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Abstract

Integration of a polymerisable fluorescent urea-nitrobenzoxadiazole monomer 1 into a few-nanometre
thin molecularly imprinted polymer (MIP) shell coated onto a 300 nm silica core with the
tetrabutylammonium salt of N-carbobenzyloxy-L-phenylalanine (Cbz- or Z-L-Phe) as the imprinted
template yields core/shell MIP nanoparticles that respond to the designated analyte with a strong
fluorescence increase in the visible spectral range. The system shows promising imprinting and
enantioselectivity factors of 3.6 and 1.9 when benzylmethylacrylate (BMA) is used as co-monomer and
ethylene glycol dimethacrylate (EDMA) as cross-linker. A second, naphthalimide-based fluorescent
urea 2 is employed in the preparation of MIP thin-films and monolithic polymers for separation
techniques. Spectroscopic and chromatographic studies of the MIPs with the analytes Z-L-Phe, Z-L-
glutamic acid (Z-L.-Glu) and penicilin G (PenG) revealed the (enantio)selective discrimination
behaviour of these materials.

Key words: enantioselectivity, molecular imprinting, fluorescence, core-shell nanoparticles,
chromatography.

Chiral discrimination between enantiomers is
receiving constantly growing attention in many
analytical applications in prominent fields such
as pharmaceutical production, clinical
diagnostics and the food sciences." For many
chiral biochemically active compounds, one
enantiomer exhibits desirable physiological or
pharmacological properties, while the other
enantiomer may show very different effects.
These can range from a different activity in a
biochemical reaction or biotechnological
process to an actually harmful impact on a
living organism.® In particular, in the
pharmaceutical industry the search for potent
stereo-chemically pure drugs is a strong and
market-relevant driver. Many chemical methods
to assess the enantiomeric purity of synthetic
products have been developed, yet most of
them are inherently laboratory-bound and
require sampling, transport, clean-up and
analysis in a lab environment."? Often, a chiral
separation element such as a chromatography
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column fulfils the task required, and molecularly
imprinted polymers (MIPs) have become
successful tools in this regard.*®> When aiming
at rapid screening or analysis in process control
environments optical methods—in particular
fluorescence—are often the method of choice.’

The key step to convert such materials into
actual sensor materials would be the
implementation of a fluorescent signalling unit
into the MIP. Apart from MIPs for fluorescent
analytes,”®  approaches to fluorescence
displacement assays®'® or the fluorescence
tagging of analytes prior to detection in the
MIP'"™ are not ideal for sensor applications or
reduce the possibility for discrimination because
of the attachment of an (unspecific fluorophore)
tag. In addition, the quenching of dyes—Ilacking
designated receptor sites—covalently
embedded into MIPs can only be employed for
analytes, which are powerful quenchers.'®"
The covalent integration of a fluorescent probe
monomer into a MIP however has only seldom
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been accomplished.”>'® Especially examples
showing directional recognition at a designated
binding site or fluorescence enhancement upon
analyte binding are scarce.'®'® This lack of
actual sensing matrices prompted us to develop
such probe monomers, and recently we
could even report the first fluorogenic MIPs that
simply ‘light up’ upon binding of the analyte in
an analytically advantageous wavelength
range.”® To approximate the aforementioned
aim in the context of enantioselective
recognition we chose the deprotonated Z-L-Phe
as template (Figure 2), a well-known building
block in peptide synthe3|s and frequent target of
MIP development.” The impact of D-amino
acids on an organism and the |mportance of
their detection are well documented.?*® For the
fluorescent monomer 1, we integrated a
nitrobenzoxadiazole (NBD) fluorophore carrying
a directly fused urea group as the carboxylate
recognition site connected through a short
ethylene  spacer with [(:))olymerlsable
methacrylate group (Figures 1 2)
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Fig. 1. Chemical structures of monomers 1 and 2.

Fig. 2. A) (i) Preparation of the fluorescent MIP with
1. (i) Switching between high and low fluorescence
by extraction and rebinding of the template. (iii)
Template-free preparation of the NIP. (iv) Non-
specific binding of the template. (v) Cross-sensitivity
of the MIP; B) Co-monomers and C) further analytes
investigated in this study.
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NBD dyes are known to show intense
absorption and fluorescence bands at ca. 450
and 550 nm when equipped with an electron
donating group in the 4-position, induced by an
intramolecular charge transfer (ICT) process.”

Hence, we introduced the moderately electron
donating 4-urea group to bind the electron-rich
carboxylate guest by hydrogen-bonding to
generate bathochromic shifts and to increase
the NBD fluorescence. Monomer 1 was
prepared starting from 4-amino-NBD?® and
methacrylic acid-2-isocyanatoethylester with 4
(dimethylamino)-pyridine (DMAP) as catalyst.*

A second naphthalimide- (NI) based monomer
was prepared starting from 4-bromo-1,8-
naphthalic  anhydride in three steps.”’
Compared to monomer 1 monomer 2 contains
three NH-groups for enhanced hydrogen-
bonding interactions with carboxylates and
emits also in the analytically advantageous
region >500 nm. For molecular imprinting, the
selection of a solvent, which is suitable for
complex formation between the functional
fluorescent monomer and the template
molecule in the polymerisation mixture is
critical.  Investigation of 1  with the
tetrabutylammonium (TBA) salt of Z-L-Phe in
various solvents (acetonitrile, chloroform,
tetrahydrofuran) revealed that chloroform is the
best choice, because of the most pronounced
spectral shifts and fluorescence enhancement
induced by complex formation.”> Concerning
MIP matrix formats, in the case of monomer 1
the best rebinding results were obtained when
RAFT (reversible addition-fragmentation chain-
transfer) polymerisation of a thin MIP film on
silica nanopartlcles was employed for sensor
layer preparat|on For monomer 2, thin-film
MIPs on glass slides, which were activated with
3-methacryloxypropyltrimethoxysilane, proved
to be the best format. Here, the polymerisation
mixture containing the TBA salt of Z-L-Phe,
toluene as solvent, MMA or BMA as co-
monomer and EDMA as cross-linker,
polymerised with the azo-initiator ABDV at high
temperatures (>100°C) in short time, yielded
the desired few-micrometre thick films. For
comparison purposes, monolithic polymer
matrices were prepared of monomer 2 with
EDMA as cross-linker. Because of the low
solubility of 2 in weakly polar organic solvents
and its high concentration in the polymerisation
mixture, DMF had to be used as solvent for the
bulk polymerisation to prevent the formation of
aggregated urea probes in the monolithic
polymer, which would promote non-specific
interactions of the template molecules with the
MIP material. After the bulk polymerisation at
45°C for 24h, the template molecules, which
were deprotonated with PMP (1,2,2,6,6-
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pentamethylpiperidine), were Soxhlet-extracted
from the crushed polymer for 24h with
MeOH/HCI.

The challenge of a highly sensitive urea-based
MIP is the formation of strong hydrogen bonds
between the urea and the carboxylate group
and to avoid undesired deprotonation of the
urea, which would give rise to non-directional
electrostatic interactions at the expense of
directional hydrogen-bonding and would thus
hamper the formation of cavities containing the
urea group of the fluorescent monomer.
Deprotonation is  observed in titration
experiments of ureas and carboxylates by a
strongly red-shifted absorption band in the
spectra.?® In chloroform, monomer 1 showed
the development of an absorption band at ca.
520 nm only after addition of a 7-fold excess of
TBA-deprotonated  Z-L.-Phe,  which  was
tentatively ascribed to deprotonation of the urea
group. But before the onset of deprotonation, a
ca. 30 nm bathochromic shift in absorption and
a ca. 10 nm red-shift in fluorescence along with
a strong fluorescence enhancement (ca. 100-
fold) was observed.? The titration data of 1 and
Z-L-Phe in chloroform, analysed according to a
1:1 binding model, yielded a complex formation
constant logK = 5.11, which is suitable for
imprinting. A similar deprotonation effect was
observed in the case of monomer 2. But
compared to 1 more polar solvents like MeCN
could be introduced without deprotonation of
the monomer 2, signifying that the NBD unit is
more electron-accepting than the NI unit. This
allowed also the use of the corresponding MIPs
in chromatographic applications in polar
solvents. According to the titration experiments
the complex formation constant of 2/Z-L-
Phe/PMP in MeCN was logK = 3.08.”'

Core/shell nanoparticles were selected for
monomer 1 as the format because these
substrates are a very versatile platform to be
implemented with many layered as well as
fluidic setups. Further benefits of the thin
polymer shells on robust core particles are the
reproducible surface-initiated polymerisation,”’
their fast response times and permission to
extract the template quantitatively from the
cavities in comparatively short time.”® This
strategy has two basic advantages, namely a
higher density of the silica core, which allows
facile handling of the beads in many different
applications and the fact that silica
nanoparticles are well-suited for use with optical
detection techniques. Besides 1 and Z-L-Phe,
EDMA was used as a moderately polar cross-
linker and various co-monomers of different
polarity were employed (Fig. 2). To form a
homogeneous polymer layer around the SiO,
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nanoparticles, 2-(2-cyanopropyl)dithiobenzoate
(CPDB) as RAFT agent was coupled onto the
amino-silane-activated SiO, surface. Figure 3
shows a representative TEM image of the
highly mono-disperse core/shell MIP particles
CS1, revealing a shell thickness of 10 nm.

Fig. 3. TEM image of CS1

The (enantio)selectivity of the nanoparticle
sensors was tested in chloroform by titrating the
MIP particles with the TBA salt of Z-L-Phe, the
corresponding D-isomer as the enantiomeric
twin and the conformationally closely designed
amino acid Z-L-Glu containing two possible
hydrogen-bonding sites. According to the
results in Table 1, the MIPs prepared with
benzylmethylacrylate (BMA) as the co-
monomer yielded the highest imprinting factor
and the best (enantio)selectivity.

Tab. 1: 1:Z-L-Phe ratio (1:1), cross-linker = EDMA,
porogen = chloroform Cr./Co. = -cross-linker/co-
monomer; 2 MIP/NIP discrimination factor,
® enantioselectivity factor, °1 was diluted 5-fold,
? porogen = chloroform/ heptane (7:3), € 1:1 ratio.

No. Co- Cr./Co. | Flu. | MIP/NIP? | L/D°

mon. ratio | Enh.

CSt BMA 5:1 2.5 3.6 1.90

CS2 MMA 5:1 1.8 2.8 1.20

CS3 VP 4:1 1.04 1 -

CS4°| MMA 5:1 1.2 1 -

CS5 | Sty:MMA® | 5:1 1.8 2.2 1.50

CS6 | MAAm 5:1 - - -

CS7°| BMA 5:1 1.7 3.1 1.20

Ccss?| BMA 51 | 1.4 24 [1.32
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The beneficial effect is ascribed to the presence
of the benzyl groups, offering additional
aromatic moieties for further n-m interactions
with the phenyl groups of Phe and the Z-
protecting group in the cavities.

In Figure 4, the different responses of CS1-MIP
and NIP and the discrimination against the two
other protected amino acids are illustrated. The
maximum fluorescence enhancement that could
be obtained for CS1 and Z-L-Phe amounted to
a factor of ca. 2.5. This value is considerably
smaller than the value of ca. 100 found at an
optimum ratio of 1:Z-L.-Phe = 1:5 in the
molecular solution studies and is tentatively
ascribed to the following reasons.
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Fig. 4. Normalized fluorescence changes dF/F, (with
dF = F—Fy) vs. concentration for CS1 and Z-L-Phe
(black squares), €S1 and Z-D-Phe (green
diamonds), CS1 and Z-L.-Glu (red triangles) and
CSN1 and Z-L-Phe (blue stars); CSN1 are the NIP
analoga of CS1.

On one hand, the absorption maximum was
found at 412 nm for 1 in CS1 suspended in
chloroform, which is distinctly red-shifted
compared with 1 in chloroform (403 nm) or
toluene (404 nm) and lies closer to the maxima
of 1 in THF (413 nm), MeCN and methanol
(both 411 nm). If we further consider that the
fluorescence quantum yield @; of NBD dyes
increases with increasing solvent polarity* and
(1) was determined here to 0.002 in
chloroform, 0.01 in THF and 0.024 in MeCN, a
@; = 0.015 for CS1 seems to underline the
conclusion drawn from the absorption
measurements. On the other hand, the
maximum of the fluorescence of CS1, occurring
at 496 nm compared with 493 nm for 1 in
chloroform and 502 nm for 1 in MeCN,
suggests that confinement of 1 in the polymer
matrix does not allow for full relaxation of the
excited dye. These three observations point to
the conclusion that confinement of the dye in
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the polymer matrix entails an intrinsically higher
fluorescence in the absence of the analyte and
explains the lower enhancement observed.
Note that template extraction from the thin shell
as monitored by UV/vis measurements at 265
nm (absorption band of Z-L-Phe) was virtually
quantitative. Analytical studies of CS1 finally
revealed a limit of detection in a cuvette-based
experiment of ca. 1 pM for Z-L-Phe in
chloroform.

Although the MIP particles showed high
(enantio)selectivity in organic solvents, binding
studies in water did not yield a measureable
response. It is assumed that the thin polymer
shell of the nanoparticles is not hydrophobic
enough to shield the fluorescent urea 1 against
competing water molecules. Thus, a two phase
system was developed, consisting of chloroform
and water, to detect Z-L-Phe indirectly in water.
CS1 (10 mg) was suspended in a 10 mm quartz
cell in chloroform (2 mL). Subsequently, water
(1 mL) was added to form the two phase
system. Under stirring, 0.1-1.4 mmol of Z-L-Phe
were then added, and the two phases were left
to settle for 5 min before measuring the
fluorescence. As a control experiment the
amount of Z-L-Phe that remained in the water
phase was measured by HPLC. Despite the
presence of water as the second phase, the
fluorescence  ‘“lighting-up” response, the
(enantio)selectivity and the fast response time
of CS1 with Z-L-Phe was preserved.

In contrast to monomer 1, monomer 2 shows a
decrease of  the emission through
deprotonation, anion binding or by increasing
the polarity of the solvent. Thus, for the
preparation of the monolithic polymers, three
weakly basic molecules were chosen to serve
as templates in the bulk polymerisation. Z-L-Glu
and Z-L-Phe were deprotonated with PMP and
PenG was used as its procain salt. After the
bulk polymerisation, materials with distinct
colour differences were obtained (Fig. 5). The
much darker colours like in the case of Mppe
and Mg, indicate the higher degree of
deprotonation of the ureas in the polymer.

After the extraction, orange materials remained,
which indicated the successful removal of
templates from the polymer matrices. The
crushed materials (particle sizes of 25-50 ym)
were investigated by HPLC techniques.
According to the chromatography results, Mg,
was able to discriminate between the
enantiomers with a retention time of 5.38 min
for L- and 4.37 min for the D-enantiomer of Z-
Glu in MeCN/water (1:1). In pure MeCN, the
MIP showed a chromatographic imprinting
factor of IF, = 3.32. In contrast to Mg, Mphe
showed no enantioselective discrimination in
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water-containing MeCN. But in pure MeCN, the
retention time of Z-L-Phe was significantly
higher than for the D-enantiomer (IF. = 9.85).
Also in the case of Mpe, a strong imprinting
effect was observed in MeCN/water mixtures.

Fig. 5. Colours of monolithic polymers
synthesized from 2 in the presence of Z-L-Phe,
Z-1.-Glu, and PenG prior and after Soxhlet
extraction.

For the preparation of the thin-film MIPs, the
TBA salt of Z-L-Phe was introduced to increase
the nucleophilic character of the carboxylate
group to improve the hydrogen-bonding to the
urea group. The rebinding experiments were
conducted in MeCN and, according to the
results of the fluorescence titrations, an
imprinting factor of IF;, = 3.4 and a
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