spectrophotometer (λ-

ex = 498 nm, λem = 522 nm). Each measurement was per-
formed in triplicate and mean values are presented.
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Fig. 1 Illustration for preparation of FITC-MIP and the fluorescence quenching detection of LYZ upon specific recognition
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Binding studies for different LYZ concentration

The binding properties of FITC-MIP and FITC-NIP were in-
vestigated by equilibrium binding experiments with fluores-
cence measurements; 1.5 mg of FITC-MIP was added to
10 mL of LYZ solution (pH 7, 10 mM) with concentration
of 0.002 mg mL–1 in a 20-mL glass vial. The glass vial was
wrapped in aluminium foil and incubated for 1 h at 25 °C on
an end-to-end rotating mixer with a speed of 40 rpm. Then the
fluorescence intensity of the solution was measured using
fluorescent spectrophotometer (λex= 498 nm, λem=522 nm).
The fluorescence quenching efficiency of the FITC-MIP with
LYZ was calculated by Stern-Volmer equation:

I0
I
¼ 1þ KSVC ð1Þ

where I0 is the initial fluorescence intensity in the absence of
LYZ template, I is the fluorescence intensity in the presence of
LYZ, Ksv (mL g–1) is the Stern-Volmer quenching constant,
and C (mg mL–1) is the concentration of LYZ. The assay was
also carried out using LYZ solution at concentrations ranging
from 0 to 0.05 mg mL–1. The same procedure was performed
for FITC-NIP. All the experiments were carried out in tripli-
cate at each LYZ concentration.

Binding kinetics experiment

The binding kinetics study was carried out using the same
experimental procedure as in binding studies for different
LYZ concentration. At preset intervals of time, the fluores-
cence intensity of the solution was monitored and recorded
using a fluorescent spectrophotometer (λex = 498 nm, λ-

em=522 nm). The experiment was continued until equilibrium
conditions were reached where no further intensity quenching
was detected. All the described experiments were done in
triplicate with the average value reported.

Selectivity and competitive binding studies

To measure the selectivity of FITC-MIP, a fluorescence
quenching comparison was made between the competitive
proteins [bovine serum albumin (BSA) and cytochrome c
(Cyt C) and LYZ]. It was performed by adding 1.5 mg of
FITC-MIP into 10 mL of protein solutions containing
0.007 mg mL–1 of LYZ, BSA, or Cyt C at pH 7. The mixture
was incubated for 1 h at 25 °C in darkness. After that the
fluorescence spectrum were detected by fluorescence spectro-
photometer (λex=498 nm, λem=522 nm). To further evaluate
the selectivity of FITC-MIP in the presence of competitive
proteins, BSA and Cyt C were added into 10 mL of LYZ
solution at different concentration ratios of LYZ/Cyt C/BSA
(1/0/0 to 1/5/5). The amount of FITC-MIP and LYZ

concentration was fixed at 1.5 mg and 0.007 mgmL–1, respec-
tively. After adsorption was completed, the fluorescence spec-
tra of the solution was analyzed using fluorescence spectro-
photometer (λex=498 nm, λem=522 nm). The same proce-
dure was carried out by replacing FITC-MIP with FITC-NIP.
All the experiments were run in triplicate and mean values are
reported.

Fluorescence stability study

The stability of FITC-MIP was also studied by adding 1.5 mg
of FITC-MIP to 10 mL phosphate buffer solution (pH 7,
10 mM) and the fluorescent intensity of the solution was mon-
itored using fluorescence spectrophotometer (λex= 498 nm,
λem=522 nm) every 1 h for 8 h duration. Then, the change
of fluorescence intensity during the storage of FITC-MIP
(stored at 4 °C in a dark environment) was also investigated
for a 1-mo period. All the measurements were taken three
times and the average values are presented.

Results and discussion

Preparation and characterization of FITC-MIP
and FITC-NIP

The design of FITC-MIP is based on the fact that FITC acted
as recognition signal transducer and optical readout whereas
MIP provides LYZ selectivity and prevents interfering mole-
cules from coming into contact. The schematic on the prepa-
ration of FITC-MIP is shown in Fig. 1. MIP was prepared
using three functional monomers formulations, namely acryl-
am i d e (AAM) , me t h a c r y l i c a c i d (MAA) , a nd
2-(dimethylamino) ethyl methacrylate (DMAEMA), to im-
print LYZ on pristineNavicula sp. frustules by radical induced
graft copolymerization method described in our previous
work [38]. FITC was introduced into MIP through
post-imprinting treatment in order to transform the recognition
sites of MIP into fluorescence signal that could respond to
binding events. The general concept of this approach is that
FITC is incorporated into MIP by reaction of amino group of
AAM with FITC, forming a stable thiourea bond as seen in
Fig. 1 [44]. Subsequently, the LYZ templates are entrapped in
polymer matrix through noncovalent bindings (van der Waals
forces and electrostatic forces). The positively charged mono-
mer, DMAEMA, targets negatively charged amino acid
(aspartic acid and glutamic acid), whilst negatively charged
monomer, MAA, targets positively charged amino acid (ly-
sine, arginine, and histidine) of LYZ template [45], which
leads to fluorescence quenching.

To understand the fluorescence quenching attributable to
LYZ binding, the mechanism was investigated. The resultant
LYZ binding into recognition cavities in the polymer matrix
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can quench the fluorescence emission of FITC through two
possible pathways, namely, energy transfer and electron trans-
fer from FITC to LYZ. As shown in the absorption spectra
(Fig. 2), the absorption peak of LYZ is at 280 nm, whereas the
absorption peak (almost similar to exCitation band) of
FITC-MIP and FITC-NIP is located at 480 nm. It is clear that
the absorption band of LYZ is located far away from the ex-
citation band of FITC-MIP and FITC-NIP. The possible
mechanism of resonance energy transfer for the fluorescence
quenching is excluded in this system since there are no spec-
tral overlaps between the absorption spectra of LYZ and the
excitation spectra of FITC-MIP and FITC-NIP [26, 46];
hence, the excitation energy is unlikely to transfer from FITC
to LYZ. As a result, the mechanism of fluorescence quenching
can be described as a photo-induced electron transfer process
[46, 47]. The electrons within the FITC first in an excited state
under photo-irradiation [48]. When LYZ is present, the elec-
trons of FITC could transfer to the lowest unoccupied molec-
ular orbital of LYZ (see Electronic Supplementary Material
(ESM) Fig. S1) [10]. This results in hindrance of electrons
transition to the ground state (emitting photons and causing
fluorescence) [48] and formation of neutral and cationic forms
of FITC, hence quenching the fluorescence emission of FITC
[47].

The FTIR spectra of the pristine Navicula sp. frustules,
MIP, NIP, FITC-MIP, and FITC-NIP, can confirm the success-
ful modification of frustules surface. As demonstrated in ESM
Fig. S2, pristine frustules displayed the characteristic signals
of bending vibration mode of inter-tetrahedral Si–O–Si bonds
at 795 cm–1 and Si–O stretching of silanol (Si–OH) groups at
950 cm–1 [49]. The strong and broad peak around 1050 cm–1

indicated the stretching and bending vibration modes of the
SiO4 tetrahedron [49]. These peaks illustrated that pristine
Navicula sp. frustules consisted of mainly silica [50]. In addi-
tion, these three peaks with relatively lower intensities were
also observed in MIP, NIP, FITC-MIP, and FITC-NIP, sug-
gesting that silica is present as the core material. Compared
with the FTIR spectra of pristine frustules (Fig. 3), MIP and
NIP displayed the absorption peak at 1651 cm–1 (C =O

stretch), and its shoulder peak at 1615 cm–1 (N–H bending)
verifies the presence of AAM in the polymer matrix [51, 52].
The presence of absorption peak at 1550 cm–1 suggested the
C=O stretch from bound carboxylic acid groups, which indi-
cates that the polymer matrix contains MAA [51, 52]. The
peaks at 1720 cm–1 (C=O) is the contribution of DMAEMA
in the polymer [51, 52]. The C–N stretching vibration band at
1147 cm–1 supports the presence of DMAEMA [51, 52]; how-
ever, this peak is not noticeable due to overlapping with the
peak of 1050 cm–1 (stretching and bending vibration modes of
the SiO4 tetrahedron). These result indicated that the polymer
layer consisted of three functional monomers (AAM, MAA,
and DMAEMA) have been grafted on Navicula sp. frustules.

The FTIR spectra of FITC-MIP and FITC-NIP (Fig. 3)
show a small peak located in the region of 2360 cm–1 corre-
sponds to –N=C=S [53]. FITC contains an aromatic keto
group, the presence of which can be manifested by the pres-
ence of a peak 1727 cm–1 [53, 54]. In addition, a number of
peaks have been found in the carbonyl region, probably due to
the presence of carbonyl group of carboxylate anion, which is
authenticated by a peak near 1390 cm–1 resembling the char-
acteristic peak for COO– bending [53]. Furthermore, the ab-
sorption peaks at 1458, 1535, 1594, and 1610 cm–1 were
assigned to characteristic peaks of the benzene ring stretching
vibration [24, 54], C =O stretching vibration of amide at
1651 cm–1 [24], along with the presence of aromatic –OH at
3163 cm–1 [53] indicating that the FITC had successfully
bonded on both MIP and NIP.

The fluorescence property of FITC-MIP and FITC-NIP
was characterized by fluorescence microscope (see ESM
Fig. S3). The fluorescence of FITC-MIP and FITC-NIP was
clearly observed, which indicated that the FITC was indeed
successfully attached to the polymer matrix.

Sensing performance testing, effect of pH

As depicted in Fig. 4, the fluorescence intensity of FITC-MIP
decreases when pH is below 6, and then it remains almost
constant in the range of pH 6 to 10. FITC-NIP exhibits similar

Fig. 2 Absorption spectra of
LYZ, FITC-MIP and FITC-NIP
in phosphate buffer (10 mM,
pH 7.0)
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characteristic in response to pH values changes (see ESM
Fig. S4). FITC-MIP and FITC-NIP are sensitive to pH chang-
es because FITC appears in various ionic and neutral forms,
for example cationic, neutral, anionic, and dianionic forms
depending on pH values of solution [55]. The dianionic form
is the most strongly fluorescing form followed by the anionic
forms [56]. The neutral and cationic forms fluoresce as a result
of deprotonation upon excitation converted into anion, but
less intense [56]. Assuming these four species coexist in the
range of pH 3–10, with different concentrations for each pH.
When pH of solution is decreased, the emission intensity of
FITC decreases greatly, mainly attributed to the dominant for-
mation of neutral and cationic forms since they give lower
intensity fluorescence. On the other hand, at pH 6 and above,
the anionic and dianionic forms are dominative. Therefore,
they give intense fluorescence intensity within this pH range.
It has been established that the pH of human body fluids can
be as low as 6 for saliva and as high as 8 for pancreatic fluid.
As a result, the developed FITC-MIP can be utilized for quan-
titative fluorescent measurement for human body fluids as it is
insensitive to pH over this range.

Binding studies for different LYZ concentration

The fluorescence intensity of FITC-MIP and FITC-NIP are
quenched gradually with the increasing concentration of
LYZ (Fig. 5a, b). The decrease of fluorescence intensity of
FITC-MIP was notably larger than that of FITC-NIP at the
same concentration of LYZ. For FITC-MIP, the fluorescence
quenching is mainly achieved because of the interaction of
recognition sites with LYZ template [10]. In the case of
FITC-NIP, the functional groups do exist but there is no spe-
cific recognition site located in polymer matrix; hence, the
LYZ only has weak interaction with FITC-NIP, which results
in no obvious changes of fluorescence intensity of FITC-NIP
in binding process [10]. In addition, the fluorescence intensi-
ties of FITC-MIP and FITC-NIP are important data to evalu-
ate their sensitivity [24]. The fluorescence intensity of
FITC-NIP that changed with smaller amplitude than
FITC-MIP suggests that FITC-NIP is less sensitivity than
FITC-MIP.

Moreover, the fluorescence quenching could be further an-
alyzed using Stern-Volmer equation. As seen in Fig. 6, the
LYZ concentration range from 0 to 0.025 mg mL–1 has a good
linear correlation with fluorescence intensity. The linear equa-
tion of FITC-MIP is I0/I-1=110.53C–0.1577 and the corre-
sponding correlation coefficient (R2) is 0.9885. The limit of
detection FITC-MIP is evaluated using 3σ/S, and is found to
be 0.0015 mg mL–1, where σ is the standard deviation of
blank signal and S is the slope of the Stern-Volmer plot in
Fig. 6. It is also noticed that detection range of LYZ concen-
tration for FITC-MIP is 0 to 0.025 mg mL–1. When the con-
centration is greater than 0.025 mg mL–1, the fluorescence
quenching almost reaches saturation. Similarity, the fluores-
cence quenching of FITC-NIP followed the Stern-Volmer
equation in which the fluorescence intensity of FITC-NIP

Fig. 3 FTIR spectrum of the pristine Navicula sp. frustules, MIP, NIP, FITC-MIP, and FITC-NIP from the range of 4000 to 1350 cm–1

Fig. 4 The fluorescence intensity of FITC-MIP in buffers with pH
ranging from 3 to 10. The points represent mean values of three
replicates of measurements and error bars represent standard errors
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decreased linearly with increasing LYZ concentration from 0
to 0.01mgmL–1 (Fig. 6); surpassing this range, the quenching
is no longer apparent. The linear equation of FITC-NIP is I0/
I-1=38.11C-0.0028 with R2 equal to 0.9963. Furthermore, the
values ofKsv are determined to be 110.53 and 38.11 mLmg–1

for fluorescent FITC-MIP and FITC-NIP, accordingly. Addi-
tionally, the values of imprinting factor (Ksv,MIP/Ksv,NIP) was
calculated to be 2.90 of LYZ for fluorescent FITC-MIP, which
proved the successful creation of LYZ recognition cavities on
FITC-MIP.

Binding kinetics study

To use the FITC-MIP as sensing material, the binding kinet-
ics is a high interest experiment to predict the required time
for analyte adsorption to reach equilibrium. The binding
kinetics depends on the accessibility of the recognition site
and interaction between functional groups of polymer and
analyte [57]. As shown in Fig. 7, there is an immediate
decrease in fluorescence intensity after the addition of
LYZ. At LYZ concentration of 0.007 mg mL–1, FITC-MIP
shows a significant initial decrease in fluorescence intensity,
but it took 15 min to obtain stable fluorescence intensity,
suggesting that the rebinding equilibrium has been reached.

On the other hands, it takes only about 10 min for FITC-NIP
to obtain stable intensity, which was higher than the stable
intensity point of FITC-MIP, indicating a weaker quenching
because FITC-NIP does not have a selective binding site for
LYZ. FITC-MIP takes a longer time to reach equilibrium
than FITC-NIP, suggesting that FITC-MIP possessed a spe-
cific recognition site for LYZ and this caused LYZ template
binding in longer time. Figure 7 also shows that the time to
reach equilibrium adsorption increases gradually with the
increase in concentration of LYZ. The results show that the
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Fig. 5 Fluorescence emission
spectra of the (a) FITC-MIP and
(b) FITC-NIP with increasing
LYZ concentration in PBS
solution. Adsorption conditions:
V= 10 mL, W= 1.5 mg, time 1 h,
temperature 25 °C, phosphate
buffer (10 mM, pH 7.0)

Fig. 6 Fluorescence quenching efficiency for FITC-MIP and FITC-NIP
according to LYZ concentrations. The insets show the Stern-Volmer plots
for respective samples. The points represent mean values of three
replicates of measurements and error bars represent standard errors
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time to reach equilibrium is about 5 min for LYZ at a con-
centration of 0.002 mg mL–1, and 30 min for LYZ at con-
centrations of 0.01 mg mL–1 and above. The response time
of FITC-MIP (within 30 min) is shorter than that demon-
strated in literature, in which the synthesized fluorescence
MIP required 300 min [58] to achieve LYZ binding equilib-
rium. The fast binding kinetics in this study can be attributed
to the noncovalent interaction (van der Waals and electro-
static forces) between LYZ and recognition cavities [26].

Selectivity and competitive studies

The fluorescence quenching efficiency of FITC-MIP and
FITC-NIP toward various proteins was measured to study its
selectivity towards template LYZ. As shown in Fig. 8,
FITC-MIP had a strong response to LYZ, which caused a
higher fluorescence quenching efficiency than that of BSA
and Cyt C. This shows that the FITC-MIP exhibits very fa-
vorable affinity towards the template LYZ compared with
nontemplate proteins (BSA or Cyt C). In the process of syn-
thesis MIP, specific imprinted cavities with the memory of
shape, size, and functional groups of LYZ were generated
[59]. BSA is much larger than LYZ in molecular weight and
size, so the access of BSA to recognition sites is limited by
steric hindrance of polymer matrix. For Cyt C, although its
molecular weight and size are close to LYZ, the functionality
is not complementary to recognition cavities. This kind of
nonspecific adsorption was not stable, so it was unlikely to
quench significantly the fluorescence of the FITC-MIP. This is
expected since BSA and Cyt C are the nontemplate proteins
and their adsorption onto the FITC-MIP is attributed to non-
specific interaction. It also can be seen that the fluorescence
quenching efficiency of FITC-NIP is insignificant for LYZ,
Cyt C, and BSA. This indicated that there are no selective
recognition sites left in FITC-NIP as FITC-NIP is prepared
without addition of LYZ template molecules.

A series of ternary protein solutions of LYZ/Cyt C/BSA
were prepared to study the competitive binding ability of

FITC-MIP and FITC-NIP. The experiments were performed
by fixing the concentration of LYZ and increasing the concen-
tration of Cyt C and BSA at the same time. As shown in
Fig. 9a, increase of LYZ/Cyt C/BSA ratio does not influence
the fluorescence intensity of FITC-MIP significantly.
FITC-MIP could only specifically adsorb LYZ template be-
cause of the existence of complementary recognition sites. It is
difficult for BSA and Cyt C to adsorb onto it even at a high
concentration. Hence, the fluorescence intensity of FITC-MIP
does not change significantly if the concentration of LYZ re-
mains the same while the concentration of Cyt C and BSA
increases. These results imply the highly selective recognition
ability of the FITC-MIP as it can detect the target LYZ from
complex samples well. As for FITC-NIP (Fig. 9b), BSA and
Cyt C did not interfere with the fluorescence intensity
significantly.

Stability studies

The fluorescence stability of FITC-MIP was evaluated
by repeated detection of fluorescence intensity every
1 h. As shown in Fig. 10, the change of fluorescence
intensity of FITC-MIP was insignificant, which showed
that emission of FITC-MIP was stable within 8 h. The
change of fluorescence intensity during the storage of
FITC-MIP was also investigated (data not shown).
When the FITC-MIP was stored for 31 d in a dark
environment at 4 °C, the fluorescence intensity retained
92 % of its original response, which indicated that
FITC-MIP has acceptable storage stability.

Conclusions

In summary, FITC was successfully incorporated into
MIP as confirmed by FTIR spectrum and microscopy
image. Based on photo-induced electron transfer

Fig. 7 Binding kinetic of FITC-MIP at varying LYZ concentration and
FITC-NIP at LYZ concentration of 0.007 mg mL–1. Adsorption
conditions: V = 10 mL, W = 1.5 mg, temperature 25 °C. The points
represent mean values of three replicates of measurements and error bars
represent standard errors

Fig. 8 Fluorescence quenching efficiency for (a) FITC-MIP and (b)
FITC-NIP towards different proteins. Adsorption conditions:
V= 10 mL, W = 1.5 mg, C0, LYZ=C0, BSA =C0, Cyt C= 0.007 mg mL–1,
time 1 h, temperature 25 °C, phosphate buffer (10 mM, pH 7.0). The
points represent mean values of three replicates of measurements and
error bars represent standard errors
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mechanism, the FITC-MIP could be successfully applied
for direct, sensitive, and selective detection of LYZ. The
fluorescence intensity of FITC-MIP decreased linearly
with increasing LYZ in the concentration range of 0–
0 . 0 2 5 mg mL – 1 w i t h a d e t e c t i o n l i m i t o f
0.0015 mg mL–1. It is found that LYZ can quench the
f l u o r e s c e n c e i n t e n s i t y o f F I T C -M I P i n a
concentration-dependent manner that is best described
by a Stern-Volmer equation. Additionally, FITC-MIP

demonstrated relatively fast binding kinetics because of
the weak interactions (van der Waals forces and electro-
static forces) between the LYZ templates and polymer
matrix. The experimental results also demonstrated that
the fluorescence quenching efficiency of FITC-MIP for
LYZ was much higher compared with other proteins
(BSA and Cyt C). This illustrated that FITC-MIP pos-
sessed good selectivity towards template LYZ. Further-
more, the interference of competing proteins does not
interfere with the fluorescence intensity of FITC-MIP
significantly, implying highly selective recognition abili-
ty of the FITC-MIP, as it can detect the target LYZ from
complex samples well. As a result, excellent stability as
well as performance study suggest that FITC-MIP is a
promising sensing material for biosensor in clinical diag-
nosis applications.
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Fig. 9 Fluorescence emission
spectra of the (a) FITC-MIP and
(b) FITC-NIP with increasing
concentration ratio of LYZ/Cyt
C/BSA from 1/0/0 to 1/5/5 in PBS
solution. The inset shows effect of
competitive proteins on
fluorescence quenching for
respective samples. Adsorption
condition: V= 10 mL,
W = 1.5 mg, C0,
LYZ= 0.007 mgmL–1, temperature
25 °C, pH 10, time 1 h. The points
represent mean values of three
replicates of measurements and
error bars represent standard
errors

Fig. 10 Fluorescence intensity change of FITC-MIP within 8 h. The
points represent average values of three replicate measurements and
error bars represent standard errors
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