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Abstract

Molecularly imprinted polymers (MIPs) are polymerized in the presence of a template molecule. After
removing the template, the polymer scaffold can selectively rebind the template. Imprinting factor (IF)
refers to the rebinding ratio of imprinted and non-imprinted polymers. Generally, the IF of most reported
MIPs are still quite low (e.g. below 3.0). This is partially attributable to strong non-specific interactions.
In this study, imprinted nanogels are prepared using two common dyes as templates, sulforhodamine B
(SRhB) and fluorescein. By varying the buffer pH, non-specific electronic interactions between the
template and the gels are reduced, leading to improved IF for the SRhB-MIPs from 1.5 (at pH 7.2) to 7.4
(at pH 9.0). At the same time, the binding capacity of the MIP remained similar. On the other hand,
while pH tuning also improved the IF of the fluorescein-imprinted nanogels, the binding capacity
dropped significantly. Using isothermal titration calorimetry (ITC), the SRhB-imprinted nanogels
display a much higher affinity (Ka= 2.9 x10* M) than the non-imprinted (K. = 0.031 x10* M) when
rebinding is conducted in high pH (pH 9.0). This difference is mainly driven by enthalpy. This study

suggests that pH tuning can be used to further improve MIPs.



Introduction

Molecular recognition is a fundamental process in chemistry and biology.> While many specific ligands
are available, such as antibodies and aptamers,?® they are quite expensive and sometimes unstable. For
certain applications such as environmental remediation, bulk quantity and cost-effective ligands are
more desirable. To this end, molecularly imprinted polymers (MIPs) provide a useful alternative.®® To
prepare MIPs, selected functional monomers are mixed with a target molecule to form a prepolymer,®
which is then polymerized in the presence of the target. The target might associate with the polymer
using intermolecular forces such as hydrogen bonding,*® hydrophobic and electrostatic interactions.'? 2
Even after removing the template molecule, the recognition cavities still remain in shape for rebinding.
Because of their low cost, robustness and straightforward synthesis, MIPs have been widely utilized for

separations,'® 14 drug targeting,'>*® and biosensors.1-2!

Despite these progresses, the imprinting factor (IF) is still quite low in general %228 typically in the range
of 1.1-3.0 for a diverse range of targets including proteins,?*-° peptides, and small molecules.?®-? This is
attributable to strong non-specific binding or weak specific binding. One potential method to improve
the IF is by tuning buffer conditions, but success was still limited.?®-32 In this study, we included specific
functional monomer to modulate molecular interactions. Sulforhodamine B (SRhB) and fluorescein are
commonly used dyes for MIP. For example, the polymer formulation for imprinting SRhB has been
previously optimized.®® 34 We herein prepare imprinted nanogels using these two dyes and report the
effect of pH to significantly improve the IF. Compared to simple polymer chains, gels are useful for

guest molecule loading, controlled release, and preparing stimuli-responsive materials.3>®



Experimental Section
Chemicals

Acrylamide (AAm), N-isopropylacrylamide (NIPAAm), methylene bisacrylamide (MBAAm), N-[3-
(dimethylamino) propyl] methacrylamide (DMAPMA), allylamine, acrylic acid, SRhB, fluorescein
sodium salt, and sodium dodecyl sulfate (SDS) were obtained from Sigma-Aldrich (St. Louis, MO).
Ammonium persulphate (APS) and N,N,N’,N’-tetramethylethylenediamine (TEMED) were from VWR
(Mississauga, ON). Mill-Q water was used to prepare all the buffers and solutions. All other reagents

and solvents were of analytical grade and used as received.
Preparation of imprinted and non-imprinted nanogels

The imprinted nanogels were prepared using the aqueous precipitation polymerization method.3%-4
Typically, AAm (29.1mg, 0.41 mmol), NIPAAm (46.4mg, 0.41 mmol), DMAPMA (3.4mg, 0.02 mmol),
and the template molecule SRhB or fluorescein (5 pM) were dissolved in phosphate buffer (20 mM, pH
7.2). The mixture was incubated for 30 min with slow stirring at 25 °C to form binding complexes. Then
the cross-linker MBAAmM (24.7mg, 0.16 mmol) and surfactant SDS (6 mg) were added. After purging
the mixture with N> for 1 h, polymerization was initiated by adding APS (6 mg) and TEMED (3 pL).
The final reaction volume was 10 mL. The reaction was continued for 4 h at 25 °C under a N:
atmosphere. The resultant imprinted nanogels were collected by centrifugation at 15,000 rpm for 5 min
and then washed extensively using Milli-Q water and NaCl solution (0.2 M) until complete removal of
the unreacted monomers and templates (confirmed by fluorescence spectrometry). The gels were frozen-
dried for 24 h, and weighed to determine the reaction yield. The non-imprinted nanogels (NIPs) were

prepared in the same way except that no template was added during polymerization.



Dynamic light scattering (DLYS)

The {-potential and hydrodynamic size of the nanogels were measured by DLS (Zetasizer Nano ZS90,
Malvern). To measure the -potential at different pH values, the nanogels (50 ug/mL) were dispersed in
20 mM phosphate buffers ranging from pH 2.8 to 10.2. The temperature was maintained at 25 °C during

measurement.

Rebinding assays

To determine the rebinding kinetics of the nanogels, 10 mg dried nanogels were suspended in 1 mL
phosphate buffer (20 mM, pH 7.2). Then SRhB or fluorescein (5 uM) were added to the solutions and
incubated at 25 °C for various periods of time. After centrifugation, the SRhB and fluorescein remained
in the supernatants were diluted 100 times (final concentration < 50 nM) using the phosphate buffer and
their fluorescence intensities (F) were determined (Ex = 565 nm and Em = 586 nm for SRhB; Ex = 460
nm and Em = 515 nm for fluorescein) using a microplate reader (Infinite F200Pro, Tecan). The
intensities of 50 nM SRhB or fluorescein without nanogels were also determined as the initial
fluorescence (Fo). The rebinding efficiency (%) was defined as (Fo-F)/Fo. The IF was determined as the
ratio of rebinding efficiencies between the imprinted and non-imprinted nanogels. To study the effect of
pH, 10 mg dried nanogels were suspended in 1 mL phosphate buffer (20 mM) at different pH values to

rebind 5 uM SRhB or fluorescein for 1 h at 25 °C.

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) was performed using a VP-ITC Microcalorimeter (MicroCal).
Prior to each measurement, each solution and suspension was degassed to remove air bubbles. To study
the effect of pH, NIPs (10 mg/mL) or SRhB imprinted nanogels (SRhB-MIPs) in phosphate buffer

solution (20 mM, pH 7.2 or 9.0) was loaded in 1.45 mL ITC cell at 25 °C. In a syringe of 280 uL, SRhB
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(100 uM) in the same pH buffer solution was titrated into the cell (10 pL each time). The first aliquot
was used to correct volume errors on the first injection. The enthalpy (AH) and binding constant (Ka)
were obtained through fitting the titration curves to a one-site binding model using the Origin software.
The AG values were calculated using AG =-RTIn(Ka), where R is the gas constant, while AS was

calculated from AG =AH — TAS.

Results and discussion
MIP formulation

In this work, fluorescein and SRhB were chosen as the template molecules (Figure 1). They both have
high quantum yields, but emitting at different wavelengths. The emission of fluorescein is strongly pH
dependent, while SRhB is pH insensitive. Fluorescein fluoresces most strongly in the double
deprotonated state (pH >7.5), while the emission is significantly quenched by either single or double
protonation.*> On the other hand, SRhB cannot be protonated in the normal pH range (pKa ~ 1.5),*% and

is negatively charged at neutral pH.
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Figure 1. The structure of the two template molecules (SRhB and fluorescein) and the monomers and

crosslinker used in this study.

Out of the many commercially available acrylic monomers, the following were chosen. First, since we
intended to use precipitation polymerization to prepare nanogels, aside from acrylamide, a large fraction
of the monomer was NIPAAm (see Figure 1 for structure), which displays the low critical solution
temperature (LCST) property.** We prepare nanogels instead of monolithic gels to increase the surface
area of our materials. Second, both target molecules are negatively charged at neutral pH. To achieve
high binding affinity, cationic monomers are likely to be important for electrostatic attraction. Therefore,

DMAPMA and allylamine were also tested. For comparison, a negatively charged monomer (acrylic
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acid) was included as well. To achieve high specificity, we need to avoid too many positive charges.
Therefore, these cationic monomers were tested at relatively low concentrations. Finally, MBAAmM was

used as the crosslinker, which is commonly used for MIP preparation.

In this study, we first tested nine gel formulations (Table 1) using SRhB as the template. The
corresponding non-imprinted gel (NIP) were also prepared to determine the imprinting factor (IF). For
the NIP preparation, the SRhB template was not added during polymerization. By comparing MIP
formulations 1, 2 and 3 in Table 1, the IF increased with increasing percentage of acrylamide. This
suggests that acrylamide might involve in the functional part of the imprinting process, or at least it can
assist the arrangement of functional monomers. However, too much of acrylamide (e.g. 62 mol%) and
thus too low of NIPAAmM (20 mol%, MIP1) resulted in a low gel yield. From this study, 41 mol%
acrylamide was determined to be optimal (MIP2). Table 1 also shows that the gel yield is significantly
increased by using more crosslinkers MBAAmM (MIPs 2, 4 and 5). However, too much crosslinkers

resulted in a dense structure and lower IF. Therefore, we decided to use 16 mol% of the crosslinker.

Functional monomers are the most important part of MIPs. Table 1 indicates that MIPs containing 2 mol%
positive monomers with suitable crosslinkers and other monomers displayed a high IF and high yield
(MIP2, MIP6). On the other hand, negatively charged MIP7 showed a low IF, which can be rationalized
by electrostatic repulsion with the template. In addition, although cationic MIPs favored high IF, too
many positive charges also decreased the IF (e.g. comparing MIP2, 8 and 9). This is attributable to very
strong non-specific electrostatic attractions with the template. After considering all these factors, we

chose the MIP2 formulation for subsequent studies.



Table 1. Polymers formulation with different monomers tested for SRhB imprinting.

Functional monomers

Yield Imprinti
NIPAAM AAmM MBAAmM Acrylic
MIPs DMAPMA  Allylamine (Yow/w £ ng Factor
(mol%o) (mol%o) (mol%o) Acid
(mol%o) (mol%o) SD) (1F)
(mol%)
MIP1 20 62 16 2 0 0 24.6£1.3 1.87
MIP2 41 41 16 2 0 0 61.3+0.8 1.59
MIP3 62 20 16 2 0 0 58.7+1.1 1.24
MIP4 47 47 4 2 0 0 13.7£2.0 1.52
MIP5 34 34 30 2 0 0 63.5£1.9 1.12
MIP6 41 41 16 0 2 0 32.1+2.3 1.32
MIP7 41 41 16 0 0 2 19.75+1.2 1.03
MIP8 41 41 16 4 0 0 54.3+1.3 151
MIP9 41 41 16 8 0 0 49.7+0.7 1.25
NIP2 41 41 16 2 0 0 64.8+1.1 —

Gel characterization

Using our optimized gel formulation, we next prepared three batches of gels, respectively imprinted with
fluorescein, SRhB, or without any template. After extensively washing, the resulting gels have an
average size of 384 nm (NIPs), 389 nm (SRhB-MIPs) and 421 nm (fluorescein-MIPs) as characterized

by DLS (Figure 2A). These gels can be easily dispersed in water, forming a stable dispersion.

To understand their surface charge, {-potential was measured as a function of pH (Figure 2B). Since

DMAPMA is the only cationic monomer providing an amino group in the gels, ¢ -potential reflects its



protonation state. For all the three gels, the { -potential goes from positive to negative between pH 9 and

10, which is consistent with the pKa of DMAPMA being 9.2.%
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Figure 2. Characterization of the three types of nanogels by DLS. (A) Particle size distribution. (B) The

C-potential of the nanogels as a function of pH.

Rebinding kinetics

We next studied the rebinding Kinetics of the nanogels. To have a complete understanding, Nanogels
(SRhB-1, SRhB-2, SRhB-3) were prepared at different SRhB concentrations (5, 10 and 50 uM). The
rebinding kinetics for SRhB are shown in Figure 3. All the MIP gels showed half adsorption in ~10 min.
In comparison, the NIPs had a slower kinetics, reaching half saturation in ~30 min. The final adsorption

capacity is also doubled for the MIP gels. For the three template concentrations, the one with the lowest

template has the best rebinding performance.
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To rationalize the above results, we did the following calculations. The yield of synthesis was calculated
based on the dried gel product. With an average size of 384 nm, and a yield of 61.3%, the molar
concentration of the gel particles during synthesis was ~4.69 nM (e.g. dispersing 6.13 mg gel in 1 mL of
buffer). With 5 uM template, each gel has around 1000 SRhB molecules if all the SRhB molecules are
bound by the gels during synthesis. This appears to be an optimal density. When too many templates
were used, template dimers and multimers may form,*-48 and thus the gel may deviate from the intended

structure.

From this study we can also calculated the IF to be 1.59 for gel SRhB-1, where 5 uM template was used.
IF is defined as the ratio of rebound SRhB for the imprinted and non-imprinted gels. To achieve the best
imprinting efficiency, we chose to use 5 uM template for our subsequent experiments. For most of our
subsequent assays, we used 10 mg/mL of nanogel (the same concentration as synthesis), and 5 uM

SRhB, so that the rebinding condition was similar to the synthesis condition.
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Figure 3. Rebinding kinetics of the three types of MIPs and the NIPs (10 mg/mL) for 5 uM SRhB.
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Effect of pH

Since both template molecules are negatively charged at neutral pH, and the gel formulation contained a
cationic monomer, we suspect that pH might be important for rebinding. We next measured rebinding at
different pH’s. For the SRhB-templated gels, the rebinding efficiency was similar from pH 3 to pH 7.2
(the red bars, Figure 4A). Since the gels were made at pH 7.2 and the protonation state of the gel and the
template does not change in this pH range, the rebinding efficiency is not affected. Interestingly,
rebinding of SRhB to the NIP gels (black bars, Figure 4A) and to the gels imprinted with fluorescein
(blue bars, Figure 4A) decreased significantly at high pH. Therefore, the IF was significantly improved
at high pH (Figure 4C, red trace). Note that IF was calculated by the ratio of the red bars over the black
bars in Figure 4A. This is attributed to the deprotonation of DMAPMA, whose pKa is ~9.2. At high pH,
the gel became negatively charged to discourage non-specific SRhB binding. We conclude that the NIP

gels bind SRhB mainly through electrostatic interactions while MIP gels have other interactions.

For comparison, the fluorescein-templated gels were also prepared and tested at various pH (Figure 4B).
The highest rebinding efficiency of fluorescein took place at pH 7.2, where the gels were made and
binding decreased sharply on both sides. At each pH, the cognate template, fluorescein, has the highest

binding capacity.

The trend of IF change as a function of pH is completely inversed for the fluorescein imprinted gel
(Figure 4C, blue trace); the best IF is achieved at lower pH. Although the MIP binding is significantly
dropped at low pH, the NIP binding dropped even more (Figure 4B). For fluorescein, the effect of low
pH is attributed to the protonation of fluorescein. At slightly basic conditions, fluorescein exists as a
dianion with a high fluorescence quantum yield. Fluorescein has two pKa values at 6.4 and 4.3,
respectively. At pH 3, most fluorescein molecules are in the neutral form. The gel is positively charged

at lower pH. Therefore, it appears that as fluorescein loses its negative charge, its interactions with both
12



NIP and MIP were weakened, suggesting the importance of electrostatic interaction. Despite that, the
imprinted gel can still achieve a moderate binding based on other types of interactions, which likely are
stemmed from the imprinting process. It needs to be pointed out that while the IF is high for the
fluorescein-imprinted gels at low pH, the binding capacity is very low, making such gels less useful for

practical applications.

On the high pH end, fluorescein does not change its protonation state and the changes must be related to
the gel matrix (Figure 2B); that is the deprotonation of the DMAPMA monomer as discussed above. It is
also interesting to notice that while the imprinted gel has the highest binding capacity, the pH-dependent
trend is identical for all the three gels for fluorescein binding. Therefore, non-specific electrostatic

interactions are quite significant for the imprinting of fluorescein.

Attempts to improve IF by changing buffer conditions including pH was explored previously.?®3?

However, the highest IF achieved was still just ~3.0.2% % This can be explained by that the binding
capacity of both their MIPs and NIPs changed similarly as pH was varied.?® In our SRhB templated gels,
the MIP capacity was not affected while the NIP capacity significantly decreased, leading to a much
better IF at higher pH. This may be attributed to that we included a specific functional monomer
(DMAPMA, pKa ~9.2) in our gel formulation. At higher pH, non-specific charge interactions were more

efficiently reduced but the specific interactions in the MIPs still maintained.
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Figure 4. Effect of pH on rebinding efficiency of three types of nanogels for (A) SRhB and (B)

fluorescein. (C) The IFs of the SRhB-MIPs and fluorescein-MIPs as a function of pH.

ITC analysis

Since the IF of SRhB-imprinted gels was significantly improved at high pH, and the binding capacity
remained similarly high, tuning pH might be a useful way for improving MIPs. To understand the
thermodynamic basis for such an improvement, isothermal titration calorimetry (ITC) was conducted.
SRhB-imprinted gels were loaded into the ITC chamber and small volumes of SRhB were injected and

the released heat was followed (Figure 5A). We chose pH 9.0 and pH 7.2 for high and low pH,
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respectively. Fluorescein imprinted gels were not tested since the binding capacity was significantly

decreased at high or low pH.

As shown in Figure 5A, the SRhB-imprinted gels showed a similar heat release at both pH 7.2 and 9.0,
which is consistent with the fluorescence-based binding assays. On the other hand, the amount of heat
release was significantly lower for the NIP gels (Figure 5B). In particular, at pH 9.0, barely any heat was
released. The AH of SRhB-MIPs was around 24 kcal/mole (pH 7.2 and 9.0), while for the NIPs only 15
kcal/mole at pH 7.2 and 8 kcal/mole at pH 9.0. SRhB-MIPs also have higher binding affinity with a Ka
of 0.47x10° Mt at pH 7.2 and 0.29 x10° M at pH 9.0, which are much larger than those of the NIPs
(Table 2). Therefore, imprinting has created binding sites for SRhB that are enthalpy favored. It is
interesting to note that the entropy effect has largely compensated the gain made in the enthalpy term.
The results further proved our successful imprinting of SRhB-MIPs with higher affinity and capacity

from the thermodynamics aspect.

ITC has been used to characterize MIP binding in a few cases.**? For example, a special-designed
fluorescently-labeled MIP gave a Kaof 4.3x10° M (AG= -7.7 kcal/mole) by ITC when rebinding for
small template molecules.*® A protein-resemble MIP selectively rebinding its template yielded a AG= -
8.4 kcal/mole.®® ITC data for MIP binding were also used to discriminate epimeric disaccharides, in
which Ka= 0.025x10° M, AH= -8.92 kcal/mole for D-lactulose while K.= 0.058x10° M, AH=8.95
kcal/mole for D-lactose.>* These thermodynamic values are comparable with our ITC measurements. It
is interesting to note that binding performance by NIPs was rarely been studied by ITC. We herein
obtained a set of values for our NIPs (K,=0.0031x10°> M, AG= -3.3 kcal/mole), consistent with the

enhanced IFs.
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Figure 5. ITC titration curves obtained at 298.15 K for binding of SRhB-MIP nanogels (A) and NIP

nanogels (B) for SRhB in 20 mM phosphate buffer at pH 7.2 or 9.0. The original titration traces and the

integrated heat of each reaction are shown.
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Table 2. ITC binding data for sulforhodamine-B to SRhB-MIPs and NIPs at pH 7.2 and 9.0 phosphate

buffer 2.
Nanogels Ka AG AH -TAS N

(x10° M1 (kcal mol)  (kcal mol?) (kcal mol?)
SRhB-MIPs at pH7.2 0.47 £ 0.012 -6.4 -278+04 214 1.0+01
SRhB-MIPs at pH9.0 0.29 £ 0.005 -6.1 -26.1+£0.2 20.0 1.2+0.2
NIPs at pH7.2 0.064 + 0.007 -54 -17.7+£0.15 12.3 0.8+0.1
NIPs at pH9.0 0.0031 + 0.0006 -3.3 -8.3+0.08 5.0 0.65x0.1

2 The titrations were generally performed in duplicates and the errors between the runs were generally < 20%.

Binding isotherms

To further characterize gel binding, the adsorption isotherms of three nanogels were measured at pH 7.2.
The experimental data could fit to the Langmuir binding model (Figure 6). The fitting to a Langmuir
isotherm suggests that the binding is likely to be reversible and saturates at a monolayer capacity with
just a single type of binding site. This supports our fitting of ITC data using a single type of binding site
model. In all the cases, more adsorption was achieved with increasing of the target molecule
concentration. The maximal adsorption by the SRhB-MIPs was higher than that by the fluorescein-MIPs
and NIPs (Figure 6A), consistent with the IF difference. For adsorption of fluorescein (Figure 6B), the
maximal adsorption amounts by three nanogels showed a bigger difference than those for SRhB, in
which fluorescein-MIPs could reached at 15.8 uM while only around 6 pM for SRhB-MIPs and NIPs.
The dissociation constant from the isothermal study is 22.3 uM (SRhB for its imprinted gels), which is

consistent with the ITC-based measurement.
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Figure 6. Adsorption isotherms of three nanogels (10mg/mL) rebinding for (A) SRhB and (B)

fluorescein in 20 mM phosphate buffer (pH 7.2).

Conclusions

In this work, we prepared various types of nanogels by imprinting with SRhB, fluorescein, or without
any template. The rebinding efficiency and IF for the MIPs were significantly affected by the buffer pH.
At pH 9, non-specific electrostatic interactions between the template and SRhB-imprinted gels were
reduced, allowing a drastically improved IF to 7.4. This improvement was not accompanied by a
decrease in the binding capacity for the imprinted gels. ITC further determined the thermodynamic
parameters for these different gels at different pH values, indicating the dominating enthalpy effect. This
study indicates a promising way to engineer monomer composition and intermolecular forces for

improving MIPs.
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