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ABSTRACT: Glycoproteins are abundant on the cell surface of
mammals, providing structural support, modulating cell membrane
properties, and acting as signaling agents. Variation of glycosylation
patterns has been found to indicate various disease states, including
cell malignancy. Sialic acid (SA) is present as a terminating group on
cell-surface glycans, and its overexpression has been linked to several
types of cancer. Detection of SA on the cell surface is therefore
critical for detection of cancer in its early stages. In this work, a
fluorescent molecularly imprinted polymer layer targeting SA was
synthesized on the surface of silica-coated polystyrene (PS)
particles. Compared to previous works, a PS core supplies a lighter,
lower-density support for improved suspension stability and
scattering properties. Moreover, their smaller size provides a higher
surface-area-to-volume ratio for binding. The incorporation of a
fluorescent monomer in the MIP shell allowed for simple and rapid determination of binding specificity in polar media due to a
deprotonation−reprotonation interaction mechanism between the fluorescent monomer and SA, which led to spectral changes.
Upon titration of the MIP particles with SA in suspension, an increase in fluorescence emission of the particles was observed, with
the MIP particles binding SA more selectively compared to the nonimprinted polymer (NIP) control particles. In cell staining
experiments performed by flow cytometry, the binding behavior of the MIP particles compared favorably with that of SA-binding
lectins. NIPs prepared with a “dummy” template served as a better negative control in cell binding assays due to the favorable inward
orientation of template-binding functional groups in the polymer shell, which reduced nonspecific binding. The results show that
fluorescent MIPs targeting SA are a promising tool for in vitro fluorescence staining of cancerous cells and for future diagnosis of
cancer at early stages.

KEYWORDS: Sialic acid, fluorescence, molecularly imprinted polymers, cancer cells, flow cytometry

■ INTRODUCTION

Glycoproteins or glycans are abundant on the cell surface of
mammals, providing structural support, modulating cell
membrane properties, and acting as signaling agents.1,2

Variation of glycosylation patterns has been found to indicate
various disease states,3 including cell malignancy.4 Sialic acid
(SA) is present as a terminating group on cell-surface glycans,
and its overexpression has been linked to cancer of the
prostate, lungs, ovaries, breast, colon, and pancreas.3 Detection
and quantification of SA on the cell surface is therefore critical
for detection of cancer in its early stages.
Molecular imprinting techniques for SA detection have

gained momentum in the last 20 years. In the earliest reports,
Kugimiya et al.5 and Piletsky et al.6 imprinted SA in bulk
polymers for detection of SA in solution. However, a large
proportion of the cavities produced during bulk imprinting is

in the inner structure of the polymer and they are not easily
accessible. This can be solved by preparation of a thin
imprinted polymer film on a support surface to ensure binding
sites are located as close to the polymer surface as possible.
This promotes access of the analyte to the binding sites and
accelerates binding kinetics. Kugimiya prepared an SA-
molecularly imprinted polymer (MIP) layer on a quartz crystal
microbalance plate and achieved a limit of detection of 20
nmol in water/pyridine mixtures.7
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More recently, research has focused on techniques for
detection of SA directly on the surface of cancer cells. In this
regard, MIP layers targeting SA have been prepared on various
types of core particles, with a fluorescent emitter being
incorporated in the core or shell to allow cell imaging by flow
cytometry and fluorescence microscopy. This approach can
potentially allow in vitro and in vivo imaging of cancer cells in
the early stages of tumor development. Typical design
approaches employ hydrogen bond donors to interact with
polar groups on SA or boronic-acid containing functional
monomers, which are known to form cyclic esters with SA.8

Panagiotopoulou et al. utilized (4-acrylamidophenyl)(amino)-
methaniminium acetate as a functional monomer to interact
with the carboxylate group of SA and synthesized an SA-MIP
layer on the surface of quantum dots. The imprinted particles
were applied in fluorescence microscopy experiments to stain
SA-expressing cells.9 Li’s group synthesized SA-imprinted
fluorescent conjugated polymer nanoparticles10 and graphitic
carbon nitride particles11 containing boronic acid groups for
staining of DU-145, an SA-expressing prostate cancer cell line.
Wang et al. modified the surface of fluorescein-doped silica
beads with boronic acid groups, and after incubation of the
particles with an SA solution for cyclic ester formation, silica
imprinting was performed with the resulting MIP particles
displaying selective labeling of SA on cancer cells, facilitating
their detection by flow cytometry.12 On the other hand, Shinde
et al. synthesized an SA-MIP layer on nonfluorescent silica
beads and utilized phenyl boronic acid for cyclic ester
formation with SA alongside a fluorescent monomer to
facilitate cell labeling13 and observed binding of the particles
to human prostate cancer cell lines and a leukemic cell line by
flow cytometry and fluorescence microscopy.14

In this work, polystyrene (PS) particles were used as
supporting particle cores, which are advantageous due to their
tunable size and ease in synthesis. In contrast to Shinde’s
earlier work employing submicron silica particles,13 smaller PS
particles show a lower tendency to sediment because of their
lower density, have better scattering properties due to their
higher refractive index, and provide a higher surface-area-to-
volume ratio for binding.15,16 After silica coating and
subsequent functionalization steps, a fluorescent MIP layer
was synthesized on the particle surface by incorporation of a
fluorescent monomer whose fluorescence signal was enhanced
upon binding of N-acetylneuraminic acid, the dominant form
of SA in mammalian cells. Interaction between the fluorescent
monomer and SA was achieved in a polar medium, N,N-
dimethylformamide (DMF), via a deprotonation−reprotona-
tion mechanism, which led to spectral fluorescence changes in
response to the analyte. As the media employed for polymer
synthesis and cell staining are distinctly different, two types of
nonimprinted polymer particles (NIPs) were prepared for
control purposes to assess the influence of nonspecific binding.
One was a conventional NIP prepared according to the same
recipe as the MIP only without adding template, while the
other was a so-called “dummy” NIP, prepared using a
“dummy” template that carries the same functional group
decisive for signaling as the target template, yet is simpler in
chemical structure. Due to the presence of the fluorescent
monomer, the binding specificity of the imprinted and
nonimprinted particles could be simply determined by
fluorescence titrations. Upon titration of the MIP particles
with SA in solution, an increase in fluorescence emission of the
particles was observed, with the MIP particles binding SA more

selectively compared to the conventional NIP and the
“dummy” NIP particles. The particles were utilized for staining
of cancer cell lines using flow cytometry. The SA-imprinted
MIP particles preferentially bound to SA-expressing cells,
displaying binding behavior comparable to that of SA-targeting
lectins. The conventional NIP particles displayed high
unspecific binding to SA-expressing cells, while the “dummy”
NIP particles showed significantly lower binding. This was
attributed to the difference in surface properties of the two
different types of NIPs, with the “dummy” NIP serving as a
better negative control in cell binding assays due to the
favorable inward orientation of template-binding functional
groups in the polymer shell, which reduced nonspecific
binding.
For the first time, we demonstrated that the binding

specificity of SA-MIPs could be directly investigated by
fluorescence titrations in polar media. In addition, we show
here that for cell binding applications of MIPs, nonspecific
binding events are best compensated for using a NIP prepared
with a “dummy” template rather than conventional NIPs since
the surface properties of the “dummy” NIP are more
comparable to those of the MIP. Our results show that
fluorescent MIPs targeting SA are a promising tool for in vitro
staining of cancerous cells and for future diagnosis of cancer at
early stages.

■ EXPERIMENTAL SECTION
Materials. All organic solvents were purchased from Sigma-

Aldrich, abcr, Merck, and J.T. Baker and used without further
purification unless otherwise indicated. 2-Isocyanatoethyl methacry-
late, styrene, 2,2′-azobis(2-methylpropionamidine)dihydrochloride
(AIBA), (3-aminopropyl)triethoxysilane (APTES), methacrylamide
(MAAm), ethylene glycol dimethacrylate (EGDMA), tetraethylor-
thosilicate (TEOS), ammonia 32% solution, and nitric acid (HNO3)
were obtained from Sigma-Aldrich. Triethylamine (TEA), formic acid,
and hydrochloric acid were obtained from AppliChem. Basic alumina
was purchased from Acros Organics, N-acetylneuraminic acid (SA)
from Carl Roth, and ethylchloroformate (ECF) from Fluka. The 2,2′-
Azobis(2,4-dimethylvaleronitril) (ABDV) initiator was obtained from
Wako Chemicals. 4-Cyano-4-(phenylcarbonothioylthio)pentanoic
acid (CPDB) and L-lysine were purchased from abcr. Vinylbenzene
boronic acid (VBBA) was obtained from Thermo Fisher Scientific.
Milli-Q water was obtained from a Milli-Q ultrapure water
purification system (Millipore Synthesis A10). Lactic acid (LA) was
obtained from J.T. Baker. 4-Chloro-7-nitrobenzofurazan was obtained
from Alfa Aesar.

Cell Culture. The epidermal carcinoma cell line A431 and the
pulmonary epithelial carcinoma cell line A549 were obtained from the
American Type Culture Collection (ATCC, LGC Standards) and
cultured in T75 flasks with 10 mL of culture medium. A549 was
cultured in RPMI-1640 medium (Thermo Fisher Scientific),
supplemented with 10% fetal bovine serum (FBS, Thermo Fisher
Scientific) and 1% penicillin−streptomycin (Thermo Fisher Scien-
tific). A431 was cultured in Eagle’s minimum Essential medium
(EMEM, Sigma Aldrich), supplemented with 10% FBS, 1% L-
glutamine (Thermo Fisher Scientific), and 1% nonessential amino
acids (NEAA, Thermo Fisher Scientific). Phosphate-buffered saline
(PBS) without calcium/magnesium was purchased from Thermo
Fisher Scientific. Trypsin/EDTA solution was obtained from Thermo
Fisher Scientific. The biotinylated lectins MAL I from Maackia
amurensis and SNA from Sambucus nigra were purchased from Vector
Laboratories and streptavidin-fluorescein isothiocyanate (FITC) from
Agilent Technologies.

Synthesis of 2-(3-(4-Nitrobenzo[c][1,2,5]oxadiazol-7-yl)-
ureido)ethyl Methacrylate (I). Fluorescent monomer I was
synthesized as described previously with modifications.17 In brief, 4-
chloro-7-nitrobenzo-2,1,3-oxadiazole (1.17 g, 5.8 mmol) was
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dissolved in methanol (50 mL). Ammonium hydroxide solution (3.5
mL) was added dropwise to the solution under stirring. The reaction
was left for 18 h at room temperature and thereafter acidified with 1
M hydrochloric acid solution to pH 1. The resulting suspension was
cooled down with an ice bath and briefly filtered. The precipitate was
dissolved in water (50 mL) and neutralized with saturated sodium
hydrogen carbonate solution (100 mL). The aqueous phase was
extracted with ethyl acetate (3 × 100 mL), while the organic phase
was dried over sodium sulphate and filtered. The filtrate was
concentrated using a rotary evaporator, and the suspension was
treated as previously described. Both solid phases were combined and
purified by silica gel column chromatography using dichloromethane/
ethyl acetate (1 → 1:1 v/v) as the eluent. The precursor of I, 7-
nitrobenzo[c][1,2,5]oxadiazol-4-amine, was obtained as a brown solid
(0.46 g, 44% yield). 1H NMR (400 MHz, CDCl3): δ = 8.48 (d, 1H),
6.41 (d, 1H), 5.66 (br s, 2H).
Then, 0.46 g (2.58 mmol) of this solid was dissolved in acetone (20

mL). 2-Isocyanatoethyl methacrylate (0.47 mL, 3.35 mmol) was
added dropwise to the reaction solution under stirring, after which
triethylamine (0.4 mL) was added dropwise. The reaction mixture
was cooled down with an ice bath and briefly filtered and washed with
cold acetone (3 × 5 mL). The product was dried overnight under
vacuum. I was obtained as a bright-yellow solid (0.27 g, 31% yield).
1H NMR (400 MHz, DMSO-d6): δ 10.28 (br s, 1H), 8.71 (d, 1H),
8.15 (d, 1H), 7.36 (t, 1H), 6.09 (s, 1H), 5.71 (s, 1H), 4.2 (t, 2H), 3.5
(q, 2H), 1.9 (s, 3H). 13C NMR (400 MHz, DMSO-d6): δ 166.39,
153.59, 145.25, 143.32, 136.71, 135.67, 127.39, 126.00, 109.30, 63.38,
38.36, 17.92 ppm. UPLCMS-TOF (ES+) m/z: calcd for [M − H]+,
336.0899; found, 336.0999.
Determination of pKa of I. Solutions of I (38 μM) were prepared

by diluting a stock solution of the dye in 10 × 10 mm quartz cells
containing 2.5 mL of water−ethanol mixture (1:1 v/v). Aliquots of
0.01−1 M KOH or 0.01−1 M HClO4 (60%) in the solvent mixture
were added to the solutions under mechanical stirring, while the pH
was constantly monitored with a digital pH meter (pH lab 827,
Metrohm) equipped with a glass electrode (Biotrode) and calibrated
with standard aqueous solutions of pH 4.00, 7.00, and 9.00 from
Metrohm. Absorption spectra were taken after addition of each
aliquot. For data analysis, pH values in the solvent mixture were
activity-corrected, as detailed in ref 18.
Synthesis of PS Particles. Cationic PS particles were synthesized,

as previously described.19 A total of 8.96 mL of Milli-Q water was
added to a screw-capped glass vial with a septum. The solution was
stirred for 10 min at 75 °C at 600 rpm while degassing with argon.
Meanwhile, the inhibitor was removed from styrene using a column
packed with basic alumina. Then, 0.05 mL (0.44 mmol) of inhibitor-
free styrene was added to the glass vial using a syringe under argon.
The solution was mixed for further 10 min at 75 °C at 600 rpm while
degassing with argon. Meanwhile, 6.30 mg of AIBA (0.023 mmol) was
dissolved in 1.58 mL of Milli-Q water and degassed for 10 min with
argon. Then, 1 mL of AIBA solution was added to the water−styrene
mixture using a syringe while still being degassed with argon. The
reaction mixture was left at 75 °C for 5 h and stirred at 600 rpm. The
resulting suspension was cooled down to room temperature and
stored at 4 °C.
Synthesis of Silica-Coated PS Particles (SiO2@PS). Silica

coating was performed as previously described with modifications.20 A
total of 28 mL of the aqueous PS suspension was diluted with 25.2
mL of Milli-Q water, and pH was adjusted to 3 using 280 μL of 1 M
HNO3. The mixture was stirred at 700 rpm for 15 min at 60 °C, and
then, 78.4 mg of L-lysine (0.54 mmol) in 280 μL of Milli-Q water was
added, followed by addition of 252 μL of TEOS (1.14 mmol). The
reaction was stopped after 6 h, and the particles were washed three
times with 35 mL of 96% ethanol with 10 min of centrifugation at
12,700 xg in between. The particles were then dried overnight at
room temperature under vacuum.
APTES Modification of SiO2@PS. APTES modification was

performed as previously reported.15 A total of 102.8 mg of SiO2@PS
was suspended 5 min in 4.4 mL of absolute ethanol, then 2.2 mL of
9:1 water/HCl (37%) was added, and the mixture was sonicated for

10 min. The particles were washed twice with 2.2 mL of absolute
ethanol and then resuspended in 2.4 mL absolute ethanol. The
suspension was degassed briefly with argon, while 110 μL APTES
(0.47 mmol) was added. The particles were heated at 40 °C with
stirring at 700 rpm for 24 h. Upon completion of the reaction, the
particles (APTES@SiO2@PS) were washed twice with 35 mL of
absolute ethanol with 10 min of centrifugation at 12,700 × g in
between and finally dried overnight at room temperature under
vacuum.

RAFT Modification of APTES@SiO2@PS. According to our
previous report,21 95.1 mg of APTES@SiO2@PS was weighed, and
136.9 mg of CPDB (0.49 mmol) was dissolved in 10.5 mL of dry
THF; 52 μL of ECF (0.55 mmol) and 68.1 μL of TEA (0.49 mmol)
were added, and the solution was kept in a liquid nitrogen/acetone
bath at −60 °C for 40 min. This mixture was then added to the
particles, and after light sonication, the particles were mixed at room
temperature in a thermomixer at 1000 rpm for 22 h. The particles
were precipitated with 10 mL of hexane and washed twice with 20 mL
of THF with 5 min of centrifugation at 12,700g in between. The
particles (RAFT@SiO2@PS) were dried overnight at room temper-
ature under vacuum.

MIP and NIP Synthesis on RAFT@SiO2@PS. A total of 5.5 mg
of I (0.016 mmol), 2.7 mg of MAAm (0.032 mmol), 2.4 mg of VBBA
(0.016 mmol), and 123 μL of EGDMA (0.65 mmol) were dissolved
in 6 mL of DMF and placed in an ultrasonic bath for 15 min
(prepolymerization mixture). Meanwhile, 1.8 mg of SA (0.0058
mmol) and 0.374 μL of LA (0.0058 mmol) were each dissolved in
500 μL of DMF; 20 mg of RAFT@SiO2@PS was weighed in three
separate glass vials. To each vial, 2 mL of the prepolymerization
mixture was added, followed by addition of 500 μL of either the SA
solution (for MIP@SiO2@PS), the LA solution (for the “dummy”
LA-NIP@SiO2@PS, explanation see Results and Discussion section),
or DMF (for the conventional NIP@SiO2@PS). The particles were
suspended 20 min in an ultrasonic bath. Meanwhile, 4.0 mg of ABDV
(0.016 mmol) was dissolved in 3.56 mL of DMF and degassed till
usage. After sonication, the particles were put to heat at 50 °C and
500 rpm while degassing with argon for 20 min. Then, 600 μL of
ABDV solution in DMF was added to each vial and the reaction
continued for 22 h. Upon completion of the reaction, 800 μL of
MeOH was added to the particles and they were centrifuged at 3500
× g for 5 min. The template was removed by mixing the particles with
1.5 mL of cleaning solution (methanol (80.9%), formic acid (14.3%),
and Milli-Q water (4.8%)) for 1 h with a thermomixer at RT at 1,000
rpm. The particles were centrifuged at 3220 × g for 2 min. This was
repeated three times. Thereafter, 1.87 mL of MeOH was added to the
particles, and they were placed on a rotating plate at 40 rpm for 30
min. The particles were centrifuged at 10,000 × g for 5 min and then
dried overnight at room temperature under vacuum.

Cell Binding Studies. A549 and A431 cells were incubated at 37
°C in a 5% CO2 atmosphere at 100% humidity until they were
confluent. For the passage of the cells, the cells were washed with 10
mL of PBS and treated with 700 μL of trypsin/EDTA solution to
detach the cells from the flasks. The cells were counted and pelleted in
a centrifuge for 5 min at 300 × g and then washed with 3 mL of PBS.
MIP@SiO2@PS, NIP@SiO2@PS, and LA-NIP@SiO2@PS were
added at a concentration of 0.1 mg mL−1 to 1 × 106 cells in 100
μL of PBS. As a negative control, one sample of cells was left with
only 100 μL of PBS. The cell samples were incubated in the dark at 4
°C for 30 min and then washed twice with 1.5 mL of PBS
(centrifugation for 5 min at 300g). The biotinylated lectins MAL I
and SNA, respectively, were added at a concentration of 5 μg mL−1 to
5 × 105 cells in 100 μL of PBS. The samples were incubated in the
dark at 4 °C for 30 min and washed twice with 1.5 mL of PBS,
followed by staining with 10 μg mL−1 streptavidin-conjugated FITC
and further incubated in the dark at 4 °C for 20 min. One sample of
cells was only stained with 10 μg mL−1 streptavidin-conjugated FITC
as a negative control. After incubation, the cells were washed twice
with 1.5 mL of PBS. Finally, all cell samples were resuspended in 300
μL of PBS for analysis in a flow cytometer. A total of 10,000 gated
events were captured for the analysis of the MIP and NIP binding.
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Instrumentation. 1H and 13C NMR spectra were recorded on
Bruker AV-400 and AVANCE III 500 spectrometers, mass spectra
were obtained on a Waters LCT Premier XE-TOF mass spectrometer,
TEM images were registered with a Talos F200S (200 kV)
transmission electron microscope (FEI). UV/Vis absorption spectra
were recorded on an Analytik Jena Specord 210 Plus spectropho-
tometer. Steady-state fluorescence measurements were carried out on
a Horiba Jobin−Yvon FluoroMax-4P spectrofluorometer. Standard 10
mm path-length quartz cuvettes were used for dye and particle
measurements. Dynamic light scattering experiments were performed
with a Zetasizer Nano ZS (Malvern Instruments). Infrared spectros-
copy (IR) measurements were performed with an Equinox55
spectrometer (Bruker) using a 15× objective lens with the
measurement sample on a silica plate. Elemental analysis measure-
ments were performed on an ELTRA CS 800 carbon/sulfur analyzer.
Flow cytometry measurements were performed using an AccuriC6
flow cytometer from BD Biosciences.
Particle Characterization. For TEM measurements, 0.04 mg

mL−1 particle suspensions were prepared in absolute ethanol and 9 μL
was placed on a copper grid with a carbon film. Images were analyzed
with Image J software (National Institutes of Health and the
Laboratory for Optical and Computational Instrumentation).22 To
determine the diameter of the particles, data from 150 particles were
collected, and the average and standard deviation of the measure-
ments were calculated. To perform fluorescence titrations, 0.20 mg
mL−1 suspensions of the MIP@SiO2@PS, NIP@SiO2@PS, and LA-
NIP@SiO2@PS particles were prepared in DMF; a 1 mM solution of

SA in DMF was also prepared. Increasing volumes of the 1 mM SA
solution were added to 2 mL suspensions of the MIP@SiO2@PS,
NIP@SiO2@PS, and LA-NIP@SiO2@PS particles, and after 2 min of
stirring for each addition step, the resultant absorption and

fluorescence spectra were recorded. =Δ −F
F

F F
F

x

0

0

0
was calculated for

each fluorescence spectrum of the MIP@SiO2@PS, NIP@SiO2@PS,
and LA-NIP@SiO2@PS particles (where Fx is the fluorescence
intensity at 513 nm for each spectrum after SA addition, while F0 is
the fluorescence intensity at 513 nm before addition of SA). The
imprinting factor was determined from the MIP/NIP ratio of ΔF

F0
at

the saturation point of the titration. For zeta potential measurements,
0.04 mg mL−1 particle suspensions were prepared in Milli-Q water
and measurements performed using disposable folded capillary cells.

■ RESULTS AND DISCUSSION

Binding of I with SA. Fluorescent probe I containing a
urea motif (Figure 1) has been reported as a probe monomer
for deprotonated anions in chloroform through a hydrogen
bonding mechanism, with association constants from 103 to
105 M−1.17,23 To utilize I as a fluorescent reporter in polar
solvents used in cell experiments, Shinde et al. incorporated I
in MIP particles targeting SA in methanol/water mixtures.
However, the binding ability of I to SA was low as determined
from the weak fluorescence changes observed upon addition of

Figure 1. (a) Deprotonation of I in DMF and subsequent reprotonation by SA. (b) Absorption (left) and fluorescence (right) spectra (λexc = 424
nm) of I (3 μM) before (red line) and after (blue line) addition of SA (0.71−180 μM) in DMF.
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SA owing to the disruption of hydrogen bonds by the polar
solvents used.13 For strong interaction to occur between I and
SA in polar media, alternative modes are thus required.
DMF, a polar aprotic solvent, has been previously used as a

solvent medium for synthesis of nonfluorescent MIPs targeting
SA, with satisfactory binding being obtained thereafter in
water/organic solvent mixtures7 and aqueous buffers.5,6

Therefore, it was expected that fluorescent MIP particles
synthesized in DMF could be used as well for SA labeling of
cells in physiological buffers. The spectroscopic behavior of the
fluorescent monomer I was therefore investigated in dilute
solution in DMF. I, whose pKa was determined to be 8.1 ± 0.1,
was observed to undergo deprotonation under these
conditions due to the basic character of the solvent.24,25

Absorption spectra of I− in DMF show deprotonation bands at
385 nm and at 498 nm, but the deprotonated species I− is only
weakly fluorescent upon excitation at 424 nm. After addition of
SA, a new absorption band is formed at 424 nm, accompanied
by an increase in fluorescence emission at 524 nm (Figure
1a,b; see Figure S3 in the Supporting Information). This
indicated that the carboxylic acid group of SA reprotonates I−

to its neutral form. The fluorescence quantum yield (Φf) of the
two different forms of I, neutral and anionic, obtained
following excitation at 424 nm and at 498 nm were determined
to be 0.125 ± 0.004 and 0.004 ± 0.002, respectively (see the
Supporting Information for further details). Because I− is only
very weakly emissive, its fluorescence has no analytical
relevance for cell imaging or SA sensing in aqueous media
and was thus not further considered in this work. The
protonation of I− by SA fits a 1:1 binding model, yielding an
apparent reprotonation constant of Ka

abs = 6.6 (±0.6) × 104

M−1 at 24 °C (see the Supporting Information for details).26

Analysis of the corresponding fluorescence data yielded a Ka
fluo

= 7.2 (±1.0) × 104 M−1. The certain deviation of these data
and the associated uncertainties are most likely due to the fact
that the two processes immanent to Figure 1a, reprotonation
of I− by SA and (loose) hydrogen bonding between I and SA−,
cannot be easily distinguished spectroscopically. However, as
this behavior would be even beneficial in terms of molecular
recognition, I could be used as a functional monomer in the
synthesis of fluorescent MIP particles for the formation of SA-
specific binding cavities, allowing for determination of binding
behavior directly through fluorescence titrations in DMF.
Thereafter, the SA-imprinted particles could be used in cell
staining experiments in aqueous buffer, with I acting as the
fluorescent reporter for particles bound to cells.

MIP Recipe Optimization. For successful MIP formation,
strong interactions between the template molecule and the
resulting polymer matrix should occur. This requires careful
selection of comonomers used in the synthesis and a suitable
cross-linker for the formation of a polymer shell with highly
specific binding cavities. The choice of comonomers and cross-
linkers depends on the functional groups present on the
template and the desired properties of the resulting particles.
SA is a sugar acid derivative containing several hydroxyl

groups, an acetylated amino group, and an α-hydroxy
carboxylic acid group. Boronic acid groups are known to
form cyclic esters with the diols of sugars.8 However, SA has
been reported to preferentially interact with phenyl boronic
acids via the α-hydroxy carboxylic acid group to form a
tetrahedral anionic ester, even when the carboxylic acid is
deprotonated.27 In order to perform stoichiometric imprinting
so that binding of the template to as many cavities as possible
resulted in a measurable fluorescence response, I− in DMF was
used as the primary sensing group for SA with vinyl benzene
boronic acid (VBBA) chosen as an additional functional
monomer to further aid in SA interaction. The α-hydroxy
carboxylate group of SA generated by protonation of I− in
DMF was expected to form a tetrahedral cyclic ester with
VBBA. Methacrylamide (MAAm) was chosen as comonomer
as it can further stabilize hydrogen-bonded ensembles, as
shown in Figure 2a, presumably promoting the ability of SA to
reprotonate I−. EGDMA is readily available and commonly
used as a cross-linker in MIP synthesis to form a polar matrix
(Figure 2a).28 Alongside I, the chosen comonomers facilitate
strong interaction with SA to allow for formation of highly
specific binding cavities in the resulting MIP layer.
In order to account for nonspecific interactions, control

nonimprinted particles (NIP@SiO2@PS) were prepared. In
addition to conventional NIPs without the template, “dummy”
NIPs (LA-NIP@SiO2@PS) using lactic acid (LA) as a
“dummy” template were also prepared to ensure that the
formation of the polymer shell and the resulting polymer
properties in the MIP and NIP are similar. LA is an α-hydroxy
carboxylic acid like SA, and it has been reported that the lactate
anion forms a tetrahedral anionic ester with boronic acids in
the same way as deprotonated SA.29 Therefore, LA is expected
to interact with the functional monomers in a manner similar
to SA (Figure 2b). Moreover, inclusion of a “dummy” template
in the NIP ensures that the functional monomers are favorably
oriented in the inner matrix rather than on the surface. This is
critical particularly for boronic acid and amide functionalities

Figure 2. Functional monomers and the cross-linker used inMIP@SiO2@PS (a) and LA-NIP@SiO2@PS (b) synthesis and their interactions with
the corresponding template in DMF.
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whose presence on the NIP surface is expected to increase
nonspecific binding events in cell binding studies due to
interactions with nontarget groups on the cell surface.3

Therefore, binding cavities specific to LA rather than SA
were introduced into the LA-NIP@SiO2@PS. The appropriate
component ratio for MIP synthesis was determined to be
template/I:VBBA/MAAm:EGDMA = 1:1:1:2:40 from a
previous work.13

Synthesis and Characterization of MIP and NIP
Particles. PS nanoparticles were utilized as supports for
MIP synthesis due to ease of synthesis and control of particle
size.19,30 In contrast to Shinde’s earlier work employing
submicron silica particles,13 smaller PS particles show a
lower tendency to sediment due to their lower density and
have better scattering properties because of the higher
refractive index, as well as provide a higher surface-area-to-
volume ratio for binding. Synthesis of a thin polymer shell on
the particle surface would allow easy access of SA on cells to
the corresponding binding sites on the particle surface. To
facilitate this process, reversible-addition fragmentation chain
transfer (RAFT) polymerization was used.
First, cationic PS particles (diameter from TEM 168.9 ±

19.3 nm) were synthesized according to previously reported
protocols.19,20 Silica coating of the particles was then
performed to protect the PS core from swelling by DMF
during MIP synthesis and allow functionalization of the
particle surface. The silica surface was modified by
functionalization with amino groups through the reaction
with APTES, followed by condensation of the amino groups
with the carboxylic acid group of a RAFT agent, 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid.21,31 The amount of
RAFT groups immobilized on the surface was determined by
elemental analysis of sulfur, which is only present in the
dithiophenyl group of the RAFT agent in the respective hybrid
material. The particles contained 0.364% sulfur by weight,
corresponding to 0.0568 mmol g−1 of RAFT groups. After
RAFT functionalization of the silica surface, MIP synthesis was
performed on the particle surface using the polymerization
recipe outlined above (Figure 3), and the particles were
thereafter washed three times for removal of templates from

MIP@SiO2@PS. LA-NIP@SiO2@PS and NIP@SiO2@PS
were washed in the same way for comparability. Normalized
absorption spectra of the washed particles revealed overlap of
the spectra of MIP@SiO2@PS, LA-NIP@SiO2@PS, and
NIP@SiO2@PS, showing that template removal was successful
(see Figure S5 in the Supporting Information).
The different synthesis and functionalization steps of PS

core/silica shell particles led to changes in the particle surface
properties, as revealed by zeta potential measurements (see
Figure S6 in the Supporting Information). Cationic PS
possessed a net positive charge due to the presence of amino
groups from the cationic initiator used. Silica coating resulted
in a change to a negative potential due to introduction of
silanol groups, and after APTES modification, the zeta
potential became more positive with the introduction of
amino groups on the surface. Coupling of the RAFT reagent to
some of the amino groups on the particle surface reduced the
net positive charge from the APTES groups. IR spectra also
revealed successful functionalization of the particles (see
Figure S7 in the Supporting Information).
From TEM images (Figure 4), a uniformly sized silica shell

(7.9 ± 1.0 nm) was formed on the cationic PS. Polymer shell
formation was also observed due to the presence of an organic
material on the outer surface of the silica shell in MIP and NIP
particles. The polymer shell thickness was determined from
statistical analysis of TEM images. For MIP@SiO2@PS, the
polymer shell was 9.0 ± 2.8 nm, for NIP@SiO2@PS, 9.7 ± 2.6
nm, and for LA-NIP@SiO2@PS, 7.7 ± 2.4 nm.

Fluorescence Titrations of Particles. In many cases, the
binding capacity of MIPs is determined from incubation of the
imprinted particles with the template solution, followed by
quantification of the unbound template in the supernatant,
which is then used to calculate the amount of the bound
template. This is a time-consuming process, which increases
the uncertainty of the measurement from the several steps
involved. Moreover, the analyte concentration in the binding
solution may be reduced by processes other than MIP binding,
such as adhesion to glassware or degradation. In this work, the
incorporation of fluorescent monomer I allowed the direct

Figure 3. Synthesis scheme of MIP particles on a PS core.

Figure 4. TEM images of (a) PS, (b) SiO2@PS, (c) MIP@SiO2@PS, (d) NIP@SiO2@PS, and (e) LA-NIP@SiO2@PS. Scale bar = 100 nm.
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determination of binding specificity of the particles by
fluorescence titrations with SA in DMF solution.
Upon suspension of the particles in DMF, deprotonation of

I in the particles was observed in absorption spectra through
the presence of a band at ca. 500 nm. Upon addition of SA, the
band at 500 nm decreased in intensity until saturation was
reached after addition of 76 μM SA to the particle suspension.
The band of charge-neutral I observed at 424 nm in solution
shifted to 433 nm in the synthesized particles, and the
absorbance at this band increased upon addition of SA to the
particles (see Figure S8 in the Supporting Information),
accompanied by a fluorescence increase at 513 nm (λex = 424
nm) (Figure 5). The fluorescence quantum yield Φf of the
neutral form of I was determined to be 0.047 ± 0.004 (see the
Supporting Information for further details). The slightly lower
Φf in the polymer shell compared to neat DMF is presumably
due to the fact that I is confined in a somewhat less polar
microenvironment, as supported by a blue-shifted emission
maximum of 513 nm in the shell (vs 524 nm in solution). A
reduction in local polarity is known to reduce the fluorescence
yield of NBD dyes.17 Due to the formation of specific binding
cavities in MIP@SiO2@PS compared to NIP@SiO2@PS and
LA-NIP@SiO2@PS, the fluorescence increase observed for
MIP@SiO2@PS was higher than that observed with either of
the NIPs (Figure 5). Moreover, the apparent reprotonation/
interaction constant Ka

fluo was determined to be 8.87 (±1.21)
× 104 M−1 forMIP@SiO2@PS and SA from the data in Figure
5a, which is higher than that for I in DMF, hinting at the
successful formation of cavities in the MIP shell. The response
time of the MIPs and NIPs was measured in kinetic

experiments and revealed that SA penetration to the binding
sites occurred instantaneously, at least within the limit of the
experiment (<10 s), which was consistent with the thin
polymer shells observed from TEM measurements (see Figure
S9 in the Supporting Information).17 The fluorescence
response of the MIP particles remains virtually unchanged
within experimental uncertainty, and the particles were used
over a 1 year period with consistent results. By comparing the
relative fluorescence response, the imprinting factors for
MIP@SiO2@PS against NIP@SiO2@PS and LA-NIP@
SiO2@PS were determined to be 2.00 and 2.35 respectively.
As expected, the use of a “dummy” template reduced the
nonspecific binding events compared to NIPs prepared
without the template. In suspension, the fluorometric analytical
figures of merit, limits of blank, detection, and quantification
(LOB, LOD, and LOQ), were calculated to be 2.1, 2.9, and 3.2
μM, respectively (see the Supporting Information for details).
Increased levels of SA in saliva have been reported in breast
cancer patients32 at levels of up to 5.82 μM.33 The MIP@
SiO2@PS particle probes could thus be employed to quantify
SA directly in such environments following an extraction step.
The cross-selectivity of MIP@SiO2@PS was investigated

against other sugar derivatives that would be in close proximity
to SA groups on the tumor cell surface. N-Acetylgalactosamine
(GalNAc) is present in the Tn motif to which SA groups are
usually attached in cancer cells,3 while glucose is present in cell
culture media as an energy substrate for dividing cells.
Titration of MIP@SiO2@PS with GalNAc and glucose did
not induce a fluorescence increase (see Figure S11, Supporting

Figure 5. Fluorescence emission spectra (λexc = 424 nm) of (a)MIP@SiO2@PS, (b) NIP@SiO2@PS, and (c) LA-NIP@SiO2@PS in DMF before
(red) and after (blue) addition of up to 76 μM SA in DMF. (d) Comparison of the fluorescence response of MIP@SiO2@PS (black squares),

NIP@SiO2@PS (blue triangles), and LA-NIP@SiO2@PS (red circles). =Δ −F
F

F F
F

x

0

0

0
, where Fx is the fluorescence intensity at 513 nm for each

spectrum after SA addition, while F0 is the fluorescence intensity at 513 nm before addition of SA. The imprinting factor was determined from the
MIP/NIP ratio of ΔF

F0
at the saturation point of the titration.
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Information). After confirming the selectivity of the MIPs in
solution, the particles were utilized in cell binding studies.
Cell Binding Studies of MIP and NIP Particles to

Cancerous Cell Lines (A549 and A431). The glycan
branching pattern of SA varies in different cell types,
depending on the protein and lipid distribution on the cell
surface.2 Terminal SA groups are attached to the glycan chains
via linkage to other sugar residues such as GalNAc either by α-
2,3 or α-2,6 configuration (see Figure 6). α-2,3 SA and α-2,6
SA have a different distribution in some epithelial cell lines.34

To investigate the SA-binding properties of the MIP and
NIP particles, two cancer cell lines known to express SA were
chosen: the epithelial lung cancer cell line A549 and the
epidermal skin carcinoma cell line A431. First, the α-2,3 and α-
2,6 SA expression of the two cell lines was validated by lectin
binding. This was investigated by flow cytometry using MAL I
and SNA lectins, which bind preferentially to α-2,3 and α-2,6
SA, respectively. The mean fluorescence intensity (MFI) was
used to quantify the binding of lectins to cells. This is because
the lectins are small enough to bind individual SA units, and
therefore, the total fluorescence emission observed from the
bound lectins is proportional to the total amount of SA present
on the cell surface. The results showed that A431 cells
preferentially express α-2,3 SA, while A549 cells express both
α-2,3 and α-2,6 SA (see Figure 7 and Figure S12 in the
Supporting Information).
Thereafter, the binding behavior of the MIP and NIP

particles to the two cell lines was investigated by flow
cytometry. Instead of MFI, the percent of labeled cells was
considered to be a more reliable metric for quantification of
binding of the particles. The particles are much larger in
diameter (ca. 170 nm) than lectins (up to several nanometers),
and binding to individual SA molecules on the cell surface is
not possible. Moreover, aggregation of the particles can occur
in physiological buffers, which would artificially increase the
observed MFI. The flow cytometry results are summarized in

Figure 8 (see Figures S13 and S14 in the Supporting
Information for further details). Interestingly, the binding of
MIP@SiO2@PS and NIP@SiO2@PS to the two cell lines was
very similar, resulting in 20−25% labeled cells and 25−30%
labeled cells, respectively. On the contrary, LA-NIP@SiO2@
PS showed only ca. 5% binding to both cell lines, which was
significantly lower than MIP@SiO2@PS and NIP@SiO2@PS.
It is expected that MIP@SiO2@PS would bind both α-2,3

and α-2,6 SA on the cell surface since imprinting was
performed using only SA, resulting in binding sites without
geometrical specificity for either of the two forms. However, α-
2,3 and α-2,6 SA are configured differently on the cell surface.
α-2,3 SA is apically positioned and is more exposed outwardly
on the cell surface compared to α-2,6 SA, which shows a more
basolateral localization and is oriented inward on the cell
surface, which may lead to a more effective binding of MIP@
SiO2@PS to α-2,3 SA.34,35 A similar binding pattern of MIP@
SiO2@PS to A549 and A431 could point to a preferential
binding of the particles to α-2,3 SA since the binding of MAL I
to both cell lines was comparable. To confirm this hypothesis,
we are currently determining the MIP staining pattern of more
than 10 cancer cell lines derived from breast, prostate, and
white blood cell populations, which will reveal more
information and on which we will report separately.

Comparison of Binding Response of Particles in
Suspension and in Cell Experiments. The results from
rebinding experiments in suspension and from cell binding
studies clearly show that MIP@SiO2@PS particles bind higher
amounts of SA than LA-NIP@SiO2@PS, while NIP@SiO2@
PS show lower binding to SA in suspension but high apparent
binding to SA in cell experiments. These differences can be
explained by the varying nature of the polymer network of the
particles and the different detection mechanisms used in
suspension and in flow cytometry. Figure 9 schematically
shows the putative distribution of I, amide and boronic acid
moieties in the polymer layer of the investigated particles. In
suspension, the template reprotonates the fluorescent mono-
mer I, resulting in a measurable increase in fluorescence
emission, which is then used for the evaluation of binding. For
MIP@SiO2@PS particles, there are specific binding cavities for
SA, created by the reprotonation of I− by SA, boronic ester
formation with VBBA, and hydrogen bonding interactions with
MAAm, and therefore, the fluorescence increase observed is
higher than with NIP@SiO2@PS or LA-NIP@SiO2@PS. In
the latter, the small fluorescence increases can be attributed to
nonspecific interaction between those molecules of I that are
directly at the surface and SA since no SA-specific cavities are
present. In cell binding assays using flow cytometry, however,

Figure 6. α-2,3 (left) and α-2,6 (right) linkages of SA (black) to
GalNAc (red).

Figure 7. Flow cytometry histograms of (a) epidermal skin carcinoma cell line A431 and (b) lung cancer cell line A549 stained with the
biotinylated lectins MAL I (α-2,3 SA) and SNA (α-2,6 SA), respectively, followed by FITC-conjugated streptavidin. (c) shows the mean
fluorescence intensity (MFI) from the histograms of both cell lines. (controlgreen, MAL Igray, SNAorange).
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binding of the particles is quantified by the fraction of cells that
are fluorescently labeled since fluorescence intensity changes
cannot be easily monitored for a composite object such as a
micron-sized cell carrying (varying) numbers of ca. 170 nm-
sized particle stains on their surface, which itself can bind to
one or more SA-expressing glycan structures protruding from
the cell surface. In this case, the binding behavior of the
particles can be explained by the differing orientation of
boronic acid groups and hydrogen bonding groups of MAAm
in and on the MIP shell. During the synthesis of MIP@SiO2@
PS and LA-NIP@SiO2@PS, cavities targeting SA and LA,
respectively, are formed, in which the template-binding
moieties are oriented inward in the polymer network. Hence,
these groups are solely accessible to the template molecules if
they fit into the formed cavity, which results in specific binding
of SA on the cell surface by MIP@SiO2@PS but low cell
binding of LA-NIP@SiO2@PS. Since the binding mode of LA
to the monomers is similar to that of SA, the template binding
moieties in LA-NIP@SiO2@PS are enclosed in the inner
regions of the polymer network creating a polymer surface
profile similar to MIP@SiO2@PS, but because the cavities
present are not complementary to SA, only nonspecific binding
is observed. Indeed, the degree of binding of LA-NIP@SiO2@
PS to both cell lines is the same, further confirming this
hypothesis. In case of NIP@SiO2@PS, no cavities are formed
in the polymer network, resulting in a random arrangement of

the functional groups able to interact with the template on the
outer surface of the polymer network. These groups are now
easily accessible by SA molecules and other polar groups on
the cell surface, which will lead to a high apparent binding in
cell experiments (Figure 8) but a nondetectable binding in
fluorescence titrations (Figure 5). It is important to note that a
rather high amount of the cross-linker was used in MIP
synthesis and that the two functional and the one structural
comonomer were used only in stoichiometric quantities, that
is, that only when the latter are not engaged in cavity formation
as in NIP@SiO2@PS, they can be present to a sizeable degree
on the outer surface of the polymer layer.
Zeta potential measurements at physiological pH support

this assumption (Figure 10). The surface charge of NIP@
SiO2@PS is more positive compared to that of MIP@SiO2@
PS and LA-NIP@SiO2@PS, which is attributed to the larger
number of amide groups supplied by MAAm being exposed on
the surface of NIP@SiO2@PS. LA-NIP@SiO2@PS is less
positive, indicating the presence of fewer amide groups on the
surface. MIP@SiO2@PS displays the most negative potential,
showing that the majority of the amide groups are within the
polymer matrix, oriented within the binding cavities. This is
expected since SA carries more hydroxyl groups for hydrogen
bonding with MAAm compared to LA (Figure 2). With NIP@
SiO2@PS, the absence of template leads to a disordered
arrangement of potentially template binding functional groups.

Figure 8. Flow cytometry histograms of (a) epidermal skin carcinoma cell line A431 and (b) lung cancer cell line A549 stained with 0.1 mg mL−1

in PBS of MIP@SiO2@PS, NIP@SiO2@PS, and LA-NIP@SiO2@PS. (c) shows the percentage of positively labeled cells determined from the
histograms of both cell lines. (Controlgreen, MIP@SiO2@PSblack, NIP@SiO2@PSblue, LA-NIP@SiO2@PSred).

Figure 9. Schematic drawing of the proposed binding of SA (purple rhomb) to MIP@SiO2@PS (left), NIP@SiO2@PS (middle), and LA-NIP@
SiO2@PS (right) in solution and cell experiments.
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Therefore, LA-NIP@SiO2@PS serves as a more realistic
control for nonspecific binding of the particles to cells
compared to NIP@SiO2@PS due to more comparable surface
properties of the particles.

■ CONCLUSIONS
We synthesized fluorescent MIP shells targeting SA on a silica-
coated PS core, allowing for the first-time direct determination
of SA in solution by fluorescence titrations in DMF, a polar
solvent. The interaction mode introduced here stresses the
potential that deprotonation−reprotonation mechanisms can
play for traditional hydrogen bonding receptor units such as
ureas in polar protic solvents when appropriately substituted,
well complementing a recent approach on sensory MIPs for
phospholipids.36 Moreover, the MIP particles can be a useful
tool for in vitro staining of cancer cells since the binding
behavior compared favorably to that of SA-binding lectins,
which is advantageous due to the comparable long-term
stability of synthetic MIPs under ambient conditions. It was
found that conventional NIPs prepared in the absence of
template displayed high unspecific binding to cells due to
random distribution of functional monomers on the particle
surface. In contrast, NIPs prepared with a “dummy” template
allowed appropriate orientation of the functional monomers
within the polymer shell, leading to reduced nonspecific
binding to cells. Further studies are being carried out with
various cell lines to validate the performance of the MIPs in
cell staining applications..
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