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ABSTRACT: This work presents the use of photoactive Visible light

molecularly imprinted nanoparticles (MINs) to promote antibiotic

degradation under visible light irradiation. Prototype MINs for the

model antibiotic tetracycline (TC) were developed using molecular Photoseisticer 10 Degradation
dynamics simulations to predict the TC-binding capacity of seven 2 products
pre-polymerization mixtures. The studied formulations contained
varying proportions of functional monomers with diverse
physicochemical profiles, namely N-isopropylacrylamide Imprinted
(NIPAM), N-tert-butylacrylamide (TBAM), acrylic acid (AA),
and (N-(3-aminopropyl)methacrylamide hydrochloride) (APMA)
and a constant ratio of the cross-linker N,N’-methylene-bis- | Microplate well |
acrylamide (BIS). Two monomer formulations showed markedly
higher TC-binding capacities based on template—monomer interaction energies. These mixtures were used to synthesize photoactive
MINs by high-dilution radical polymerization, followed by the EDC/NHS conjugation with the organic photosensitizer toluidine
blue. MINs showed higher TC-binding capacities than non-imprinted nanoparticles (nINs) of identical composition. MINs and
nINs exhibited photodynamic activity under visible light irradiation, as confirmed by singlet oxygen generation experiments. TC
degradation was evaluated in 50 ymol L™" solutions placed in microplate wells containing immobilized nanoparticles and irradiated
with white LED light (150 W m™2) for 1 h at room temperature. Degradation followed pseudo-zero-order kinetics with accelerated
profiles in MIN-containing wells. Our findings suggest a key role of molecularly imprinted cavities in bringing TC closer to the
photosensitizing moieties, minimizing the loss of oxidative potential due to reactive oxygen species diffusion. This degradation
strategy can potentially extend to any organic pollutants for which MINs can be synthesized and opens valuable opportunities for
exploring novel applications for molecularly imprinted materials.

Molecularly

X Pollutant Q
Nanopartlcles

1. INTRODUCTION advantage of the specific binding capacity of molecularly
imprinted materials and the photodynamic activity conferred
by a surface-conjugated photosensitizer to promote the
photochemical degradation of a target compound near the
nanomaterial surface. To the best of our knowledge, this is the
first time this hypothesis is tested, thereby opening valuable
opportunities for MIN-based applications.

Molecularly imprinted materials are synthetic cross-linked
polymers capable of recognizing a molecular target or template
through specific binding sites created during the copolymeriza-
tion of functional monomers and a cross-linker around the
template. The target compound is removed at the end of the
process, leaving complementary cavities in size and shape.

Antibiotic pollution is a global threat to human, animal, and
environmental health due to the persistence and progressive
accumulation in water bodies, soil, and ecosystems world-
wide."” Tetracycline (TC) is one of the most commonly used
antibiotics due to its broad-spectrum activity, low price, high
efficacy, and versatility for human and veterinary applications
(Figure 1A). Yet, its poor degradability constitutes a significant
source of antibiotic pollution. Several methods for TC removal
have been developed, including biological and chemical
degradation and physical removal strategies.”* Photochemical
degradation is an advantageous strategy that uses UV radiation
and photosensitizing materials to generate reactive oxygen
species (ROS) that cleave TC into smaller fragments with less
harmful or nonhazardous effects.”™” TC does not degrade
under visible light, which is a relevant goal for developing
cheaper and milder experimental strategies for TC removal. To
contribute to this challenge, we present a novel strategy for TC
degradation based on photoactive molecularly imprinted
nanoparticles (MINs) (Figure 1B). This approach takes
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A C Functional monomers Computational modeling methods have emerged as relevant
» \)‘L )\ tools to assist the selection of functional monomers and their
z X ¥ appropriate ratios for the synthesis of molecularly imprinted
Tetracycline (TC) H  NIPAM materials.>>*? Major applications in this regard arise from
9 molecular dynamics (MD) simulations addressing the
- \/U\,‘QX structural and energetic aspects responsible for the preorgani-
B R Ho TBAM zation of functional monomers around the template, which are
visblelight ) \)‘L critical for the generation of molecularly imprinted cavities
) NN during the subsequent polymerization step. Short or in vacuum
Photosensitizer g" E Efféigfsmn o AR MD simulations have been used to evaluate monomer
'0, & \)kw/\/\w; arrangements in pre-polymerization complexes for diverse

D b APMIA molecular targets, such as creatinine,””
EeEEE D carbamate moieties,’® melamine,”’ acetamide,>® 17-f-estra-
(J O D Crosslinker diol,>”*° and norfloxacin,™ among others. Recently, more
O 9 0 realistic settings for MD simulations, including explicit solvent
> - _ ‘ \)kN/\Nk/ molecules, counterions, and multiple monomer compositions,
Microplate well U have been applied to address the recognition of various

Figure 1. (A) Structure of TC. (B) Schematic representation of the
proposed strategy for the degradation of TC in aqueous solution by
visible light irradiation via photoactive MINs. (C) Structures of the
functional monomers N-isopropylacrylamide (NIPAM), N-tert-
butylacrylamide (TBAM), acrylic acid (AA), and (N-(3-
aminopropyl)methacrylamide hydrochloride) (APMA), and the
cross-linker N,N'-methylene-bis-acrylamide (BIS).

Molecularly imprinted polymers have gained increasing
interest in sensing, separation, purification, and drug delivery
due to their high physical and chemical stability, low cost,
functional robustness, and ability to target structurally diverse
compounds, including TC and other antibiotics."’™>* Molec-
ularly imprinted materials aimed at TC removal or detection
have been obtained using acrylic or methacrylic acid as single
functional monomers'**~* or binary mixtures of acrylic or
methacrylic acid with acrylamide or vinylpyridine mono-
mers””* in combination with common cross-linkers like
ethylene glycol dimethacrylate, epichlorohydrin or TRIM.
Recently, an aptamer-cyclodextrin-based molecularly imprinted
polymer cross-linked with N,N’-methylene bis(acrylamide)
(MBA) was developed for tetracyclin separation.’’ An
unexplored aspect in this regard is customizing more complex
monomer mixtures to maximize the recognition potential
toward TC, which is relevant for developing molecularly
imprinted materials with high affinity and selectivity.

biomolecular targets, including monosaccharides,*” hor-
mones,” and proteins.“’45 These advances raise the
opportunity of using MD simulations to optimize the design
of molecularly imprinted materials for TC recognition, using
more complex and diverse monomer mixtures than those so far
reported experimentally to achieve binding sites with an
enhanced affinity toward the target.

To that aim, we conducted MD simulations in seven
prepolymerization mixtures for TC recognition containing
different proportions of functional monomers with diverse
physicochemical profiles, namely N-isopropylacrylamide
(NIPAM), N-tert-butylacrylamide (TBAM), acrylic acid
(AA), and (N-(3-aminopropyl)methacrylamide hydrochloride)
(APMA), and a constant ratio of the cross-linker N,N'-
methylene-bis-acrylamide (BIS) (Figure 1C). Two monomer
mixtures were selected based on template—monomer inter-
action energies calculated under the linear interaction energy
(LIE) approach. The chosen compositions were used to
synthesize MINs for TC binding via radical polymerization in
an aqueous medium. MINs were surface-modified with the
well-known photosensitizer toluidine blue via EDC/NHS
covalent coupling and characterized by dynamic light
scattering (DLS) and singlet oxygen generation experiments.
The prepared materials were immobilized onto polystyrene
microplate wells by physical adsorption and subjected to
rebinding assays that confirmed their higher TC binding
capacity over analogous non-imprinted nanoparticles (nINs),

Table 1. Composition of the Pre-Polymerization Systems Studied by MD Simulations”

mixture mixture components
100 monomers + cross-linkers 200 monomers + cross-linkers
AA NIPAM TBAM APMA BIS water AA NIPAM TBAM APMA BIS water
mo0 100 0 0 0 5 291 x 10* 200 0 0 0 10 3.53 x 10*
ml 0 40 40 15 5 2.35 x 10* 0 80 80 30 10 245 x 10*
m2 23 25 25 22 5 2.26 X 10* 45 50 50 45 10 2.18 x 10*
m3 15 40 40 0 5 2.30 x 10* 30 80 80 0 10 221 x 10*
m4 40 8 8 39 5 225 x 10* 80 15 15 80 10 220 x 10*
m$ 15 20 60 0 5 2.28 x 10* 30 40 120 0 10 2.37 x 10*
mé 15 60 20 0 5 2.29 x 10* 30 120 40 10 2.17 x 10*
m7 0 48 47 0 5 2.26 x 10* 0 95 95 0 10 2.13 x 10*

“Each system comprises one unit of the template (TC) surrounded by 100 or 200 units of monomers plus crosslinkers and a suitable number of
Na* or ClI” counterions to achieve charge neutrality. The number of water molecules is roughly similar among all systems. Monomer acronyms are
AA, acrylic acid; NIPAM, N-isopropylacrylamide; TBAm, N-tert-butylacrylamide; APMA, N-(3-aminopropyl)methacrylamide hydrochloride; BIS,

N,N'-methylene-bis-acrylamide.
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thus supporting the validity of our computational predictions.
The immobilized MINs were used in the photochemical
degradation of TC in aqueous solution under visible light
irradiation. TC degrades faster in MIN-containing wells,
confirming our working hypothesis.

2. MATERIALS AND METHODS

2.1. Reagents. TC, N-isopropylacrylamide (NIPAM), N-
tert-butylacrylamide (TBAm), N,N’-methylene-bis-acrylamide
(BIS), acrylic acid (AA), N-(3-aminopropyl)methacrylamide
hydrochloride (APMA), ammonium persulfate (APS),
N,N,N’,N’-tetramethylethylenediamine (TEMED), toluidine
blue O (TBO). N-Hydroxysuccinimide (NHS), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide HCl (EDC). Dialysis
bags (Merck Millipore), Singlet Oxygen Sensor Green
(SOSG) (Invitrogen). Reagents and solvents were analytical
or HPLC grade and used without further purification if not
otherwise specified.

2.2. Molecular Dynamics Simulations. Atomic coor-
dinates for the monomers NIPAM, TBAm, AA, APMA, and
the cross-linker BIS were obtained from geometry optimization
calculations at B3LYP/6-31G(d) level using the Gaussianl6
software.”® Coordinates for TC were obtained from the
crystallographic complex of the TtgR protein in complex with
TC with PDB code 2UXO."” The total charge of each species
was set to their preferred protonation states at pH 7.0. TC was
modeled as a zwitterion in which the secondary amine is
protonated and the phenol group of ring A is deprotonated
(Figure 1A). Simulation parameters consistent with the
GAFF?2 force field with AM1-BCC charges were obtained for
the template, monomers and cross-linker using the Ante-
chamber module of AmberTools20."**’ Seven prepolymeriza-
tion mixtures containing three or four functional monomers in
varying proportions plus a constant ratio of the cross-linker BIS
were assembled using the Packmol software (Table 1). An
eighth system containing AA as a single functional monomer
was added as a control. Each mixture was simulated at two
concentration conditions by keeping their monomer propor-
tions and varying the total number of monomers plus cross-
linker from 100 to 200 units. Mixtures were neutralized with
the proper number of counterions to achieve charge neutrality
and solvated with explicit OPC water molecules with a S A
solvation layer, resulting in 85 X 85 X 85 A’ systems. MD
simulations were carried out usin% the pmemd.CUDA software
in the AMBER20 package.””’ The simulation protocol
consisted of: (a) 1500 steepest descent minimization plus
3500 conjugate gradient minimization steps for water
relaxation, (b) 1500 steepest descent minimization steps
followed by 6500 conjugate gradient minimization steps for
the entire system, (c) 500 ps of progressive NVT heating from
0 to 300 K, (d) 10 ns of NPT equilibrium at 300 K to ensure
density equilibration, (e) 20 ns of NPT equilibrium at 300 K,
and finally (f) 300 ns of NPT production dynamics at 300 K
and 1 bar from which production data were collected. MD
simulations used a 10 A cutoff for non-bonded energy terms,
bonds involving hydrogen atoms were constrained using the
SHAKE algorithm, and long-range electrostatics were treated
using the Particle-Mesh Ewald approach. Trajectory analysis
was carried out using the CPPTRAJ>> and VMD®’ software.

2.3. MINs Synthesis. Two pre-polymerization mixtures
were experimentally assayed to obtain molecularly imprinted
(MINs) and nINs. Polymerization was carried out by mixing
0.02 mmol of TC with the appropriate quantities of functional

monomers (NIPAM, TBAm, AA, APM) and cross-linker (BIS)
in 20 mL of ultrapure water, as detailed in Table 2. Parallel

Table 2. Experimental Composition of the Monomer
Mixtures Used to Synthesize MINs and nINs for TC
Recognition

material name mixture composition (mmol)

AA NIPAM TBAM APMA BIS TC
MIN3 0.0510 0.136 0.136 0.000 0.0170 0.02
MIN4 0.136 0.0255 0.0255 0.136 0.0170 0.02
nIN3 0.0510 0.136 0.136 0.000 0.0170 0.02
nIN4 0.136 0.0255 0.0255 0.136 0.0170 0.02

mixtures were prepared in TC-free solutions for nINs
synthesis. Mixtures were stirred at room temperature for 1.0
h in glass vials and purged with an N, stream for 20 min.
Radical polymerization began after adding 0.100 mmol of APS
and 0.150 mmol of TEMED dissolved in ultrapure water. The
reaction proceeded for 12 h under shaking at 40.0 °C. Then,
1.0 mmol of EDC and 1.0 mmol of NHS were added to each
solution and stirred for 15 min, followed by toluidine blue
addition to a final concentration of 2.5 mmol/L. Systems were
stirred in the dark for 12 h and thoroughly dialyzed against
ultrapure water to remove TC and unreacted toluidine blue
from the obtained polymers (MINs and nINs). TC and
toluidine blue removal were monitored by measuring the
decrease in absorbance at 360 and 564 nm, respectively.

2.4. DLS Experiments. DLS measurements were con-
ducted in a Zetasizer Advance Lab device by Malvern
Analytical (Malvern, UK), equipped with an avalanche
photodiode detector and a He—Ne laser with a 4 mW output
at a wavelength of 633 nm. Polymer dispersions (MINs or
nINs) at 1.0 mg mL™" were sonicated at 40 kHz for S min and
filtered with a 0.45 pm syringe filter to 4.0 mL disposable
polystyrene cuvettes. Size measurements were conducted at 25
°C with a fixed scattering angle of 90°. The zeta potential was
determined with the same equipment, using disposable
DTS1070 folded capillary cells in the M3-PALS analysis with
a constant current zeta mode. Experiments were conducted in
triplicate (n = 3), with each replicate representing an average
of 25 and 100 measurements for DLS and zeta potential,
respectively.

2.5. TC Rebinding Assays. 200 uL of polymer dispersions
(MINs and nINs) at 0.1 mg mL™" concentration were placed
onto clean 12-well polystyrene plates and dried under constant
stirring at 37 °C in the dark. Treated wells were washed twice
with 100 yL of ultrapure water and 100 uL of ethanol and
filled with 200 uL aqueous solutions of TC 50 gmol L™ under
constant stirring in the dark at room temperature for 12 h.
Parallel experiments were conducted in nontreated (empty)
wells under identical conditions. Supernatant samples of 100
uL were taken from the treated and nontreated wells and
transferred to a clean 96-well microplate for UV-—vis
experiments using a POLARstar Omega microplate reader
(BMG Labtech, Germany). The remaining concentration of
TC in the supernatants was measured from the absorbance at
360 nm data and a previously validated calibration curve data.
Experiments were carried out in triplicate.

2.6. Singlet Oxygen Generation Experiments. 100 uL
of polymer dispersions (MINs and nINs) at 0.1 mg mL™’
concentration were placed onto clean black flat-bottom 96-well
plates and dried overnight at 37 °C. Treated wells were washed

https://doi.org/10.1021/acsomega.4c04550
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twice with 100 pL of ultrapure water and 100 uL of ethanol
and filled with 100 uL of an aqueous solution of the
commercial Singlet Oxygen Singlet Green (SOSG) sensor (5
umol L™"). Fluorescence intensity at t = 0 min was measured at
an excitation wavelength of 485 nm and an emission
wavelength of 520 nm. Microplate wells were then irradiated
for 30 min using a cold white LED lamp with maximum
emissions wavelengths of 450 and 550 nm and a radiation
intensity of 150 W m™2 Fluorescence intensity was measured
at S min intervals during the irradiation period at identical
excitation/emission wavelengths. Parallel experiments were
conducted using non-treated wells as control systems. All
experiments were carried out in triplicate.

2.7. TC Photodegradation Assays. 100 yL of polymer
dispersions (MINs and nINs) at 0.1 mg mL™" concentration
were placed onto clean transparent 96-well plates and dried
overnight at 37 °C. Treated wells were washed twice with 100
HuL of ultrapure water and 100 uL of ethanol and filled with
100 uL of TC S0 umol L' in ultrapure water. Parallel
experiments were conducted in nontreated wells for control
purposes. Microplate wells were irradiated for 60 min using a
white light LED lamp with a radiation intensity of 150 W m™>
(Figure S1). Absorbance spectra were monitored every 15 min
to evaluate the TC degradation. Additional TC photo-
degradation assays were conducted using TC SO pmol L™
solutions prepared in ultrapure water supplemented with
oxygen nanobubbles (ONBs). ONB-supplemented water was
produced with a NanoBubble Generator (Holly Technology,
China) that generates nanodiameter bubbles through a high-
pressure rotary flow transient release technology. ONBs were
produced for 20 min at 10 °C using a 4 L/min gas flow. The
nanobubble solution was stabilized for 10 min before use.

3. RESULTS

This work reports the rational design and experimental
evaluation of photoactive MINs to mediate the photochemical
degradation of TC in aqueous solution by visible light
irradiation. The rational design step aimed at setting the
optimal composition of the monomer mixture to achieve
molecularly imprinted cavities with high binding capacity
toward the target compound TC. To that aim, we conducted
molecular dynamics (MD) simulations in pre-polymerization
mixtures differing in monomer composition to identify the
monomer ratios that maximize the noncovalent interactions
with the template. These interactions will account for the
stability of pre-polymerization complexes in each formulation,
which are critical for the success of molecular imprinting.”*>

3.1. MD Simulations on Prepolymerization Mixtures.
MD simulations were carried out to evaluate the TC-binding
capacity of seven pre-polymerization mixtures (ml—m?7)
containing variable monomer types and ratios (Table 1). A
control system (m0), composed of acrylic acid (AA) as the
only functional monomer, was included in our study to
compare the TC-binding performance of ml-m7 with a
formulation that has been used in the literature for the
synthesis of molecularly imprinted polymers for TC recog-
nition.'”**™* Two monomer concentration conditions were
simulated for each formulation. To this end, we assembled
mixtures with either 100 (low monomer concentration) or 200
(high monomer concentration) monomer units surrounding
one template, keeping a constant volume (Figure 2). The
mixtures were completed by adding S or 10 cross-linker units
to low monomer concentration and high monomer concen-

Low monomer concentration

High monomer concentration

Figure 2. Representative input structures of the simulated pre-
polymerization mixtures in low and high monomer concentration
conditions. The systems were assembled by placing one TC unit at
the center of a cubic box and surrounding it with either 100 or 200
monomer units at ratios corresponding to the monomer formulations
detailed in Table 1. Systems were added with a constant cross-linker
ratio (BIS, orange) and solvated with explicit water molecules.
Functional monomers in the mixtures are depicted in different colors
(NIPAM, purple; TBAM, light blue; AA, yellow; APMA, green).

tration mixtures, respectively. The functional monomers
selected to conduct our study, namely N-isopropylacrylamide
(NIPAM), N-tert-butylacrylamide (TBAM), acrylic acid (AA),
and (N-(3-aminopropyl)methacrylamide hydrochloride)
(APMA), have different physicochemical profiles and rich
functionality for noncovalent interactions (Figure 1C).
NIPAM, TBAM, and APMA are polar monomers with
hydrogen bonding and van der Waals interaction capacities
through their amide and aliphatic functionalities, respectively.
AA and APMA possess charged moieties that can engage in
electrostatic interactions with the pre-polymerization mixture
and increase the hydrophilicity of the synthesized materials.
The aliphatic segments in NIPAM, TBAM and APMA will
reduce the polarity of the mixture and contribute to
hydrophobic interactions within the pre-polymerization
systems. Finally, the positively charged 3-aminopropyl moiety
of APMA can form cation—7 interactions with the aromatic
rings of TC. This functional diversity will translate into a
delicate interplay between monomer—monomer and tem-
plate—monomer interactions that will determine the stability of
the pre-polymerization complexes in different formulations.
MD simulations will provide molecular-level insight into this
interplay by describing the structural organization of monomer
mixtures around the template and the energetics of template—
monomer interactions.

MD trajectories were sampled for 300 ns (600 frames) in the
production phase to estimate the strength of template—
monomer interactions under the LIE approach. LIE energies
were calculated for each frame as the sum of the noncovalent
interactions between all atom pairs in the template and the
surrounding monomers, expressed as electrostatic (E..) and
van der Waals (E,4) contributions. Mean values for LIE
energy terms (E,qy, Eee. and Ey,) and their corresponding
standard deviations at low and high monomer concentration
conditions are reported in Figure 3. For E,y terms, the
mixtures m1—m?7 showed mean interaction energies close to
—4 kcal/mol (low monomer concentration) and —7 kcal/mol
(high monomer concentration) with minimum variations
among formulations but much lower values than the control
system mO (—1 to —2 kcal/mol). The strengthening of the
E.4v terms in m1—m?7 over mO arises from the presence of
aliphatic moieties in NIPAM, TBAM and APMA, which can
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Figure 3. Template-monomer interaction energies (kcal/mol) for seven prepolymerization mixtures (ml1—m?7) in two monomer concentration
conditions. The control mixture (m0) contains AA as the only functional monomer and was used to test the TC-binding capacity of the assayed
mixtures. The total interaction energy (E,,) was obtained as the sum of electrostatic (E,.) and van der Waals (E 4) contributions, calculated for
the interaction between the template (TC) and the surrounding monomers within a cutoff distance of 12 A. Data were obtained from the analysis

of 300 ns MD trajectories.

engage in stronger dispersive interactions with the template
than AA. On the other hand, E,,. showed marked variations
between mixtures at both monomer concentrations, with mean
values ranging from —2 to —15 kcal/mol (low monomer
concentration) and —3 to —30 kcal/mol (high monomer
concentration). These results reveal the sensitivity of electro-
static interactions to small changes in mixtures composition. At
low monomer concentration conditions, only m4 results in a
significant reduction of E,. (—15.2 + 1.0 kcal/mol) compared
with m0 (—7.5 + 0.7 kcal/mol). This mixture contains 40%
AA and 40% APMA, which are charged monomers that can
engage in attractive electrostatic interactions with polar
moieties of the template. This mixture also contains minor
proportions of NIPAM and TBAM, which contribute to E,.
through amide moieties capable of hydrogen bonding. This
suggests that E,.. drives the binding to the template in m4 at
low monomer concentration conditions, with a major
contribution of charged monomers in interplay with neutral
polar monomers. At high monomer concentration conditions,
ml (—22.4 + 1.3 kcal/mol) and m3 (—29.4 + 1.4 kcal/mol)
have more favorable E,;,. terms than the control m0 (—11.9 +
0.9 kcal/mol), whereas other mixtures show weakened
electrostatic interactions arising from the screening of

elec
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electrostatic interactions by concentration. In these conditions,
the mixtures m1 and m3 with higher proportions of neutral
monomers NIPAM (40%) and TBAM (40%), and minor
ratios of charged monomers (AA or APMA) show the best
interaction performance with the template. Overall, the total
interaction energy (E,,) terms show similar trends to Eg,. at
both monomer concentration conditions and suggest the
potential of ml, m3, and m4 as suitable formulations to
achieve more favorable intermolecular interactions with the
template and, thereby, more stable pre-polymerization
complexes. However, only m3 and m4 have AA in their
composition, which is critical for our experimental design to
enable the covalent conjugation of the photosensitizer on the
nanomaterial surface. Thereby, m1 was discarded for further
consideration.

Structural analysis of the pre-polymerization complexes
formed in the most promissory mixtures revealed that
electrostatic interactions in m4 (low monomer concentration)
are mostly driven by the cationic monomer APMA, which
interacts with carbonyl moieties of the template through its 3-
aminopropyl side chain at heteroatomic distances ~2—3 A,
consistent with hydrogen bond formation (Figure 4). On the
other hand, AA interacts with the cationic N,N-dimethylamino
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Figure 4. Close-up of pre-polymerization complexes sampled from
300 ns MD simulations in mixtures m4 (low monomer concen-
tration) and m3 (high monomer concentration). For m4, the
structures show the electrostatic contacts mediated by APMA and AA
with polar moieties of the template. For m3, the selected snapshot
shows the involvement of NIPAM and TBAM in hydrophobic
contacts with the template. The template TC is displayed in ball-and-
stick representations, whereas the functional monomers APMA, AA,
NIPAM, and TBAM are shown as line representations. For better
visualization, water molecules and other interacting monomers in each
snapshot were not shown.

group of TC throughout the simulated MD trajectory. In the
case of m3 (high monomer concentration), the increased
NIPAM and TBAM ratios translate into stronger van der
Waals interactions between their hydrophobic side chains and
the TC as major driving forces for the pre-polymerization
complexes in this mixture.

Additional information regarding the imprinting capacity of
the tested formulations was obtained by measuring the extent
to which the monomer mixture organizes around the template
to form pre-polymerization complexes in each MD trajectory.
To this end, we calculated the monomer shell as the sum of
monomer or cross-linker units interacting with the template at
distances < 10 A in each simulation frame. Figure S reports the
monomer shell distributions for the mixtures m0—m?7 at two
monomer concentration conditions. Our findings revealed that
ml—m7 have denser monomer shells (i.e., mean values shifted
to a higher number of monomers surrounding the template)
than mO, which suggests better imprinting capacities than the
control formulation. Nevertheless, no significant differences in

the monomer shell distributions among ml—m7 were
observed at both monomer concentration conditions despite
their differential energetic profiles regarding template—
monomer interaction energies (Figure 3). This analysis
supports the decisive role of the energetics of pre-polymer-
ization complex formation in differentiating the molecular
imprinting potential of monomer mixtures with different
compositions. Based on these considerations, we chose the
mixtures m4 and m3 to continue with the synthesis and
experimental evaluation of photoactive MINs synthesis with
the dual capacity of binding TC and promoting its degradation
under visible light irradiation, as detailed in the following
section.

3.2. Synthesis and Characterization of Photoactive
MINs. MINs were synthesized via high-dilution radical
polymerization in an aqueous medium using monomer feed
ratios corresponding to mixtures m3 and m4 (Table 2).
Parallel polymerization reactions were carried out in template-
free mixtures to obtain nINs of identical composition to MINSs.
The crude polymers were surface conjugated with an organic
photosensitizer to achieve photoactive materials. To that aim,
we chose toluidine blue (TOL), which is a cheap, highly
soluble, nontoxic, and well-characterized cationic thiazine dye
that generates high yields of singlet oxygen ('O,) in aqueous
solution under visible light irradiation (4,,,, = 628—633 nm)
with a type-II photosensitization mechanism.*® TOL has been
extensively used in photodynamic applications either in
solution or as part of conjugated nanomaterials, and thereby
it is a proven choice to confer photodynamic properties to our
molecularly imprinted and non-imprinted materials.””’ ~*° TOL
conjugation was achieved through its aromatic amino moiety
via EDC/NHS coupling with the carboxyl side chain of AA
within the polymers (Figure 6A). The conjugated materials
were thoroughly purified by dialysis to remove the template,
unreacted monomers, low molecular weight oligomers, the
fraction of non-conjugated TOL, and other reaction by-
products. Our final products were aqueous dispersions of two
MINs (MIN3 and MIN4) and their non-imprinted counter-
parts (nIN3 and nIN4) at concentrations ranging from 0.44—
1.18 mg mL™" with estimated TOL loadings of ~10% in
weight.

The polymer dispersions were characterized by DLS
experiments, which confirmed the nanoscale dimensions of
both molecularly imprinted and non-imprinted materials.
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o 20 o
10 o o o o ) o Z g
o o o
o o o - o o o o o
— 8 o o o o o ) — 15 o T _o_ _ T _o_
[} [9] ° —
< - T T T - T | <
(9] w o
— 6 —
Q Q
£ e 10
o 2 |- ~
= =
2 |
0 - = = = ==+ 0 - 4= = = 4= =
mO0 ml m2 m3 m4d m5 mé6 m7 m0O ml m2 m3 m4d m5 mé m7

Mixture

Mixture

Figure 5. Monomer shell distributions calculated for pre-polymerization mixtures m0—m?7 in two monomer concentration conditions. Monomer
shells were calculated as the sum of monomer (NIPAM, TBAM, AA, APMA) or cross-linker (BIS) units interacting with the template (TC) at
distances <10 A throughout 600 frames retrieved from 300 ns MD simulations.
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Figure 6. (A) Schematic illustration for the surface conjugation of MINs with toluidine blue (TOL) via EDC/NHS coupling to achieve photoactive
MINS. An identical procedure was applied to obtain TOL-conjugated nINs with identical composition to MINs. (B) Nanoparticle size distribution
obtained from DLS experiments for aqueous dispersions of photoactive MINs (MIN3 and MIN4) and non-imprinted counterparts (nIN3 and
nIN4). Data is reported as the average of three independent measurements. (C) Polydispersity indexes obtained from DLS experiments for
photoactive MINs (MIN3 and MIN4) and non-imprinted counterparts (nIN3 and nIN4). (D) Average zeta potential (mV) for photoactive MINs
(MIN3 and MIN4) and non-imprinted counterparts (nIN3 and nIN4). Mean values obtained from three independent measurements and their

corresponding standard deviations are reported.

Mean nanoparticle diameters ranged from 180 to 260 nm for
MINs and 129-324 nm for nINS (Figure 6B). These
dimensions ensure high surface areas per mass unit, required
for rebinding the template in subsequent experiments.’'
Polydispersity indexes (PI) indicate narrow molecular weight
distributions, with PI values ranging between 0.05 and 0.29 for
MINs and nINs (Figure 6C). These values are consistent with
the expected outcomes of high-dilution polymerization in
nanopolymer synthesis.”” The prepared nanomaterials have
negative zeta potentials ranging from —24 to —34 mV. These
magnitudes account for moderate-to-high dispersion stabilities
with low aggregation propensity due to strong electrostatic
repulsions between equally charged nanoparticles.””** Electro-
static repulsion will counter the natural tendency of polymeric
nanoparticles to aggregate due to van der Waals interactions,
which will translate into dispersion stability over time. These
findings are encouraging to continue with the next step in our
rational design strategy, in which the nanoparticles will be
tested for their ability to rebind the template and generate
reactive oxygen species under visible light irradiation, as
detailed in the following sections.

3.3. TC Rebinding Tests. Aqueous dispersions of the
polymeric nanoparticles MIN3, MIN4, nIN3, and nIN4 at
identical volumes and concentrations (200 yL, 0.1 mg mL™")
were placed into polystyrene microplate wells and carefully
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dried to immobilize the nanomaterials by physical adsorption
on the microplate surface. The immobilized nanoparticles were
washed with ethanol to remove any residual template or
unconjugated photosensitizer that may have remained after the
dialysis purification process. The nanomaterials were then
contacted with TC 50 pmol L™ solutions to evaluate their
capacity to rebind the template. The percentage of TC
rebinding was calculated by measuring the residual TC content
in the supernatant solution after 12 h of contact. In this regard,
it is worth reminding that TC can bind to either MINs or
nINs, as both polymeric materials share identical monomeric
components with chemically diverse functional groups capable
of engaging in nonspecific electrostatic, hydrogen bonding, van
der Waals and 7-interactions with the template. Nevertheless,
the molecularly imprinted cavities on the MINs surface are
expected to enhance the TC rebinding capacity of these
materials over non-imprinted counterparts. Our findings
confirmed this prediction, showing that MIN3 (38%) and
MIN4 (45%) have higher TC rebinding percentages than their
corresponding non-imprinted materials nIN3 (16%) and nIN4
(12%) (Figure 7). A large variability between independent
experiments was observed for MIN3 and nIN4, which was
attributed to the heterogeneous distribution of immobilized
nanoparticles on the microplate well surfaces and the potential
washout loss of weakly immobilized nanopolymers. These
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Figure 7. Template rebinding assays for immobilized MINs and
nINS. Nanoparticles were immobilized onto polystyrene microplate
wells and contacted with TC 50 umol L™ solutions for 12 h. The
percentage of TC rebinding was calculated by measuring the
remaining TC content in the supernatant solution. Experiments
were carried out in triplicate. Percentages are reported as mean values
with their corresponding standard deviations.

limitations will be addressed in our future studies to maximize
the adsorption efficiency and homogeneity of the immobiliza-
tion process.

3.4. Singlet Oxygen Generation Experiments. Singlet
oxygen generation experiments were carried out to test the
photodynamic activity of the polymeric nanomaterials (MIN3,
MIN4, nIN3, and nIN4) under visible light irradiation. Singlet
oxygen is the primary reactive oxygen species (ROS) that is
expected from type-II photosensitizers like TOL. Therefore,
we focused our interest in this species to account for the
capacity of the nanomaterials to trigger oxidative processes
after being irradiated. Experiments were conducted in black-
bottom microplate wells where the nanoparticles MIN3,
MIN4, nIN3, and nIN4 were physically immobilized. Before
conducting the assays, the wells were carefully washed with
ethanol to remove any remnant of non-conjugated TOL. The
immobilized nanomaterials were contacted with an aqueous
solution of the commercial singlet oxygen detection sensor
(SOSG) and irradiated with a visible light LED lamp (150 W

m~?) for 60 min. The emission spectrum of the LED light
source shows a maximum irradiance peak at around 600 nm,
which ensures the photoexcitation of the photosensitizer
(Figure S1). The singlet oxygen production in each well was
followed by fluorescence intensity measurements (excitation
wavelength of 485 nm and emission wavelength of 520 nm) at
increasing irradiation times (Figure 8A). Our findings revealed
that MINs and nINS have similar singlet oxygen generation
capacities arising from equivalent TOL conjugation ratios.
Therefore, molecularly imprinted and non-imprinted nanoma-
terials can trigger oxidative processes under visible light
irradiation. Parallel experiments with the commercial HPF
sensor for hydroxyl radical detection revealed a minor
production of this species under identical irradiation
conditions, confirming the predominant role of singlet oxygen
as the major photodynamic product for MINs and nINs
(Figure 8B).

3.5. TC Degradation Mediated by Photoactive MINs.
Photoactive polymeric nanomaterials were tested for their
ability to promote TC degradation under visible light
irradiation. In this regard, the imprinted cavities in MIN3
and MIN4 are expected to enhance degradation by bringing
the template close to the photosensitizer moieties, maximizing
the oxidative potential of the generated ROS. TC degradation
experiments were carried out in polystyrene microplates
containing immobilized nanoparticles (MIN3, MIN4, nIN3,
and nIN4). The wells were carefully washed with ethanol to
remove any impurities, as was done in the previous
experiments, and contacted with TC S0 pmol L™" solutions.
The systems were irradiated with a visible light LED lamp (150
W m™2) for 60 min, and the remaining TC concentration in
solution was followed by UV—vis spectra measurements at 15
min intervals (Figure S2). Control experiments were
conducted in nanoparticle-free wells to measure the extent of
TC photodegradation without photoactive materials. Degra-
dation profiles were built from absorbance variation at A,
(360 nm) as a function of the irradiation time (Figure 9A).
Our findings revealed that TC degraded faster and to a larger
extent in wells containing molecularly imprinted materials
MIN3 (29%) and MIN4 (57%) than in systems treated with
analogous non-imprinted counterparts nIN3 (23%) and nIN4
(25%), whereas minimum degradation was detected in control
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Figure 8. Singlet oxygen (A) and hydroxyl radical (B) generation experiments for molecularly imprinted (MIN3 and MIN3) and non-molecularly
imprinted (nIN3, nIN4) nanoparticles. Experiments were conducted in microplate wells containing immobilized nanoparticles, irradiated with
visible LED light for 60 min. The release of singlet oxygen and hydroxyl radical was followed by fluorescence intensity measurements using the
commercial sensors SOSG and HPF, respectively. Experiments were carried out in triplicate.
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Figure 9. (A) TC degradation profiles measured from the absorbance (4,4, = 360 nm) variation of TC 50 gmol L™" solutions in contact with
molecularly imprinted (MIN3 and MIN4) and non-molecularly imprinted (nIN3 and nIN4) nanoparticles as a function of the irradiation time.
Control experiments were conducted with TC 50 ymol L™" in nanoparticle-free wells under identical irradiation conditions. All experiments were
carried out in triplicate. (B) TC degradation profiles for TC 50 ymol L™" solutions supplemented with oxygen nanobubbles (ONB). Solutions were
contacted with immobilized polymeric nanoparticles (MIN3, MIN4, nIN3, and nIN4) and irradiated with a visible light LED lamp (150 W m™2)
for 60 min. Control experiments were carried out in nanoparticle-free wells under identical irradiation conditions. All experiments were performed

in triplicate.

systems (<10%). Degradation profiles followed pseudozero-
order kinetics, which suggests that reaction rates are limited by
the binding of TC at active sites on the nanomaterial surface,
where maximum ROS concentrations are expected (Table 3).

Table 3. Pseudo-Zero-Order Kinetic Constants k, (nM
s!) for TC Degradation Under Visible Light Irradiation
Assisted by Molecularly Imprinted (MIN3 and MIN4) and
Non-Imprinted (nIN3 and nIN4) Nanoparticles”

maximum TC degradation Fnax

system ke, (nM s71) (%) (min)
control <10% 60
nIN3 6.3 23+ 5 60
nIN4 7.1 25 + 11 60
MIN3 8.4 29 £ 11 60
MIN4 16.5 57+ 11 60
ONB (control) 23.0 84 + 4 60
nIN3 + ONB 21.7 81+5 60
nIN4 + ONB 26.2 94 + 3 60
MIN3 + ONB 339 >95% 45
MIN4 + ONB 101 >95% 15

“Maximum TC degradation (%) is the highest percentage of TC
degradation achieved at t,,,, < 60 min, starting with TC 50 pmol L™!
solutions. ONB stands for experiments conducted in TC solutions
supplemented with oxygen nanobubbles.

Thereby, the enhanced degradation efficiency by MIN3 and
MIN4 can be attributed to the specific binding of TC at
molecularly imprinted cavities, minimizing the loss of oxidative
potential due to ROS diffusion or deactivation.””*® MIN4
showed a better performance in promoting TC than MIN3, in
line with the TC rebinding capacity of these nanomaterials
(Figure 7). Regarding degradation products, literature reports
have shown that the oxidative processes triggered by singlet
oxygen and other ROS result in low molecular weight nontoxic
compounds.””~* The proposed degradation pathways involve
the oxidation of the N,N-dimethyl group into a carbonyl
derivative and the subsequent removal of the amide moiety in
ring A, followed by subsequent ring fragmentations.””~*
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To further test the degradation efficacy mediated by
photoactive polymeric nanoparticles, we conducted additional
photodegradation experiments using TC solutions supple-
mented with oxygen nanobubbles (ONBs). ONBs are stable
nanoscale aggregates of molecular oxygen with intrinsic
photodynamic activity and promissory applications as
enhancers of advanced oxidation processes without secondary
pollution effects at minimal costs.””~’* ONBs have been
reported to improve the photodegradation of antibiotic
pollutants such as oxytetracycline under visible light through
“high mass transfer and generation of reactive radicals during
the nanobubble collapse” including hydroxyl radical, super-
oxide radical, and singlet oxygen.”” ONBs have also been
reported to interact strongly with positive nanoparticles by
nucleation at the solid—liquid interface.”®”” This evidence
offers the opportunity to test whether ONBs can synergize
with MINs to achieve higher TC degradation ratios. To this
end, we prepared fresh TC 50 mmol L™ solutions using ONB-
supplemented water and placed them in microplate wells
containing immobilized nanoparticles (MIN3, MIN4, nIN3,
and nIN4). Control experiments were conducted in nano-
particle-free wells with ONB-supplemented TC solutions.
Systems were irradiated under identical conditions to previous
photodegradation experiments for 60 min. TC degradation
profiles confirmed the intrinsic oxidative potential of ONBs,
which achieved a maximum degradation of 84% at 60 min of
irradiation (Figure 9B). Solutions contacted with nIN3 (81%)
showed almost identical degradation profiles to the control,
while nIN4 (94%) exhibited a slightly higher degradation
efficacy. On the other hand, MIN3 (>95%) and MIN4 (>95%)
showed almost complete degradation ratios at irradiation times
significantly shorter than the control. In solutions contacted
with MIN3, the maximum TC degradation was achieved at 45
min of irradiation, whereas in systems contacted with MIN4,
TC degradation took only 15 min to take place completely.
These findings confirm the synergism between MINs and
ONBs and represent a significant advancement compared to
recent studies on the photocatalytic degradation of TC under
visible light. For instance, the use of Cu,O—TiO, nanotubes
has achieved the complete removal of TC in water after 60 min
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of irradiation.®” Other reports using titania, black anatase, or
titania dopped with acetylene black, and persulfate have shown
degradation efficacies close to ~60% with irradiation times
ranging from 60 to 240 min®®7%7?

4. CONCLUSIONS

Molecular dynamics simulations guided the selection of
monomer formulations to develop molecularly imprinted
nanoparticles for TC binding. Template-monomer interaction
energies resulted in significant variations within different
monomer formulations, which supports the sensitivity of
force field-based intermolecular interaction calculations to
small changes in mixture composition. Template-monomer
interaction energies also responded to concentration changes,
accounting for the screening of electrostatic contacts at high
monomer concentration conditions. The formulations with the
highest theoretical potential resulted in molecularly imprinted
nanomaterials with higher TC binding capacities than non-
imprinted counterparts of identical composition. This supports
the relevance of the template-shaped cavities in enhancing the
interaction with TC over nonspecific interactions with the
polymer components. Molecularly imprinted and non-
imprinted nanoparticles have photodynamic activity under
visible light irradiation, provided by surface conjugation with
an organic photosensitizer. The dual capacity of molecularly
imprinted nanopolymers to bind TC and release reactive
oxygen species under visible light irradiation potentiates the
degradation of the template by minimizing the loss of oxidative
power due to diffusion. These materials synergize with oxygen
nanobubbles in promoting TC degradation by visible light,
which highlights the potential of MIP-based photodegradation
strategies to address any other pollutant for which molecular
imprinting is achievable.
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