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ABSTRACT: Enzyme-mimicking nanomaterials (nanozymes)
are more cost-effective and robust than protein enzymes, but
they lack specificity. Herein, molecularly imprinted polymers
were grown on Fe30snanozymes with peroxidase-like activity
to create substrate binding pockets. Electron microscopy con-
firmed a shell of nanogel. By imprinting with an adsorbed
substrate, moderate specificity was achieved with neutral
monomers. Further introducing charged monomers led to
nearly 100-fold specificity for the imprinted substrate over
the non-imprinted compared to that of bare Fe30a4. Selective
substrate binding was further confirmed by isothermal titra-
tion calorimetry. The same method was also successfully ap-
plied for imprinting on gold nanoparticles (peroxidase mim-
ics) and nanoceria (oxidase mimics). Molecular imprinting
furthers the functional enzyme mimicking aspect of
nanozymes, and such hybrid materials will find applications
in biosensor development, separation, environmental remedi-
ation, and drug delivery.

Introduction

Nanozymes refer to nanomaterials that catalyze enzyme-like
reactions under near physiological conditions.!7 With much
higher stability and lower cost than protein enzymes,
nanozymes are attractive for various applications ranging
from biosensor development,8-11 environmental
remediation,’213 to nanomedicine.1419 In the past few dec-
ades, a diverse range of nanomaterials were discovered with
oxidase,?11.2021 peroxidase,122-24 catalase,?> superoxide dis-
mutase,2¢ and laccase mimicking activities.2”

While most previous work focused on catalytic activity,
substrate specificity of nanozymes has yet to be addressed.
Nanozymes do not have a substrate binding pocket, a feature
of most natural enzymes. Since nanozymes’ reactions take
place on their surfaces, substrates diffused to the surface can
all react regardless of their shape and charge. Therefore, most
nanozymes can turnover a diverse range of substrates. Sub-
strate specificity is an important feature of enzymes, enabling
its molecular recognition function. As such, a critical step to-
wards real enzyme mimics is to engineer substrate binding
pockets. Many methods can be potentially used, such as at-
taching aptamers, peptides, or antibodies.28 Using these bio-
logical ligands, however, defeats the cost and stability ad-
vantages of nanozymes.

Molecularly imprinted polymers (MIPs) are created by
polymerizing monomers around a template molecule.2® The
chosen monomers often complement to the property of the
template to form pre-polymer binding complexes.30-32 Upon
polymerization, the template is imprinted by the crosslinked
polymer matrix. After removing the template, a cavity is then
produced for rebinding the template. MIPs are also called

plastic antibodies to highlight their specific binding and cost-
effective polymeric nature.3334 We reason that MIPs might be
ideal for creating substrate binding cavities on nanozymes
since both can be prepared at a large scale and low cost.35-38

Molecular imprinting was previously performed on an
esterase mimic to increase catalytic activity,3° and also on a
DNA-based enzyme.0 In those cases, a covalent linkage was
made between the enzymes and the MIPs. For nanozymes,
covalent grafting MIPs is more difficult and entrapment is
preferred. We herein grew MIPs on three classic nanozymes
with peroxidase and oxidase like activities. This simple meth-
od has achieved remarkable specificity as well as activity en-
hancement.

Materials and Methods

Chemicals. 3,3’,5,5’-tetramethylbenzidine (TMB) was pur-
chased form Sigma-Aldrich (St Louis, USA) and dissolved in
dimethyl sulfoxide (DMSO) to generate a freshly prepared
stock solution (100 mM). 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulfonic ~ acid)diammonium salt
(ABTS), dopamine hydrochloride, hydrogen peroxide (30
wt%) and all the acrylic monomers were also purchased from
Sigma-Aldrich and dissolved freshly in water. Sodium chlo-
ride, sodium acetate, sodium dodecyl sulfate (SDS), acetic
acid, and 4-(2-hydroxyethyl) piperazine-1-ethanesulfonate
(HEPES) were from Mandel Scientific (Guelph, ON). Milli-Q
water was used for all the experiments.

Preparation of Fe304+ NPs and Other Nanozymes. Fe304 nano-
particles (NPs) were prepared following literature reported
methods.#! FeClz (0.2 M, 1.0 mL) and FeCls solutions (0.1 M,
4.0 mL) were mixed under nitrogen gas, to which aqueous
ammonia (0.2 M, 15 mL) was added drop-wise under stirring.
The mixture was heated at 80 °C for 1 h under nitrogen. After
cooling to room temperature, the resulting Fe304 NPs were
washed by Milli-Q water until the supernatant was clear (final
yield: 70.3%). Gold nanoparticles (AuNPs, 13 nm) were syn-
thesized using the citrate reduction procedures with a con-
centration of ~10 nM.#2 Nanoceria (CeOz, size ~5 nm, 20 wt%
dispersed in 2.5% acetic acid from Sigma-Aldrich, catalog
number 289744) was diluted in buffer A (20 mM acetate, pH
4.0) for use.

Imprinting on nanozymes. All the imprinted nanogels were
prepared using the aqueous precipitation polymerization
method. In a typical reaction, Fe3O4 NPs (60 pg/mL) and a
substrate to be imprinted (1 mM) were mixed in buffer B (20
mM HEPES, pH 7.6) for 30 min under N2. Acrylamide (2.9 mg,
42 pmol), N-isopropylacrylamide (NIPAAm) (4.6 mg, 42
umol), N,N’-methylenebisacrylamide (MBAAm as crosslinker)
(2.4 mg, 16 umol) and SDS (0.8 mg) were dissolved in 0.5 mL
buffer B to prepare a monomer solution. For the charged gels,
a function monomer, N-[3-
(dimethylamino)propyl|methacrylamide (DMPA), or 2-
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acrylamido-2-methyl-1-propanesulfonic acid (AMPS) (10
umol) was also included in the monomer solution. The struc-
tures of the monomers are in Figure S1, Supporting Infor-
mation. After purging the monomer solutions with Nz for 1 h,
polymerization was initiated by adding ammonium persulfate
(0.2 mg) and tetramethyl-ethylenediamine (0.3 pL). The
monomer and the Fe3Os-containing solutions were mixed
after 20 min of initiation. The final reaction volume was
standardized to 1 mL. The reaction was continued for 8 h at
room temperature under nitrogen. The resulting imprinted
gels were collected by centrifugation at 5,000 rpm for 10 min.
Then 1 mM H:02 was added to react with the imprinted sub-
strates so they can be easily removed by subsequent washing
using Milli-Q water. UV-vis spectroscopy was used to confirm
fully washed nanogels. The imprinted gels were lyophilized
for 24 h and weighed to determine the reaction yield. The
nanogels were imprinted on AuNPs (10 nM) and nanoceria
(100 pg/mL) using the same method. Non-imprinted nanogels
(NIPs) were also prepared in the same way except that no
substrate template was added. The incorporation efficiency of
Fe304 NPs in nanogels were measured by comparing the UV-
Vis peak at 400 nm (due to Fes04 NPs) of the supernatant
after imprinting (indicative of non-incorporated NPs) and that
of the free Fe304 NPs (60 pg/mL) before imprinting.

ICP-MS. To measure the Fez04 concentration in the nanogels,
different nanogels (5 mg/mL) were dissolved in 5 % (w/v)
nitric acid overnight. The dissolved solutions were then cen-
trifuged at 15 000 rpm for 10 min and then filtered using 0.45
um filters to remove the gel shells. Its iron concentration was
measured by inductively-coupled plasma-mass spectrometry
(ICP-MS, Thermo Fisher Xseries II).

TEM, SEM, EDX and DLS. The size and morphology of the
nanogels were studied using transmission electron microsco-
py (TEM, Philips CM10). A gel dispersion (200 pg/mL) was
drop-cast onto a copper grid and allowed to dry overnight at
room temperature. For SEM, lyophilized samples were
dropped on a conductive carbon tape for imaging using a LEO
FESEM 1530 field-emission scanning electron microscope
equipped with an EDAX Pegasus 1200 energy-dispersive X-
ray analysis system (EDX). The size and {-potential of nano-
gels (50 pg/mL) were measured by dynamic light scattering
(DLS) on a Zetasizer Nano ZS90 (Malvern) at 25 °C in buffer A.

ITC. ITC was performed using a VP-ITC microcalorimeter (Mi-
croCal). Prior to measurement, each solution was degassed to
remove air bubbles. The nanogels (5 mg/mL) dispersed in
buffer A (containing 1 % v/v DMSO) was loaded in a 1.45 mL
ITC cell at 25 °C. ABTS or TMB (280 pL, 2 mM) in the same
buffer was titrated into the cell (20 puL each time, except for
the first injection of 2 pL). The enthalpy (4A4) and binding
constant (Ka) were obtained through fitting the titration
curves to a one-site binding model. The Ka values were calcu-
lated from 1/Ka and 4G = —RTIn(Ka), where R is the gas con-
stant. 4Swas calculated from 4G = AH — TAS.

Activity assays. For a typical peroxidation reaction, a substrate
(0.5 mM) was mixed with free Fe304 NPs (50 pg/mL) or im-
printed nanogels (~5 mg/mL gel containing 50 pg/mL Fe304)
in buffer A. The absorbance of the oxidization products (652
nm for TMB, 420 nm for ABTS, and 480 nm for dopamine)
was followed after adding 10 mM H:0: using an Agilent
8453A spectrometer at 25 °C. To measure the enzyme param-
eters, various concentrations of substrates (0.05, 0.1, 0.2, 0.3,
0.4, 0.5, 0.75, 1 mM) were used. The UV absorbance, 4, was
then converted to concentrations ¢ through Beer's law: 4 =
ecl (e=39 000, 36 800, and 3058 M-1 cm-! for the products of
TMB, ABTS, and dopamine, respectively; /is the pathlength of
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1 cm). The background oxidation was subtracted for all the
kinetics. The oxidation rates (V) were obtained by fitting a
straight line to the initial linear region of the kinetic curves.
Vinax and Km were obtained by fitting the data with the Michae-
lis-Menten equation: V' = Vnax [S]/ (Km + [S]), and Acar was
calculated from Vmax = kcat [E], where [S] and [E] are the con-
centrations of substrates and nanozyme respectively. With 50
pg/mL of Fe304 NPs, its molar concentration is 1.1 nM based
on 30 nm diameter. The oxidation reactions by other
nanozymes and their imprinted gels (nanoceria, 100 pg/mL;
AuNPs, 10 nM) were tested in the same way.

Results and Discussion

Fe30s+ NPs as a peroxidase-mimicking nanozyme. Iron oxide
NPs are among the first reported nanozymes with peroxidase-
like activity.! We chose it because of its robust activity and
excellent biocompatibility. We prepared Fe304NPs using the
hydrothermal method.#! To confirm its peroxidase-like activi-
ty, we respectively mixed TMB and ABTS substrates with the
Fe304NPs and H202. A blue color was observed with TMB, and
green color with ABTS, indicating both were oxidized (Figure
1A). Without the Fe3s04NPs, no color change occurred for ei-
ther compound, indicating the catalytic role of Fe3Oa4. If H202
was omitted, no color occurred with Fe304 NPs alone either,
confirming Fe304 was a peroxidase-mimicking nanozyme.
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Figure 1. (A) Photographs showing the activity and specificity
of (A) Fe304NPs, (B) T-MIPneg and (C) A-MIPpos nanogels for
oxidation of TMB and ABTS with or without H202. Fe304 NPs
(50 pg/mlL, free or in nanogels) were used in all experiments
oxidizing 0.5 mM substrates with 10 mM H20: in buffer A (20
mM acetate, pH 4.0 ) for 30 min at room temperature. (D) A
scheme of imprinting TMB on Fe304 NPs.

Imprinting on Fe30s4 NPs. Since Fe30s NPs can oxidize both
TMB and ABTS in the presence of H202, it has poor substrate
specificity. We hope to imprint substrate binding pockets on
Fe304 NPs to selectively oxidize only one of them. To achieve
this, we need to confirm that TMB and ABTS can be adsorbed
on Fe304 NPs. We measured the C-potential of free Fes04 NPs
to be -18.5 mV (Figure 2A). Adding positively charged TMB
shifted the charge to -11.2 mV, suggesting TMB adsorption.
The negatively charged ABTS further decreased the charge of
Fes0s, also suggesting adsorption. Therefore, at least a frac-
tion of the added substrates were adsorbed by the Fe304 NPs
to enable surface imprinting.

After confirming adsorption, we then added acrylamide
and NIPAAm as monomers and MBAAm as a crosslinker to the
Fe304 NPs and TMB (or ABTS) mixture. Note that H202 was

2
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omitted to avoid oxidation. After adding initiators, this system
underwent precipitation polymerization to yield nanogels.!2
The substrate template was then washed away to create bind-
ing pockets as shown in Figure 1D. A TEM micrograph of our
Fe304NPs is shown in Figure 2B. The average particle size is
~30 nm (Figure S2) and they appear aggregated. The catalytic
activity of Fes3Os relies on its native oxide surface and we
avoided strong surface capping ligands during synthesis,
which can explain the relatively large size distribution and
tendency to aggregate (see Table S1 for more discussion on
the synthesis).

After imprinting, the nanogel products appeared quite
irregular under TEM likely due to drying in air (Figure 2C).
The gel size distribution based on TEM was between 150-250
nm (Figure S3A). By zooming in on each particle, a darker
feature in the middle indicative of a Fe3Os4 NP core can be
identified (inset of Figure 2C). From dynamic light scattering
(DLS), these nanogels were well dispersed in water with an
average hydrodynamic size of ~200 nm (Figure S4). This is
consistent with our TEM data, suggesting drying on the TEM
grid did not significantly shrinking the nanogels on the xy
plane likely due to its sticky gel nature. The polydispersity
index (PDI) was ~0.3 for imprinted nanogels, which is signifi-
cantly larger than that of the free nanogels without a Fe304
core (PDI ~0.1). Therefore, polymerization on the NPs has
broadened the size distribution of the nanogels.

A
. 0
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=
I
=
c
Q
B
2 Fe;0,4 NPs
1
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E " cka
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£
5 6k
O 4 Ka
2k Fe La
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0°357 65
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Figure 2. (A) C-potential of free Fe304 NPs in buffer B (20 mM
HEPES buffer, pH 7.6) and after adding 1 mM TMB or ABTS.
TEM micrographs of (B) free Fes04 NPs and (C) T-MIP nano-
gels. Inset of (C): a zoomed-in micrograph of a single nanogel
showing the Fe304 NP core. (D) An SEM micrograph of a T-
MIP nanogel and (E) its EDX elemental spectrum on the ana-
lyzed area defined by the red square. The gel was lyophilized
to maintain its shape in (D), while the gel in (C) was dried on
a TEM grid in air.

To further characterize the nanogels, SEM was measured
on lyophilized samples (Figure 2D) showing the iron oxide
core entrapped in the gel. The EDX spectrum indicates the
presence of iron along with carbon, nitrogen and oxygen (Fig-
ure 2E). Our Fe304 NPs appeared brown with an absorption
peak at 400 nm, which allowed us to measure its concentra-
tion (Figure S5). The iron incorporation efficiency in the
nanogels was 83 + 8 % by monitoring the 400 nm absorption
peak. This is consistent with that determined by ICP-MS (81 +
7 %) after dissolving the Fes04 NPs by nitric acid (Figure S6).
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It is quite interesting that polymerization occurred around
Fes04 NPs. This suggests that the monomers were also favor-
ably adsorbed on the surface. The TMB and ABTS imprinted
gels are named T-MIP and A-MIP, respectively. In addition, we
also prepared the same nanogel but in the absence of TMB or
ABTS. These negative control gels are named NIP for non-
imprinted polymers (still containing the Fe304 core).

Imprinting enhances catalytic activity. After preparing these
imprinted nanozymes, we next measured their activity. All the
nanogels were standardized using UV-vis spectroscopy to
contain the same concentration of Fe304 (50 pg/mL) regard-
less of free Fe304 NPs or nanogels. When TMB was catalyzed
by free Fe304NPs for 30 min, the absorption peak of the oxi-
dation product at 652 nm reached 0.13 (Figure 3A, black
trace). Next, the non-imprinted NIP sample was tested, and it
has a similar activity (red trace). The gel layer might create a
barrier for substrate accessibility, and one may expect de-
creased activity. Our results suggest that the gel was quite
porous allowing efficient substrate diffusion to the surface.
Therefore, the gel shell has no adverse influence on activity.
Surface modification of nanozymes can sometimes even en-
hance activity. For example, Fan et a/ attached histidine to
Fe304 NPs increasing its peroxidase-like activity by 20-fold.*3
We adsorbed fluoride on nanoceria increasing its oxidase-like
turnover by nearly 100-fold.1! Shen et a/prepared MIP around
TiO2 photocatalyst also showing enhanced activity.12

After measuring these control samples, the TMB-
imprinted nanogel (T-MIP) was then tested for TMB oxida-
tion. It showed an increased absorbance reaching 0.23 (blue
trace). Therefore, imprinted enhanced the activity by about
one-fold. We next compared their reaction kinetics (Figure
3B), and a similar conclusion was obtained.

A — Fe,0, B 04 _ repo,
= — NIP
= 031 — rmip
8
@ o 02
] Q
_/\ <01l
0.0 v T T T 1 0.0
550 600 650 700 750 0 20 40 60
4 (nm) £ (min)
(o D 41 —
=101 ™™mP €3 S
< - < =45 |
E E 2 d Fes;0
34
205 21/
N = > 11/
. NP ) T-MIP
0.0k . . . AMIP 04; . ) ; . .
00 02 04 06 08 1.0 00 02 04 06 08 10
[TMB] (mM) [ABTS] (mM)
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< g] T™B T o] ABTS
2 ®] oxigation 2507 Oxidation
»w 6 F‘w
5 % 40
< 4 =
£ £
<) % 201
37 3
Fes0,  T-MIP A-MIP Fes0; T-MIP  A-MIP

Figure 3. (A) UV-vis spectra after 30 min of TMB oxidation and
(B) its kinetics monitored at 652 nm by free Fe304 NPs, NIP
and T-MIP nanogels. Catalytic rates with various concentra-
tions of (C) TMB and (D) ABTS by the free Fe304 NPs and dif-
ferent nanogels. The free Fe304 NPs and all the nanogels (~5
mg/mL) have the same concentration of Fe304 (50 pg/mL).
All the reactions were with 10 mM H202in buffer A at 25 °C.
The catalytic efficiency (kcat/Km) of free Fe3Os NPs and the

3



©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEMDRAMDIMBAEADIAEMDIMNDMNWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOURRWNRPOOO~NOUORRWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODWN

Journal of the American Chemical Society

two imprinted gels (T-MIP and A-MIP) for oxidizing (E) TMB
and (F) ABTS.

To test generality, we also imprinted with ABTS and the
resulting nanogels are called A-MIP. Different from cationic
TMB, ABTS is negatively charged. In this case, the A-MIP
nanogel has an oxidation rate of 0.047 min-1, 2.4-fold faster
than that of the free Fe304 NPs (0.020 min-?, Figure S7). Over-
all, the imprinted nanogels moderately enhanced the catalytic
activity of Fe3s04 NPs for its imprinted target.

We next measured the rates of the nanozymes at various
substrate concentrations to obtain enzyme parameters (Fig-
ure 3C, D). Based on the Michaelis-Menten model, their cata-
lytic parameters are summarized in Table 1. The At of T-MIP
nanogel (15.0 s) is more than twice that of free Fe304 NPs
and A-MIP when oxidizing TMB. The T-MIP also has the high-
est affinity for TMB as indicated from its smallest An of 218
uM. For oxidizing ABTS, the A-MIP gel has the highest activity
and affinity. Overall, the catalytic efficiency has enhanced to-
wards their template targets by imprinting.

Table 1. Catalytic parameters of the free Fe304 NPs and the
imprinted nanogels for oxidation of TMB and ABTS.[al

Vimnax ke K Keat/Km
Sub. Enzyme (M (s-;) G mM) (102st
min-1) H uM1)
0.43 7.1 295
Fe304 +0.04 +04 +30 2.4 +0.02
0.36 6.0 266
NIP +0.03 +03 +26 2.2£005
0.9 15.0 218
T-MIP 6.8+ 0.4
TMB +0.04 +0.4 +24
3.4 56.1 150
T-MiPneg 402 +17 +18 377 £2.5
03 5.0 316
A-MIP 001 008 + 28 1.6+0.1
0.2 33 493
A-MIPpos £004  +02 +26 0.7£01
2.1 35.0 270
FesO +0.1 +08 +34 129411
NIP 1.9 316 267 11.8 +
+0.2 +18 +28 0.03
0.7 116 302
T-MIP +0.05 +0.2 +26 38106
ABTS
0.4 6.6 360 +
T-MIPneg 40,06 +02 30 1.8+ 0.02
42 70.1 135
A-MIP +0.2 +18 +22 518+68
6.5 1083 93 116.4 +
A-MIPpos 402 +17 +10 95

[al Vinax is the maximal reaction velocity, A is the catalytic constant,
Kear = Vinax/[E], the [E] is the molar concentration of Fe304 NPs (1.1
nM), and K is the Michaelis constant.

Imprinting enhances specificity. The enhance activity may lead
to better specificity, which is the main goal of the current
work. Next we measured specificity by also reacting the T-MIP
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gel with ABTS, and A-MIP with TMB. In general, the non-
template substrate has lower activity than the template, (e.g.
compare the orange and blue lines in Figure 3C, D). Therefore,
with this simple imprinting process, substrate specificity was
achieved.

To quantify specificity, we compared their catalytic effi-
ciency Kcat/ Km.*4 T-MIP has 2.8-fold higher of At/ Am (6.8 X10-
2 51 uM-1) than that of bare Fe304 (2.4 X102 s-1 uM-1, Figure
3E). When oxidizing ABTS, the same gel showed ~3 times
lower At/ Km than bare Fe30s (Figure 3F). Similarly, the A-
MIP has 4-fold higher specificity than bare Fe304 for oxidizing
ABTS (Figure 3F), but 1.5-fold lower for oxidizing TMB (Fig-
ure 3E). Overall, imprinting using neutral acrylamide and
NIPAAm as monomers achieved moderate selectivity.

Charged monomers drastically improve specificity and activity.
Encouraged by the above results, we aimed to further im-
prove imprinting by incorporating charged monomers, since
TMB carries a positive charge and ABTS carries a negative
charge. For this purpose, cationic DMPA or anionic AMPS was
chosen as part of the monomer mixtures (Figure 4A). We then
measured the zeta-potential of the resulting gels (Figure 4B).
With more DMPA added, the gels became more positively
charged, while AMPS has increased the negative charges, indi-
cating that these monomers were successfully incorporated
into the final nanogels. The charged nanogels were also larger
(698 + 21 nm), more than 3 times that of the non-charged
ones (202 = 19 nm, Figure S4). These charged gels swell more
because of osmotic pressure and electrostatic repulsion relat-
ed to the polyelectrolyte backbone.#5-47
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Figure 4. (A) The structure of the substrates and charged
monomers. (B) The effect of charged monomers on the (-
potential of the nanogels (50 ug/mL gels measured in buffer A
at 25 °C). The kinetics of TMB (0.5 mM) oxidation monitored
at 652 nm by the T-MIP nanogels containing 0-10 mM of (C)
DMPA or (D) AMPS. (E, F) The kinetics of ABTS (0.5 mM) oxi-
dation by the A-MIP nanogels containing charged monomers
measured at 420 mm. All the nanogels in the activity tests
were ~5 mg/mL containing same concentration of Fez04 (50
pg/mL) with 10 mM H20:2 in buffer A at 25 °C.
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We next measured the activity of these charged nanogels.
The activity of TMB imprinted nanogels for TMB oxidation
dropped with more cationic DMPA added, since imprinting
cationic TMB was disfavored by the cationic monomer (Figure
4C). On the other hand, its rate of TMB oxidation enhanced
with more anionic AMPS incorporated (Figure 4D). Similarly,
when ABTS was used for imprinting, cationic DMPA increased
its oxidation rate (Figure 4E), while AMPS decreased it (Fig-
ure 4F). Therefore, charged monomers can further modulate
the activity and thus specificity.

For the samples we tested so far, those with 10 mM
charged monomers had the best activity for the oppositely
charged template. Therefore, we used them for further stud-
ies. The TMB imprinted nanogels are named T-MIPneg if con-
taining anionic AMPS, and named T-MIPpos if containing cati-
onic DMPA. Those imprinted gels with ABTS are named in a
similar way but starting with ‘A-. Next, we quantitatively
measured their kinetic parameters (Figure 54, B), and the kcat
and Am values are presented in Table 1.
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Figure 5. Catalytic rates in the presence of various concentra-
tions of (A) TMB and (B) ABTS substrates by the free Fe304
NPs and different nanogels. The catalytic specificity (&cat/Km)
of free Fe3s04 NPs and the four imprinted nanogels for oxidiz-
ing (C) TMB and (D) ABTS. The fold of specificity enhance-
ment of (E) bare Fes04 NPs, T-MIP, T-MIPneg oxidizing TMB
over ABTS and (F) bare Fe3s04 NPs, A-MIP, A-MIPpos oxidizing
ABTS over TMB. The enhancement was calculated using nor-
malized Acat/ Km of oxidizing TMB divided that oxidizing ABTS.

Using TMB oxidation as an example, the ke value in-
creased by 7.9-fold with the T-MIPneg gel compared to that
with free Fe304, while the A-MIPpos gel even suppressed the
activity by ~50%. At the same time, the An dropped by 50%
for the T-MIPneg, suggesting even tighter substrate binding.
We plotted Acat/ Km of these imprinted nanozymes to compare
enzyme specificity (Figure 5C and 5D). The T-MIPneg has the
best catalytic efficiency, 15-fold higher than that of the bare
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Fe304 NPs, much better than the 3-fold improvement for the
T-MIP gel without the negative AMPS monomer (Figure 5C).
At the same time, the T-MIPneg has the least efficiency for
ABTS oxidation (Figure 5D). The same trend was also ob-
served for the A-MIPpos gel. In the best case, the selectivity
for TMB over ABTS using the T-MIPneg nanogel is 98-fold
(Figure 5E), while the selectivity for ABTS over TMB using the
A-MIPpos is 33-fold (Figure 5F). These results are reflected
from visual colorimetric tests showing we can now selectively
oxidize either substrate by tuning monomer composition and
imprinting (Figure 1B and C).

Binding thermodynamics. The above measurements were per-
formed only using activity assays. The significantly enhanced
specificity suggests successfully engineered substrate binding
pockets. To further confirm this, and to understand the ther-
modynamics of binding, isothermal titration calorimetry (ITC)
was employed. In this experiment, TMB or ABTS was gradual-
ly titrated into the imprinted or non-imprinted nanogels, and
the amount of heat released was recorded as a function of
time (Figure 6, top panels). Most reactions released heat,
which was favorable for binding. The binding site of the nano-
gels is ~0.4 mM as determined by UV spectroscopy after im-
printing. By integrating the heat (the lower panels), we direct-
ly calculated the enthalpy and dissociation constant, AG, of the
reaction. Then the AG and ASwere calculated. These thermo-
dynamic values are listed in Table 2.
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Figure 6. ITC traces at 298 K for binding TMB or ABTS by (4,
B) T-MIP, (C, D) T-MIPneg, (E, F) A-MIP and (G, H) A-MIPpos
nanogels. TMB and ABTS (2 mM) and the nanogels (5.0
mg/mL) were dispersed in buffer A with 1% v/v DMSO. The
original titration traces (top) and the integrated heat (below)
of each reaction are shown.

The T-MIP nanogels released more heat with a stronger
affinity for binding TMB (Figure 6A, Ka = 27 uM) than binding
ABTS (Figure 6B, A« = 142 pM) indicating enhanced bind
specificity through imprinting. After incorporating charged
monomers (T-MIPneg, Figure 6C and D), the binding specifici-
ty was significantly enhanced with the highest heat released
and strongest affinity for TMB (Figure 6C, Aa = 20 uM) over
ABTS (Figure 6D, no measurable binding). For ABTS imprint-
ed gels (A-MIP and A-MIPpos), more favorable binding to
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ABTS was also observed (Figure 6E-H, Table 2). In general,
charged monomers led to more heat release (e.g. enthalpy
change). Imprinting can enhance binding affinity and selectiv-
ity to the imprinted substrates, and charged monomers fur-
ther improve specificity, which explains the enhanced
nanozyme specificity after imprinting.

Table 2. The thermodynamic parameters of the imprinted gels
calculated from ITC.

Subs.  Gel Ka Ky AG AH AS
samples (><104 (uM) (kcal (kcal (cal K
M7 mol™") mol™") 'mol™)
T-MIP 3.6 27.8 -6.1 -1.8 14.8
+0.2 1.5 +0.1
T-MIPneg 4.8 20.8 -6.3 -2.7 12.4
— +0.2 +0.8 +0.2
A-MIP 0.8 125.0 -5.3 -1.2 13.8
+0.1 +15.9 +0.1
A-MIPpos L - - 0.3 -
+0.02
T-MIP 0.7 142.8 -5.2 -1.3 13.2
+0.06 +12.4 +0.05
T-MIPneg - - - -0.2 -
+0.01
ABTS
A-MIP 3.9 25.6 -6.2 -2.6 12.2
+0.2 1.3 +0.1
A-MIPpos 5.7 17.5 -6.4 -3.2 11.0
+0.5 1.6 +0.3

Notes: ® The binding data were obtained using a one-site binding model. °
Binding (K. < 1000 M™") was not detectable by ITC.

Imprinting on other nanozymes. So far, all our work was fo-
cused on Fes04 NPs. To test the generality of this approach,
we next tried two more nanozymes: nanoceria (CeOz) mim-
icking oxidase activity,204849 and AuNPs mimicking peroxi-
dase.5051 Different from Fe304 NPs, nanoceria can oxidize TMB
and ABTS in the absence of H20: (e.g. oxidase). Therefore,
these substrates are oxidized upon mixing with nanoceria,
making it difficult for imprinting. Fortunately, the optimal pH
for nanoceria is at pH 4.20 Indeed, we confirmed that
nanoceria is essentially non-active at pH 7.6 (20 mM HEPES,
nitrogen atmosphere) (Figure S8), allowing imprint on
nanoceria at pH 7.6.

These imprinted nanoceria containing gels also have a size
of ~210 nm similar to that of Fe3s04 containing nanogels (Fig-
ure S9), indicating that the growth of the gel is quite inde-
pendent of the core composition. The morphology of the
nanoceria imprinted gels were characterized by TEM (Figure
7A), confirming the presence of the nanozyme core. Then we
measured the activity of oxidizing TMB by free nanoceria and
by different nanogels (Figure 7C). After imprinting, the activi-
ty of nanoceria increased by ~1.7-fold with T-MIP and more
than 3-fold with T-MIPneg containing AMPS (Figure 7C). At
the same time, these gels suppressed the for ABTS oxidation
(Figure S10A) indicating the substrate selectivity was also
achieved for nanoceria after imprinting.

Fe304 and nanoceria are both metal oxides, and we next
tested a different type of material, AuNPs, which are also pe-
roxidase mimics requiring H202.5051 We respectively imprint-
ed 13 nm AuNPs with two substrates: TMB and dopamine.
ABTS was not used since AuNPs cannot oxidize ABTS in the
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presence of H202. The dopamine imprinted nanogels were
named using the same method starting with ‘D-". The gels
were also characterized by TEM confirming incorporation of
AuNPs (Figure 7B). The enhanced activity and specificity was
also observed (Figure 7D and Figure S10B). For example, the
T-MIPneg showed the highest enhancement of 2.9-fold com-
pared to free AuNPs. Since dopamine has a positive charge in
the test condition (pH 4.0), its best activity was observed with
the D-MIPneg (Figure S10B).
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Figure 7. TEM micrographs of (A) nanoceria and (B) AuNPs
imprinted T-MIP nanogels. The inserts are zoomed in pictures
of single nanogels. Oxidation of TMB by (C) free nanoceria
(100 pg/mL), (B) AuNPs (10 nM) and different gels measured
at 652 nm. All the gels (~5 mg/mL) have same concentration
of CeOzor the AuNPs. All the measurements were in buffer A
at 25 °C.

We have so far tested three nanozymes covering two types
of materials (metal and metal oxide), two types of activities
(oxidase and peroxidase), and three types of substrates (TMB,
ABTS and dopamine), all showing a consistent effect of mo-
lecular imprinting. These results indicate that molecular im-
printing is a general method for enhancing activity and speci-
ficity. Molecular imprinting was previously performed on TiO2
to remove toxic pollutants, but specificity was not tested.12.35
38 Some protein enzymes such as the horseradish peroxidase
(HRP) are quite non-specific and it accepts a broad range of
substrates.52 For example, HRP has a Am of 434 uM for
TMB,153and 138 pM for ABTS, and the catalytic efficiencies for
these two substrates are similar.5* Using a similarly non-
specific peroxidase mimicking Fe304, we demonstrated excel-
lent specificity even better than some natural enzymes. For
example, the Am of T-MIPneg for TMB is 2.9-fold lower than
that of HRP, and the An of A-MIPpos for ABTS is also 1.5-fold
lower (Table 1). The improvement in specificity (defined by
keat/ Kn) is even more significant.

In other cases, however, our ~100-fold selectivity still falls
behind natural enzymes. Enzymes use a suite of mechanisms
to achieve exquisite specificity, such as uniform and well-
defined substrate binding pockets, proofreading, and dynamic
conformational changes. As the first step here, we only im-
printed the substrate shape with simple electrostatic modula-
tion in this case. There is a lot more to learn from nature in
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future work by also incorporating other molecular recogni-
tion mechanisms.

Conclusions.

Nanozymes promise to provide functional mimics of en-
zymes using cost-effective and robust inorganic materials. By
using similarly cost-effective and robust MIPs, we solved an
intrinsic problem of the nanozyme: lack of specificity. With
molecular imprinting, we successfully engineered substrate
binding pockets on three different nanozymes. By incorporat-
ing functional monomers with charges, the activity and speci-
ficity were further improved. Under optimal conditions, speci-
ficity can reach ~100 fold. Selective substrate binding was
confirmed by ITC and its thermodynamic parameters were
obtained for fundamental insights. With good enzyme speci-
ficity, more advanced applications of nanozymes can be real-
ized, including biosensors with the MIP layer as receptors,
selective destruction of disease causing molecules and envi-
ronmental contaminants, and delivery of therapeutic agents.
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