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Early detection of cancer is essential for successful treatment and improvement in patient prognosis.
Deregulation of post-translational modifications (PTMs) of proteins, especially phosphorylation, is
present in many types of cancer. Therefore, the development of materials for the rapid sensing of low
abundant phosphorylated peptides in biological samples can be of great therapeutic value. In this work,
we have synthesised fluorescent molecularly imprinted polymers (fMIPs) for the detection of the
phosphorylated tyrosine epitope of ZAP70, a cancer biomarker. The polymers were grafted as
nanometer-thin shells from functionalised submicron-sized silica particles using a reversible addition-
fragmentation chain-transfer (RAFT) polymerisation. Employing the combination of fluorescent urea and
intrinsically cationic bis-imidazolium receptor cross-linkers, we have developed fluorescent sensory
particles, showing an imprinting factor (IF) of 5.0. The imprinted polymer can successfully distinguish
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between phosphorylated and non-phosphorylated tripeptides, reaching lower micromolar sensitivity in
organic solvents and specifically capture unprotected peptide complements in a neutral buffer.
DOI: 10.1039/d3tb01474f Additionally, we have shown the importance of assessing the influence of counterions present in the

MIP system on the imprinting process and final material performance. The potential drawbacks of using
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Introduction

Timely detection of cancer is crucial for successful treatment
outcomes. Liquid biopsy, which involves analysing biomarkers
in biological fluids using, for instance, immunoaffinity techni-
ques, provides a non-invasive and convenient alternative to
tissue biopsy.'™ Detecting abnormal post-translational modifi-
cations (PTMs) of proteins, particularly phosphorylation of
tyrosine residues, holds promise for cancer diagnosis.*® For
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mental details, quantum chemical calculations, binding constant calculations,
calculations of pK, values and molar absorption coefficient of fCL, functionalised
SiO, particles characterisation, spectroscopic properties and response behaviour
of fCL and MIP and NIP core-shell polymer@SiO, particles, TEM images analysis
for SiO, core particles and MIP and NIP core-shell polymer@SiO, particles,
calculation of fCL amount in polymer shell of MIP and NIP core-shell poly-
mer@sSiO, particles, LOB, LOD and LOQ calculations and calculations of relative
measurement uncertainties. See DOI: https://doi.org/10.1039/d3tb01474f
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epitopes with protective groups, which can co-imprint with targeted functionality, are also discussed.

example, ZAP70, a tyrosine-protein kinase, has been proposed
as an important marker for early cancer detection and mon-
itoring due to its pivotal role in phosphorylation.”

Due to a large number of potential PTM sites on proteins
and the rapid advances in identifying potential biomarkers,
molecularly imprinted polymers (MIPs) offer an alternative to
genomics and immunoassays for diagnostic screening, as MIPs
have advantages such as versatility, tuneable functionality,
robustness, and ease of handling. MIPs are polymeric materials
designed to selectively bind target molecules in specific cavities
formed during polymerisation.®™° However, to broaden the
scope of MIPs, the synthesis of new functional monomers and
crosslinkers is essential for achieving successful imprinting.

While MIPs are widely employed for the capture and enrich-
ment of phosphorylated proteins,® using structurally simpler
templates such as phenylphosphonic acid"*™* or derivatives of
phosphorylated amino acids for imprinting,"**° there is a need
for faster testing and improved detection methods. Currently,
the number of reported MIPs for sensing phosphorylated tyro-
sine is limited,"” even more so for phosphorylated peptides."®"°
Existing methods often rely on core-shell particles with limited
sensitivity or fluorescence response, utilising quantum dots in
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the core and analyte binding in a (non-fluorescent) MIP shell'”*®
or fluorescent probe monomers in the polymer shell grafted
from a carrier particle core."®?° Organic urea and imidazolium
monomers are commonly used for phosphorylated tyrosine
capture in MIPs.>'>'®*! Urea groups form strong hydrogen
bonds with phosphate anions,”>** while imidazolium salts act
as effective anion receptors, interacting through electrostatic and/
or hydrogen bond interactions.***® Combining these units in a
cooperative imprinting strategy can enhance MIP affinity through
synergistic effects, particularly in polar media where hydrogen
bond formation is challenging.”® A cooperative approach has also
been demonstrated for fluorescent MIPs (fMIPs).>” >

This study focuses on the development of fMIPs for detect-
ing phosphorylated epitopes. Preliminary investigations
employed a model analyte, phenylphosphoric acid (H,PPA), to
understand the interactions between the hydrogen bonding
(neutral) fluorescent probe cross-linker, the dicationic assisting
bis-imidazolium cross-linker and the anionic analyte/template.
Moving from the model to a real analyte, a tripeptide (Y-pY-G)
resembling the Y-Y-T epitope of the low-abundant phosphopro-
tein ZAP70°° was selected for MIP synthesis. The epitope
includes ***Y, which is a highly-conserved autophosphorylation
site for kinases.”® The cooperative imprinting strategy utilised
two functional cross-linkers to ensure high affinity and mini-
mise non-specific binding. Besides transducing the relevant
binding event in an analytical assay, the fluorescent indicator
cross-linker continuously probed the structure of the imprinted
site in which it is contained, allowing for rational optimisation.
The study also explored the influence of epitope protective
groups on the imprinting process and material selectivity,
demonstrating the ability to discriminate between closely
related phosphopeptide sequences.

Results and discussion
Synthesis of functional cross-linkers

The choice of functional monomers and cross-linkers is critical
for successful imprinting. In this study, we focused on the
sensing of the anionic phosphate group and selected a urea and
a bis-imidazolium cross-linker as functional units. For phos-
phate recognition, we chose a fluorescent cross-linker fCL that
carries a cleft-like urea binding motif integrated into a phena-
zine fluorophore (Scheme 1). This cross-linker has shown a
strong affinity for phosphate groups and has been successfully
used in previous work for imprinting protected phosphorylated
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Scheme 1 Structures of functional cross-linkers used in the

present work.
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tyrosine. It is ideal for binding of elongated molecules or side
chains with a terminal phosphate group.’®° The synthesis of
fCL followed a modified reaction reported previously (for more
details, see Section S1, ESIT).%°

The bis-imidazolium salt bIm-Br (Scheme 1) and a related
compound were previously used for synthesising MIPs for phos-
phate enrichment and phospholipid sensing.'®*"** We reasoned
that the bromide anion in bIm-Br could potentially interact with
the urea cleft of fCL and compete with the phosphate anion for
binding sites. To overcome this unfavourable interaction and
improve the solubility of bis-imidazolium cross-linkers in a non-
aqueous medium, we exchanged Br~ with a weakly coordinating
anion (WCA) such as hexafluorophosphate PFs~,** resulting in
bIm-PF¢ (Scheme 1; for more details, see Section S1, ESIt).

Pre-polymerisation studies of fCL and bIm-Br/bIm-PF,

Pre-polymerisation studies were conducted to evaluate the influ-
ence of bis-imidazolium cross-linkers (bIm-Br or bIm-PF¢) on the
complex formation between fCL and the template during fMIP
synthesis (for more details, see Table S3 and Section S2, ESI¥).
Fig. 1 and Fig. S2, ESIf present the results showing the inter-
action between fCL and bIm-Br or bIm-PF. The addition of bIm-
Br at low concentrations (0.1 eq.) induces a bathochromic shift
in the absorption band of the dye, which increases with higher
concentrations resulting in a 15 nm red shift for 1 eq. of bIm-Br
(Fig. 1a and Fig. S2a, ESIt). A small red shift (5 nm) is also
observed in the fluorescence emission spectra (Fig. 1b and
Fig. S2b, ESIt). The fluorescence excitation spectra confirm these
findings (Fig. S2¢, ESIt). These observations can be explained by
the formation of a complex between the bromide anion of bIm-
Br and the urea groups of fCL through multiple hydrogen
bonds.**** The small spherical Br~ can fit inside the urea cleft
of fCL (Fig. 1a, for more details, see Section S3, ESIt). In contrast,
no bathochromic shift in absorption and emission is observed
after adding bIm-PFj to fCL (Fig. 1 and Fig. S2, ESIY). This can be
attributed to the lower binding tendency of the hexafluoropho-
sphate anion of bIm-PF to fCL due to its low hydrogen bond
acceptor parameter®® and steric mismatch with the urea cleft
(for more details, see Section S3, ESIT).

To confirm the necessity of exchanging the bromide anion
with a WCA, the competitive binding between bromide and the
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Fig.1 Normalised absorption (a) and fluorescence emission (lexc =
385 nm) (b) spectra of pre-polymerisation mixture of fCL (1.11 mM) in
chloroform with 0.1 eq. and 1 eq. of bIm-Br and blm-PFg in chloroform;
fCL - black line, fCL and 0.1 eq. of blm-Br — dashed red line, fCL and 1 eq.
of bim-Br — dotted red line, fCL and 0.1 eq. of bim-PFg — dashed blue line
and fCL and 1 eq. of bim-PFg — dotted blue line.

This journal is © The Royal Society of Chemistry 2023
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phosphate anion was investigated, utilising phenylphosphoric
acid (H,PPA) as a model analyte.>* When bIm-Br (0.1 eq.) was
added to a solution of fCL with 1 eq. of the tetrabutylammo-
nium (TBA) salt of HPPA™ at pre-polymerisation concentra-
tions, the bathochromic shift of 18 nm in absorption due to
the formation of a hydrogen-bonded complex between the urea
group and the phosphate anion remained virtually unchanged
(Fig. 2a and Fig. S3a, ESIt). However, adding an equimolar
amount of bIm-Br resulted in a slight hypsochromic shift,
indicating competition between the bromide and phosphate
anions for hydrogen bond formation (Fig. 2a). As both anions
bind via hydrogen bonds, such minor effects in absorption are
to be expected. A stronger influence would yet be expected
in fluorescence because bromide is known to have a certain
heavy-atom character, often leading to the quenching of fluor-
ophores through the heavy atom effect.*> Accordingly, the
fluorescence response of fCL in the presence of template was
more significantly affected by the presence of bIm-Br, with ca.
10% quenching observed upon adding 0.1 eq. of bIm-Br and
strong quenching at equimolar concentrations, accompanied
by a reversal of the initial red shift by 11 nm (Fig. 2b and Fig.
S3b, ESIf). Bromide anions can thus interact with the fluor-
escent cross-linker fCL and compete with the phosphate anion
for the binding sites of the fluorophore (Fig. 2), which makes
the use of bIm-Br as a functional cross-linker in fMIP synthesis
inadvisable.

In contrast, bIm-PF, had a negligible effect on the complex
formation with HPPA™ (Fig. 2¢, d and Fig. S4, ESIT). Based on
these observations, bIm-PFg was chosen as the cross-linker for
fMIP synthesis due to its favourable characteristics and mini-
mal interference with fCL-template interactions.
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Fig. 2 Normalised absorption spectra of pre-polymerisation mixture of
fCL (1.11 mM) in chloroform with 1 eq. of HPPA-TBA as well as 0.1 eq. and
1 eq. of bIm-Br (a) and (b) and blm-PFg (c) and (d) in chloroform; fCL —
black line, fCL and 1 eq. of HPPA-TBA - red line, fCL, 1 eq. of HPPA-TBA
and 0.1 eq. of blm-Br (a) and (b) or bIm-PFg (c) and (d) — dashed blue line
and fCL, 1 eq. of HPPA-TBA and 1 eq. of blIm-Br (a) and (b) or bim-PFg
(c) and (d) — dotted blue line.
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Spectroscopic response behaviour of fCL

Prior to incorporating the functional dye fCL into the polymer
network, its spectroscopic behaviour towards the template was
reassessed considering the use of a bis-imidazolium-type co-cross-
linker and chloroform as the solvent, different from our previous
study, to achieve optimal binding between the two urea units and
the anion.”® The template used was the sequence Y-pY-G, which
shares structural similarity with the ZAP70 epitope Y-Y-T,*® and it
was employed in its C-terminus protected form (Scheme 2a) to
prevent competition with the phosphate anion for binding to the
functional cross-linkers in the final MIP preparation. Additionally,
the N-terminus was protected with a fluorenylmethyloxycarbonyl
(Fmoc) group to enhance the solubility of the template in organic
solvents. Furthermore, threonine (T) in the original epitope was
replaced with glycine (G) to further improve solubility while
preserving the autophosphorylation site.*® In line with the model
analyte H,PPA, the singly deprotonated Fmoc-Y-pY-G-OMe was
used for the spectroscopic experiments to ensure the formation of
the hydrogen-bonded complex. TBA" was selected as the counter-
ion as it assists in improved anion imprinting (Scheme 2a).””

Titrations of fCL in chloroform (3.14 pM) were conducted
with Fmoc-Y-pY-G-OMe-TBA that interacts with fCL through the
formation of a hydrogen-bonded complex, evidenced by a
hyper- and bathochromic shift in absorption (Fig. 3a) as well
as the typical red shift and enhanced fluorescence emission
(Fig. 3b).>° The binding constant was determined from the
absorption spectra as logK, = 4.8 £+ 0.1 using a 1:1 binding
model and the BindFit software (for more details, see Section
S4, ESIT).**™° To ensure sufficient complexation of the target
analyte, affinity constants >10°> M~ are required for stochio-
metric imprinting.”! The obtained binding constants for fCL
with Fmoc-Y-pY-G-OMe-TBA were satisfactory in this regard,
enabling the synthesis of the fMIPs.

Synthesis and functionalisation of silica core particles

As highlighted in the introduction, the core-shell particle for-
mat, consisting of a carrier particle (core) and a responsive layer
(shell), is particularly suitable for analytical applications invol-
ving both the capture and detection of an analyte. Accordingly,
in this study, a thin MIP shell was grafted from submicron-sized
silica (SiO,) particles. Thin polymer shells offer rapid diffusion of
the analyte from the surrounding medium into the MIP, which is
crucial for sensing applications. Additionally, they provide bind-
ing cavities that are more homogenous and closer to the surface
compared to those of monolithic polymers.

SiO, particles were chosen as the core particles, synthesised
through a modified Stéber procedure,”” resulting in high
monodispersity. These particles could be functionalised in a
straightforward manner using silane chemistry, facilitating
subsequent shell growth via controlled living reversible
addition-fragmentation chain-transfer (RAFT) polymerisation,
a preferred method for such architectures.***?

The SiO, particles prepared here had an average diameter of
318 £+ 24 nm (see Fig. S10 and Section S5, ESIt for more
details). They were functionalised through two condensation

J. Mater. Chem. B, 2023, 11,10873-10882 | 10875
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Fig. 3 Absorption (a) and fluorescence emission (lexe = 385 nm) (b)
spectra of fCL (3.14 uM) in chloroform upon addition of an increasing
amount of Fmoc-Y-pY-G-OMe-TBA (0-63.1 eq.) in chloroform; fCL — red
line, fCL and 63.1 eq. of Fmoc-Y-pY-G-OMe-TBA - blue line.

reactions with amino groups using (3-aminopropyl)trietho-
xysilane (APTES) and the RAFT agent 4-cyano-4-(phenylcarbo-
nothioylthio)pentanoic acid (CPDB), resulting in the formation
of RAFT-SiO, particles (Scheme 2b). Detailed synthetic and
characterisation information can be found in Sections S1, S5
and S6, ESL.{

The successful functionalisation of the particles was confirmed
through zeta potential measurements, thermogravimetric analysis
(TGA) and elemental analysis; see Fig. S13 and Section S6 for more
details, ESL

MIP and NIP core-shell polymer@SiO, particles synthesis

After preliminary experiments, fluorescent core-shell polymer@
SiO, MIP and NIP particles were synthesised for the detection of
the Y-pY-G sequence, structurally similar to the ZAP70 epitope
Y-Y-T.***® The synthesis involved the use of the fluorescent
cross-linker fCL, the template Fmoc-Y-pY-G-OMe-TBA, the struc-
tural cross-linker ethylene glycol dimethacrylate (EGDMA), the
structural co-monomer methacrylamide (MAAm) and the func-
tional cross-linker bIm-PFq (Scheme 2a).

EGDMA, a hydrophilic cross-linker, was employed to achieve
highly cross-linked and rigid shells during polymerisation,
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(@) MIP and NIP core-shell polymer@SiO, particles synthesis and (b) functionalisation of SiO, core particles.

promoting the formation of specific binding cavities for improved
analyte recognition. It was used in excess compared to the
functional cross-linkers as well as the template to ensure effective
cross-linking. MAAm, a neutral co-monomer, was included based
on its demonstrated enhancement of the imprinting process in
similar MIP systems.”® The deprotonated phosphate group in
Fmoc-Y-pY-G-OMe-TBA could form the desired hydrogen-bonded
complex with both urea moieties of fluorophore fCL and the H2
protons of bIm-PFs (see Fig. S1, ESIT). Furthermore, the presence
of positive charges in bIm-PFs could enhance imprinting by
replacing the TBA cation as the counterion in the ternary ensem-
ble of fCL:template anion:counter-cation.

It is important to note that unlike the displacement of
the template to a minor extent by Bis-Im*', the exchange of a
TBA counterion with Bis-Im** would not hinder imprinting
but could instead result in more rigid cavities, as the Bis-Im**
counterion would be fixed in the network alongside the
[fCL = pY(R;R,)] /Bis-Im>*/PF,~ complex (see discussion below
and Section S12, ESI{). Therefore, employing both functional
cross-linkers simultaneously during MIP synthesis has the
potential to yield more precisely tailored cavities and enhance
the analytical response.

To investigate the impact of polymer network composition on
imprinting, two batches of particles with different monomer
concentrations (M1bIm and M2bIm) were synthesised (Table 1).
M1bIm was produced using lower amounts of polymerisation
components and a higher quantity of initiator, while M2bIm was
prepared with a higher monomer concentration and a lower
amount of initiator. To ensure complete solubilisation of the
functional cross-linkers in chloroform and prevent dimerization,
the concentrations of fCL and bIm-PFg were kept low. A stochio-
metric imprinting ratio of 1:0.5: 1 (fCL : bIm-PFg: template) was
maintained to ensure precise and effective imprinting.**

As control materials, non-imprinted polymers (NIPs), referred
to as N1bIm and N2bIm, were synthesised simultaneously using
a procedure identical to MIP preparation but without adding the

This journal is © The Royal Society of Chemistry 2023
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Table 1 Amount of polymerisation components for M1bim, N1blm, M2bim and N2bim core-shell polymer@SiO, particles

Sample  Fmoc-Y-pY-G-OMe (mg) fCL (mg) MAAm (mg) bIm-PFs (mg) EGDMA (uL) ABDV (mg) CHCl; (mL) RAFT-SiO, (mg)
MibIm 1.01 0.55 1.83 0.31 20.6 2 2 20
N1bIm — 0.55 1.83 0.31 20.6 2 2 20
M2bIm 2.8 1.52 5.06 0.85 56.12 0.78 2 20
N2bIm — 1.52 5.06 0.85 56.12 0.78 2 20

analyte. The pre-polymerisation mixtures for both MIP and NIP
batches were sampled directly from the polymerisation reaction
prior to the addition of the initiator and particles. This allowed
for examining the influence of cross-linkers and co-monomers
and assessing the stability of the complex between the template
and fluorescent probe fCL.

Lower monomer and fCL concentrations in the pre-
polymerisation mixtures of M1bIm and N1bIm resulted in
reduced absorption and fluorescence intensities compared
with M2bIm and N2bIm. Absorption and fluorescence spectra
of N1bIm particles (Fig. S14a and c, ESIt) were similar to the
free dye but slightly red-shifted compared to diluted conditions
(Fig. 3). Similar spectra were observed for N2bIm (Fig. S14b and
d, ESIt). Upon template addition, both batches exhibited a red
shift and intensity increase in absorption and fluorescence (Fig.
S14, ESIY), indicating the successful formation of the complex
between fCL and Fmoc-Y-pY-G-OMe-TBA. The red shift in the
pre-polymerisation mixture with an equimolar amount of tem-
plate was similar to diluted conditions (¢f. Fig. 3 vs. Fig. S14,
ESIT). Although a higher enhancement was observed for
Mi1bIm compared to N1bIm, M2bIm showed a more pro-
nounced red shift than N2bIm (Fig. S14, ESIt). However, the
intensity effect may be only apparent, possibly due to different

shell thickness = 4.0 + 1.2 nm

shell thickness = 3.2 = 1.4 nm

50)
p———"4

shell thickness = 7.8 + 2.5 nm

80 nm
el —

Fig. 4 TEM images of Mlblm (a), N1bim (b), M2blm (c) and N2bim (d)
core-shell polymer@SiO, particles. Scale bar = 50 nm.

This journal is © The Royal Society of Chemistry 2023

changes in absorbance at the excitation wavelength that could
not be measured under the present conditions.

Following the synthesis and washing of the core-shell poly-
mer@SiO, particles, the formation of the polymer network was
evaluated using TEM (Fig. 4; Table S4 and Section S5, ESIY). All
core-shell polymer@sSiO, particles exhibit an even shell, indi-
cating successful polymerisation. The MIP shell thickness
(Fig. 4a and c) was slightly lower and more polydisperse
compared to the corresponding NIPs (Fig. 4b and d). The
presence of the template may influence the reactivity rates of
the monomers and co-monomers due to hydrogen bonding
and/or electrostatic interaction.”* M1bIm and N1bIm (Fig. 4a
and b) had thinner shells than the second particle batch (Fig. 4c
and d), reflecting the difference in initial monomer and initia-
tor concentrations. The successful removal of the template was
also confirmed by absorption measurements of MIP and NIP
suspensions at identical concentrations of 0.5 mg mL™" in
chloroform, which yielded identical spectra (Fig. S15, ESIf).
The concentration of the dye in the polymer layer was estimated
using the absorption spectra of MIP and NIP suspensions and
the molar absorption coefficient of fluorophore fCL in chloro-
form at 401 nm of g4, = 13638 &+ 573 M~ ' em ™' (for more
details, see Sections S8 and S9, ESIt). The results showed that
MIP particles incorporated a lower amount of fCL compared to
non-imprinted particles, supporting the idea that the poly-
merisation rate depends on the presence of the template and
is influenced by the complexation process between monomers
and template (Table S5, ESIt).** The concentration of the dye in
the polymer shells was comparable for both MIPs and both
NIPs, indicating that changing the polymerisation ingredients
influenced the shell thickness but not the dye concentration.

Analytical performance of MIP and NIP particles in chloroform

To evaluate the response of the MIP particles, titration experi-
ments were conducted using the same solvent as the one used
for polymerisation to ensure that the polymer shell’s swelling
behaviour remained unaltered, and all the imprinted sites were
accessible for analyte rebinding. Absorption and fluorescence
spectra were measured upon the addition of Fmoc-Y-pY-G-OMe-
TBA in chloroform at a particle concentration of 0.5 mg mL ™"
(Fig. 5).

The binding affinity of Fmoc-Y-pY-G-OMe-TBA to the M1bIm
and M2bIm core-shell polymer@SiO, particles was evaluated
using the corrected absorption spectra (Fig. S19, ESIt). Binding
constants of logK, = 5.4 + 0.3 and 5.4 £+ 0.2 for M1bIm and
M2bIm, respectively, were calculated using a 1:1 binding
model (Fig. S20, ESIt). The binding constants were higher
compared to the interaction of fCL and the tripeptide epitope

J. Mater. Chem. B, 2023, 11,10873-10882 | 10877


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3tb01474f

Open Access Article. Published on 16 October 2023. Downloaded on 5/25/2026 5:12:44 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
(a) 489 nm — 506 nm (b) 502 nm - 508 nm
-~ e
> 1.0 e
o p=
8 &
g 05 2
2 g
5 El
I * :
0.0 0
400 500 600 700 400 500 600 700

Wavelength (nm) Wavelength (nm)

3)
-~
[=}

-

491 nm — 503 nm 497 nm — 505 nm

IN

- .5
E >
g 2
5 3 g 4
o s
b 8 2
o 0
c 1 IS
=} o1
[ =2
i
0 0
400 500 600 700 400 500 600 700

Wavelength (nm) Wavelength (nm)

Fig. 5 Fluorescence emission (lexc = 385 nm) spectra of Miblm (a),
Nibim (b), M2bim (c) and N2blm (d) core—shell polymer@SiO, particles
(0.5 mg mL™Y in chloroform upon addition of an increasing amount of
Fmoc-Y-pY-G-OMe-TBA (0-69.8 uM) in chloroform; Miblm, Nibim,
M2blm and N2blm - red line, M1blm, Ni1bim, M2bim and N2blm and
69.8 uM of Fmoc-Y-pY-G-OMe-TBA - blue line.

in a diluted state (logK, = 4.8 £ 0.1), indicating an increase in
the affinity of the analyte towards the integrated fCL in the
polymer network.

During the titration, a red shift of ca. 10 nm and an
enhancement in fluorescence emission were observed upon
template addition to the MIP particles. The intensity reached
saturation at ca. 70 pM of the analyte (Fig. 5a and c). The
fluorescence response was similar for both MIPs, indicating
comparable accessibility of fCL to the template despite the
different shell thicknesses. The bathochromic shift was smaller
compared to dilute conditions, which can be explained by the
presence of a highly cross-linked polymer network in which it is
more difficult to achieve a fully relaxed conformation and an
optimal arrangement of fCL and Fmoc-Y-pY-G-OMe-TBA.

The fluorescence response of the NIP particles to template
addition was considerably smaller, indicating a highly cross-
linked network with no specific binding sites for the template
(Fig. 5b and d). The fluorescence change in NIP particles may be
attributed to non-specific interaction between the analyte and
the dye in the outer polymer shell. The fluorescence emission
spectra of N1bIm and N2bIm were red shifted compared to the
corresponding imprinted particles (Fig. 5). This may be due to an
even denser polymer network, which, because the structural
monomer and cross-linker are more polar than chloroform,
may lead to better dipolar stabilisation of an excited charge-
transfer state, as it is the relevant emitting state in fCL.*

The fluorescence intensity enhancement of both MIPs was
higher compared to the corresponding NIPs (cf. Fig. 6a, b vs. ¢
and d). The imprinting factor (IF), calculated as the ratio of
intensity change between MIP and NIP at the maxima of the
fluorescence band, was 5.0 and 4.5 for M1bIm and M2blIm,
respectively (Fig. 6). The limit of detection for Mi1bIm was
determined to 11.2 pM (for more details, see Section S15, ESIT).
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Fig. 6 Relative fluorescence emission (lexc = 385 nm) intensity change at
A =503 nm for M1blm (a), M2bim (b), N1bim (c) and N2blm (d) core—shell
polymer@SiO; particles (0.5 mg mL™Y) in chloroform upon addition of an
increasing amount of analytes (0-69.8 uM) in chloroform; Fmoc-Y-pY-G-
OMe-TBA - black B with line, Fmoc-pY-OEt-TBA - red @, HPPA-TBA -
blue A, HPPA-THA - green ¥ and Fmoc-Y-Y-G-OMe - purple +.
Measurement uncertainties as indicated for selected data points. AF/Fmin =
(Fx — Fmin)/Fmin. Ct — concentration of template.

To assess the discrimination factor (DF) between the tar-
geted analyte and competitor molecules, titrations were per-
formed using Fmoc-Y-Y-G-OMe as a related compound and
competitors, including Fmoc-pY-OEt-TBA, HPPA-TBA and
HPPA-THA (Scheme 3). M1bIm and M2bIm exhibited minimal
response when titrated with Fmoc-Y-Y-G-OMe, which agrees
well with the absence of a response upon titration of fCL with
the competitor (Fig. 6a, b and Fig. S22e, f, ¢f Fig. S23, ESIY).

Both M1bIm and M2bIm show no discrimination between
the targeted tripeptide and Fmoc-protected phosphorylated

9 o ) s
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ﬁ@&m

Fmoc-pY-OEt-TBA
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Scheme 3 Structures of target analyte and related molecules.
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tyrosine (Fig. 6a, b and Fig. S24, ESIY), suggesting that the
presence of the Fmoc protective group, which is imprinted
during polymerisation, plays a role in inducing a similar or
slightly stronger response. Comparison with the non-imprinted
control materials confirmed that the smaller protected amino
acid molecule could more easily diffuse into the highly cross-
linked polymer shell and may more easily adopt an optimum fit
into the cleft, inducing a slightly enhanced response (Fig. 6¢, d
and Fig. S24, ESI{).

Further titration of M1bIm and M2bIm with HPPA-TBA, a
competitor molecule, resulted in a weaker response compared
to Fmoc-Y-pY-G-OMe-TBA or Fmoc-pY-OEt-TBA, with a DF of ca.
1.4 for both M1bIm and M2bIm (Fig. 6a, b and Fig. S22, ESIt).
The difference may be attributed to the absence of the Fmoc
group in HPPA-TBA. However, when the bulkier tetrahexylam-
monium salt of HPPA~ (HPPA-THA) was employed, more pro-
nounced discrimination factors of 1.6 and 1.8 for M1bIm and
M2bIm, respectively, were observed (Fig. 6a and b). This stresses
the conclusion that additional n-r stacking interactions with the
Fmoc group enhance the binding of protected amino acid and
peptide species and that the presence of longer hydrophobic
alkyl chains of counterions further prevents such interactions.?”

From the cross-selectivity studies, it can be concluded that a
stronger response of the imprinted material can be achieved if
the analyte has a high number of aromatic moieties. Comple-
mentary n-n interactions together with hydrogen bonds and
electrostatic interactions may be responsible for the binding of
the analyte to the polymer network.*® These results for the M1
and M2 systems also showed that the behaviour is virtually
independent of the synthetic method used, which underlines
the robustness of the approach.

To further investigate the impact of the synthesised bis-
imidazolium cross-linker in the polymer network on the behaviour
of imprinted materials, two additional batches of imprinted poly-
mers were prepared with slight modifications to the M1bIm and
N1bIm recipes (Table S1, ESIt). The first batch (M1no, N1no) was
synthesised without bIm-PF to evaluate the effect of a cooperative
imprinting strategy on material performance. The second batch
(M1D, N1D) replaced bIm-PFs with an equivalent amount of
divinylbenzene (DVB-80) cross-linker to assess the impact of
increased cross-linking and more sites for n-n stacking on the
MIP’s affinity towards Fmoc-Y-pY-G-OMe-TBA, without the
presence of synergistic interactions between functional mono-
mers. Compared to M1bIm, both batches showed significantly
lower imprinting factors (IF) (1.4 for M1no, 2.2 for M1D, see Fig.
S26, ESIt for a comparison). This suggests that the higher affinity
of the target molecule to imprinted materials, as compared to
NIPs, cannot be solely attributed to the formation of tighter
binding cavities in the dense polymer network. Our findings
highlight the advantages of employing complementary imprinting
using fCL and bIm-PF, (for more details, see Section S12, ESIY).

Analytical performance of MIP and NIP particles in aqueous
buffer

For the detection of oxoanions using organic molecular probes,
fluorescence signalling relies on hydrogen bonding interaction

This journal is © The Royal Society of Chemistry 2023
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typically occurring in a classical supramolecular chemistry
sense via two hydrogen bonding partners in a low-dielectric
microenvironment. However, for more challenging analytes
such as sugar acids, glycosylated amino acids or peptides,
which are present in a multicomponent network along with
the indicator molecule, alternative signalling modes can
become active, as shown above, and in ref. 28,29, making such
approaches potentially useful for aqueous media where hydro-
gen bond-driven fluorescence signalling is not feasible.

To evaluate the capability of the MIPs to capture the
imprinted template in aqueous buffers, resembling real-life
conditions for detecting phosphoproteins in cell lysates, we
performed a four-fold scale-up synthesis of M1bIm and N1bIm,
resulting in M3bIm and N3bIm, respectively (Table S2, ESIf).
Characterisation confirmed the reproducibility of the synthesis,
see, e.g., Table S4 and Fig. S10, ESL.¥ Furthermore, we obtained
three decapeptides representing the ZAP70 kinase regulatory
motif (Scheme S5, ESIT) and dissolved them in aqueous buffers
of various pH values (from 1.0-9.2), corresponding to the
operating range of fCL in its neutral form (Section S14, ESIY).
Equilibrium binding tests were conducted by incubating
M3bIm and N3bIm with the peptide mixtures, followed by
quantification of unbound peptides using reverse phase HPLC
with UV detection.

Fig. 7 illustrates the percentage binding of the different
peptides to the MIPs and NIPs. In the low pH region (pH 1-5), it
is evident that peptide uptake does not strongly correlate with
the desired selectivity (YpY). Instead, binding appears to be
influenced by the ionisation degree, as observed by the sig-
nificant increase in binding of the multiply phosphorylated
target when the buffer pH is increased from 3 to 5. This can be
explained by examining the net charges of the peptides, where
the charge of pYpY changes from —1 to —3 within this range
(Table 2).

Of particular interest is the binding behaviour in neutral
buffer conditions. MIPs exhibit preferential uptake of the
phosphopeptide complement, with YpY binding more strongly
than pYpY and YY (Fig. 7a). In contrast, NIPs show no such
selectivity (Fig. 7b). The higher non-specific binding of the NIPs
could be mitigated by employing “dummy NIPs”, as demon-
strated in previous studies, which yield more realistic control
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Fig. 7 Binding of M3blm (a) and N3blm (b) core-shell polymer@SiO,
particles (10 mg mL™Y) after incubation in decapeptides mixture of GADD-
SYPYTAR, GADDSpYpPYTAR and GADDSYYTAR (20 uM) in aqueous buffers;
M3bim binding - solid bar, N3blm binding — shaded bar, GADDSYpYTAR
percentage bound - red, GADDSpYpYTAR percentage bound — blue and
GADDSYYTAR percentage bound — green.
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Table 2 Net charge of decapeptides at the differently buffered pH
employed here

pH GADDSYYTAR GADDSYpYTAR GADDSpYpYTAR
1 2 2 2

3 1 0 -1

5 -1 -2 -3

7.4 -1 -3 -5

9.2 -1 -3 -5

polymers for highly hydrophilic biomolecule targets.”® In this
case, the increased non-specific binding may result from hydro-
phobic interactions and the presence of bIm-PFg cross-linkers
that are more randomly distributed throughout the network,
offering cationic sites for non-specific interactions.

To interpret these findings in aqueous media at varying pH,
it is important to understand the relationship between fluores-
cence assays in organic media and the capture data obtained by
HPLC in aqueous media. Weaker (and different) or no fluores-
cence signalling would be expected in highly polar or protic
environments, but binding within the cavities can still occur,
similar to conventional non-fluorescent MIPs. The intention of
testing the system in aqueous media was not to replicate the
fluorescence response but rather to assess whether the discri-
mination observed in the polymerisation solvent is maintained
in an analytically important pH range in water, particularly
near-neutral pH. The step from chloroform to buffered aqueous
media involves different swelling behaviour, electrolyte con-
tent, ionic components of the buffer, and charge states of the
analytes. As the charge state of the analyte significantly influ-
ences its conformational structure, our goal was to minimise
the factors influencing the system and determine if the binding
pattern remains comparable to the fluorescence assay in near-
neutral pH conditions relevant to sensing in diluted biological
fluids. A comparison of the data in Fig. 6 and 7 confirms that
this is indeed the case.

Contrary to intuition, we did not expect the polymers to
maintain the binding pattern over a wide pH range (pH 1.0-9.2),
where the charge states of the species vary between +1 and —5
(Table 2). These charge states affect peptide conformation and the
presence of counterions in close proximity to the charged groups.
It would be unlikely for a MIP with selective binding pockets to
accommodate a wide range of species with different conforma-
tions, charges, and counterions. Therefore, it is expected that
discriminative binding would be observed within a narrow but
relevant pH window, as observed in the present case.

Fluorescence measurements performed on this system in
differently buffered solutions did not reveal clear fluorescence
changes, which was anticipated because, as explained in the
beginning of this section, the present signalling mode is solely
based on hydrogen bond interactions which are too inefficient
for the present system. However, the favourable binding
behaviour at neutral pH is encouraging for the development
of fluorescent indicator monomers and cross-linkers. Once
a more suitable fluorescent monomer or cross-linker capable
of responding to the target phosphate group in water is
identified, possibly also involving alternative signalling modes,
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its incorporation into the present MIP system holds promise for
creating an fMIP system capable of binding and sensing
in water.

Conclusions

We have developed a fluorescent molecularly imprinted poly-
mer (fMIP) capable of distinguishing phosphorylated and non-
phosphorylated epitopes of ZAP70. Our study demonstrated
that cooperative imprinting using a colourless and non-
fluorescent bis-imidazolium cross-linker improves the genera-
tion of imprinted cavities compared to using a fluorescent urea
cross-linker alone. Including counterions in the imprinting
models enhances the evaluation and prediction of MIP perfor-
mance. By utilising complementary and cooperative interac-
tions, bulky polar anions can be effectively imprinted into the
organic polymer, as observed in fluorescence rebinding studies.
However, imprinting protected epitopes may decrease selectivity
towards target analytes due to the co-imprinting of protective
groups. Nevertheless, when assessing peptide recognition in
aqueous systems at neutral pH, we obtained favourable results
with remarkable peptide specificity that aligned with the intended
selectivity. Despite the challenges involved in transferring the
MIP system from an organic to an aqueous environment, these
findings suggest that our imprinting strategy is robust and holds
great promise for developing fluorescent indicator-containing
MIPs capable of binding and indicating target analytes under
realistic conditions. The synthesised particles can potentially be
integrated into microfluidic devices for the rapid detection of
cancer biomarkers,'® such as small-number amino acid peptides,
by transferring them from an aqueous sample to an organic
signalling phase. Ongoing research in our laboratories focuses
on both the development of indicator monomers/cross-linkers
and the advancement of microfluidic assay platforms.

Experimental

Synthesis of M1bIm, N1bIm, M2bIm and N2bIm core-shell
polymer@siO, particles

MIP and NIP layers were grafted from the RAFT-SiO, particles
using two different recipes (Table 1). EGDMA was purified by
passing through a Pasteur pipette containing inhibitor remover
for hydroquinone and monomethyl ether hydroquinone.
MAAm was used without additional purification. A 2 mM stock
solution of freshly prepared Fmoc-Y-pY-G-OMe-TBA (for more
details, see Section S1, ESIt) was prepared by dissolving in
anhydrous chloroform and briefly sonicated. bIm-PFg (0.31 mg,
0.53 pmol for M1bIm and N1bIm or 0.85 mg, 1.46 umol for
M2bIm and N2bIm), MAAm (1.83 mg, 21.07 umol for M1bIm
and N1bIm or 5.06 mg, 58.32 umol for M2bIm and N2bIm),
EGDMA (20.6 pL, 105.37 pmol for MibIm and N1bIm or
56.12 uL, 291.62 umol for M2bIm and N2bIm), and fluorescent
cross-linker fCL (0.55 mg, 1.05 pmol for M1bIm and N1bIm or
1.52 mg, 2.92 umol for M2bIm and N2bIm) were combined in
specific amounts according to the recipes. In the MIP vial, the

This journal is © The Royal Society of Chemistry 2023
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template solution (0.53 mL for M1bIm or 1.46 mL for M2bIm)
and chloroform (1.47 mL for M1bIm or 0.54 mL for M2bIm)
were added, while only chloroform (2 mL) was added to the NIP
vials. The solutions were sonicated for 10 min. A small portion
of the reaction solution (30 pL) was used for control purposes in
prepolymerisation studies. RAFT-SiO, particles (20 mg) were
then added, and the suspensions were sonicated for another
10 min. Under argon, the initiator ABDV (2 mg for M1bIm and
NibIm or 0.79 mg for M2bIm and N2bIm) was added to the
reaction mixture. The mixture was cooled, degassed with argon
for 5 min, and then mixed at moderate speed in a hybridisation
oven at 50 °C. After 16 h, the temperature was increased to
70 °C. After an additional 2 h, the particles were precipitated
using n-hexane (4 mL), washed with chloroform (2 mL) and
acetonitrile (2x 4 mL and 2x 1.8 mL) with centrifugation at
6500 xg for 5 min and 4800 xg for 10 min in between the
washing steps. The particles were incubated for 1 h in metha-
nol/acetic acid 9:1 solution (3x 1.8 mL) using a rotator
(40 rpm), followed by sonication (10 min) and centrifugation
(4800 xg, 10 min). The particles were additionally washed with
methanol (2x 1.8 mL), sonicated, and centrifuged (4800 xg,
10 min) before drying overnight in a vacuum oven.

Titrations of particles

The fluorescence response of MIP and NIP core-shell polymer@
SiO, particles to analyte addition was evaluated in 10 x 10 mm
quartz cuvettes. The particles were suspended in chloroform
(0.5 mg mL™") and sonicated for 15 min prior to measurement.
A freshly prepared analyte stock solution (1 mM) was used. Before
each measurement, the suspension was equilibrated for 2 min
using a magnetic stirring bar and a motorised cuvette holder.
Fluorescence measurements were conducted with an excitation
wavelength of 385 nm, and fluorescence excitation spectra were
recorded at an emission wavelength of 490 nm. Slits were adjusted
to keep the signal intensity below 10° counts per second.

Imprinting factor (IF) and discrimination factor (DF)

IF, the imprinting factor, can be determined by calculating the
ratio of fluorescence intensity change between MIP and NIP
core-shell polymer@SiO, particles. This is expressed in eqn (1),
where F, represents the emission intensity at 4 = 503 nm of a
particle suspension upon reaching signal saturation with the
template/analyte, and Fy,;, represents the emission intensity at
4 = 503 nm of a particle suspension in the absence of a

template:
(Fx - Fmin) /(F\ - Fmin)
Fiin MIP Finin NIP

() (522)
Fiin/ mip Fiin/ nip

DF, the discrimination factor, can be calculated as the ratio
of intensity change in MIP core-shell polymer@SiO, particles
upon the addition of the template and a competitor molecule.
This is shown in eqn (2), where AF represents Fy—Fi, of Eqn 1
after achieving signal saturation with the analyte as well as the

IF
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competitor, and F,;, represents the emission intensity at A =
503 nm of a particle suspension in the absence of a guest:

AF AF
DF = 2
(me) MIP / (me) MIP (2)

with analyte with competitor

Capture studies in aqueous buffers

To assess the binding of MIP and NIP core-shell polymer@SiO,
particles, a 20 uM solution (C,) of three decapeptides (GADD-
SYPYTAR (YpY) + GADDSpYpYTAR (pYpY) + GADDSYYTAR (YY))
in aqueous buffers with pH values of 1.0, 3.0, 5.0, 7.4, 9.2, were
prepared. The particles were suspended in a peptide mixture
(10 mg mL™") and sonicated for 15 min. Following vigorous
shaking during a 2 h incubation, centrifugation at 14000 x g
for 15 min was performed. The resulting supernatant was
collected, concentrated using a Genevac EZ-2 evaporator, and
reconstituted in a water/acetonitrile 95:5 v/v solution contain-
ing 0.1% trifluoroacetic acid. The peptide concentrations were
determined using HPLC (n = 3). The binding of the polymer was
calculated using eqn (3), where Cge. represents the concen-
tration of peptide in the supernatant, and C, represents the
concentration of peptide in the peptide mixture:

B =St 1007 (3)
Co
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