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ABSTRACT: The responsive interfaces formed by thermotropic
liquid crystals (LC) and aqueous phases have been utilized in
reactive and catalytic applications, yet their utilization in enzymatic
studies has been dominated by natural enzymes. We introduced
fullerene-based enzyme mimics and investigated the enzyme
mimic-chemistry-dependent response characteristics of LC—
aqueous interfaces. We employed hydrophilic and hydrophobic
modifications to the fullerene-based enzyme mimics and
performed structure and response characterizations of the LC—
aqueous interfaces for tracking aqueous-phase catalytic hydrolysis
of p-nitrophenyl acetate (pNPA) in solutions in contact with
nematic 4-pentyl-4’-cyanobiphenyl (SCB) droplets. Polarized light
microscopy revealed temporal SCB droplet configuration changes
upon substrate hydrolysis, while interfacial tension measurements and UV—vis spectrophotometry provided insight into adsorption
characteristics, interfacial structuration, and reaction kinetics. Our findings demonstrated two distinct interfacial structuring: the
enzyme-immobilized interfaces and the interfaces formed with the adsorption—desorption equilibrium of enzyme mimics. We
showed that the tailored modifications of fullerene-based enzyme mimics significantly influenced the LC responsiveness toward
enzymatic pNPA hydrolysis. The design flexibility of fullerene-based enzyme mimics allows for fine-tuned control of interfacial
properties, significantly improves LC sensitivity, and promises to advance synthetic enzyme designs for use in biochemical sensing,
environmental monitoring, and diagnostic technologies.
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1. INTRODUCTION functional natural enzymes at the highly energetic LC—
aqueous interface; thus, the enzymatic degradation of these
adsorbed molecules can be investigated by adding natural
enzymes to the aqueous phase. Recent progress has expanded
LC sensing to monitor dynamic catalytic and photocatalytic
systems, such as the UV light-driven photo-oxidation of 4-
pentyl-4’-cyanobiphenyl (SCB) into 4’-cyano-4-biphenylcar-
boxylic acid (CBCA) on anatase (101) surfaces, where the
photocatalytic transformation induces detectable ordering
transitions and thus enables the readout of the catalytic
activity.”' Recently, we showed that nematic LCs can monitor
chemical changes in bulk reactions during the hydrolysis of
para-nitrophenyl acetate (pNPA), catalyzed by synthetic
enzyme mimics, which were histidine and serine conjugated
fullerenol structures (F—HS).”> We demonstrated that the

Thermotropic liquid crystal (LC)—aqueous interfaces are
powerful platforms for detecting molecular events through
their fluidic and optical properties, which act as “optical
amplifiers” for interfacial molecular events.'”> Configured
mainly as planar films or LC droplets, these platforms enable
versatile chemical and biological detection.”” Some examples
include surfactants, lipids, polymers, DNA, and peptides that
induce optically unique LC configurations resulting from their
strong interfacial interactions, inducing an alignment
change.”™"" Studies also report real-time LC ordering changes
through enzymatic reactions, including phospholipase A2-
catalyzed hydrolysis.'”~"> A range of other natural enzymes, for
example phospholipase C, phospholipase D, lipases, cellulases,
a-glucosidases, catalases, and ureases, have been investigated at
LC—aqueous interfaces, where their catalytic activities were
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induce LC orientation changes.lz_lé"lé’17 This reliance
potentially resulted from the difficulty of immobilizing
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Figure 1. (a) Molecular structures of the enzyme mimics and substrate used in the study: i. fullerenol—serine (F—S), ii. fullerenol—histidine—serine
(F—HS), iii. fullerenol—serine—m-PEG; (F—S—PEG), iv. fullerenol—serine—dodecyl Amine (F—S—C12), v. 4-Cyano-4"-pentylbiphenyl (5CB), vi.
p-Nitrophenyl acetate (pNPA). (b) Brightfield (left) and polarized light microscopy (middle) images of three SCB droplets, depicting bipolar,
preradial, and radial configurations, as shown in the sketch (right). (c) Configuration distribution of SCB droplets dispersed in PBS, 0.4 mM pNPA
solution, and 0.2 mg/mL solutions of F—HS, F—S, F—S—PEG, and F—S—C12 enzyme mimics (n = 3). (d) Configuration distribution of SCB
droplets dispersed in 0.2 mg/mL of F—S—PEG solutions before and after dilution to 0.05 mg/mL with PBS solution (n = 3). Reference data
reflects the configuration frequency distribution of the SCB droplets dispersed directly in 0.05 mg/mL F—S—PEG solution (n = 3). (e)
Configuration distribution of SCB droplets dispersed in 0.2 mg/mL of F—S—C12 solutions before and after dilution to 0.05 mg/mL with PBS
solution (1 = 3). Reference data reflects the configuration frequency distribution of the SCB droplets dispersed directly in 0.0S mg/mL F—S—C12

solution (n = 3).

nematic LC droplets enable the tracking of the enzymatic
activity of the stable, covalently bonded structure of the
fullerene-based enzyme mimics, without influencing their bulk
kinetics.”* In this work, we sought to extend the capabilities of
the fullerene-based enzyme mimic platform by chemical
modifications—via PEGylation and alkylation—to control
their interactions with the substrates at the LC—aqueous
interface. By investigating these chemical modifications, we
take an initial step toward developing a versatile and enhanced
sensing platform.

Natural enzymes are characterized by complex three-
dimensional structural arrangements that demand precise
structural motifs to preserve catalytic activity under specific

physiological conditions.”>** Conversely, synthetic enzyme

22799

mimics have emerged as versatile alternatives to mimic
enzymatic activity by using simplified, minimal systems that
depend on carefully designed spatial arrangements and self-
assembly processes driven by secondary interactions such as
electrostatic forces, hydrogen bonding, and peptide organ-
»>7% Among these examples, the robust platform of
fullerene and fullerenol derivatives serves potential for enzyme
mimicry purposes through chemical modifications that enable

ization.

their functionality in photodynamic therapy, electrochemical
biosensing, and related biological fields; such modifications
include PEGylation, which enhances both solubility and
reactivity.”” ' Additionally, amine-functionalized Cy, fullerene
structures demonstrate high catalytic efficiency and robust
stability in organic reactions, such as Knoevenagel condensa-
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tion.”” The fullerene-based enzyme mimics display significant
stability and modularity through their rigid frameworks, which
are covalently bonded, thus making them effective for various
applications.””** Their functionalization can be achieved with
amino acids like histidine, serine, and glycine, or small
molecules that carry key functional groups found in the
catalytic site of the target natural enzyme, such as ethanol-
amine and histamine, or combinations of them to create
different hydrolase mimics.”> Additionally, their structure
allows incorporation of functional groups for target recog-
nition, as exemplified by nickel-functionalized serine—histidine
fullerenes that exhibit enhanced esterase-like activity and high
stability in electrochemical detection of acetylcholine, a
biomarker of Alzheimer’s disease.”> Beyond esterase-like
activity, these enzyme mimics also demonstrate phosphatase-
like catalytic properties and the ability to promote osteogenic
processes.”* When modified with histidine and hydroxyl-
containing amino acids, such as threonine, they can exhibit
carbonic anhydrase-like (CA-like) activity.’® In contrast to
systems relying on secondary interactions, fullerene-based
mimics serve as single-unit catalysts, facilitating straightforward
chemical modifications at interfaces. This enables the
exploration of molecular interactions using LCs and the
elucidation of their responsive character in dynamic aqueous
environments.

In this study, we leveraged the sensitivity of LC—aqueous
interfaces to chemically modified fullerene-based enzyme
mimics to develop a versatile sensing platform for biomolecular
interaction detection in aqueous solutions. To regulate their
catalytic activity and interfacial interactions, we synthesized
serine conjugated-fullerenol (F—S) enzyme mimics containing
hydrophilic (by PEGylation, F—S—PEG), hydrophobic (by
C12 alkyl chains, F—S—C12) modifications, which also
introduce steric effects that influence substrate accessibility.
‘We monitored temporal configuration distributions in nematic
LC droplets dispersed in aqueous media, which demonstrated
significant sensitivity to the chemical modifications of enzyme
mimics using polarized optical microscopy. We established a
relationship between molecular structure of the enzyme
mimics, their catalytic efficiency, and interfacial structuring,
through systematic examination of LC droplet responses in the
catalytically active medium. Our study shows that LC droplets
provide highly sensitive optical probes that exhibit distinct
optical signals to identify subtle modifications to the chemistry
of synthetic enzyme systems. This work emphasizes the
potential of strategically designed enzyme mimics for
improving LC sensor responses by providing a modular and
adjustable system. These results suggest that enzyme mimics
may be chemically tailored to provide amplified and adaptable
LC responses, enabling complex biomolecular sensing
applications in environmental monitoring and biochemical
research.

2. MATERIALS AND METHODS

2.1. Materials. 4-Cyano-4’-pentylbiphenyl (SCB, a room-temper-
ature nematic LC) was purchased from HCCH Jiangsu Hecheng
Chemical Materials Co. Ltd. (Nanjing, China). Dimethyl sulfoxide
(DMSO) and phosphate-buffered saline (PBS) tablets (pH of 7.4)
were obtained from Sigma-Aldrich (St. Louis). p-Nitrophenyl acetate
(PNPA) was acquired from EMS (Hatfield, PA). p-Nitrophenol
(pNP) was provided by Riedel-de Haén (Seelze, Germany). L-Serine,
L-histidine, m-PEG;-NH,, and 4-nitrophenyl chloroformate were
obtained from BLD Pharmatech Ltd. (Shanghai, China). Tetrabuty-
lammonium hydroxide (TBAH), 4-dimethylaminopyridine (DMAP),

and dodecyl amine were supplied from Acros Organics (Geel,
Belgium). Triethylamine was sourced from Sigma-Aldrich (St. Louis,
MO, USA). Fullerene Cg, (99.5%) was supplied from Nanografi Co,
(Ankara, Tiirkiye). Dichloromethane (DCM) was purchased from
Carlo Erba (Milano, Italy). N,N-Dimethylformamide (DMF), diethyl
ether, isopropanol, methanol, pyridine, toluene, sodium hydroxide,
37% hydrochloric acid, and deuterated solvents were obtained from
Merck (Darmstadt, Germany). Sodium hydroxide pellets were
purchased from Isolab (Eschau, Germany). Heal Force water
purification system (Shanghai, China) was used in the experiments
to produce deionized water with a resistance of 18.2 MQ-cm. Glass
slides and coverslips were purchased from Marienfeld GmbH (Lauda-
Konigshofen, Germany). Interfacial tension measurements were
performed using a 3.5 mL quartz cell, and UV—vis experiments
were conducted using 96-well plates. KUDOS HP Series 53 kHz high-
frequency ultrasonic cleaner was used for sonication. Nuclear
magnetic resonance (NMR) spectra of the compounds were recorded
on a Bruker Avance DPX 400 MHz spectrometer. FTIR analyses of
F-S, F—HS, F—S—C12, and F—S—PEG were performed in a Thermo
Scientific Nicolet iS10 FTIR spectrometer in the range of 550—4000
cm™,

2.2. Synthesis and Characterization of Enzyme Mimics. The
molecular structures of the enzyme mimics used in the study are
shown in Figure la. The synthesis and characterization procedures for
the enzyme mimics are explained in details as follows and sketched in
Figure S1.

2.2.1. Synthesis of Fullerenol. Fullerene (0.16 g) was dissolved in
100 mL of toluene. To this solution, aqueous NaOH (1.0 g/ mL) and
5—6 drops of 30% hydrogen peroxide were added sequentially. 1.0
mL of tetrabutylammonium hydroxide (10% in water) was then
added. The reaction mixture was stirred at room temperature for 5
days. After completion, the toluene layer was decanted, and the
resulting precipitate was washed with ethanol to remove residual
TBAH and other impurities.

2.2.2. Synthesis of Activated Fullerenol. Fullerenol (0.12 g, 0.10
mmol) was dissolved in 15 mL of anhydrous dimethylformamide
(DMF) and sonicated for 1 h. To the resulting solution, p-nitrophenyl
chloroformate (0.80 g), anhydrous pyridine (4.0 mL), and N,N-
dimethyl aminopyridine (DMAP, 0.040 g) were added at 0 °C. The
reaction mixture was stirred under a nitrogen atmosphere for 2 days,
with sonication applied twice daily for 1 h. The resulting product was
precipitated by the addition of diethyl ether and collected by filtration.
The precipitate was washed sequentially with dichloromethane,
isopropyl alcohol, and diethyl ether.

2.2.3. Synthesis of Fullerenol—Serine (F-S) and Fullerenol—
Histidine—Serine (F—HS). Activated fullerenol (60 mg, 0.030 mmol)
was dissolved in 20 mL of anhydrous DMF and sonicated for 1 h. L-
serine (0.13 g, 1.2 mmol) was then added to the solution, and the
reaction mixture was stirred under N, atmosphere for 2 days.
Sonication was applied twice daily for 1 h. Upon completion of the
reaction, diethyl ether was added to the mixture to precipitate the
product. The precipitate was collected by centrifugation, then washed
with dichloromethane containing a few drops of methanol followed by
diethyl ether. 'H NMR and FTIR spectroscopy was used for
characterization; spectra are shown in Figures S2, S6—S7. Same
procedure was applied to synthesize F—HS with 40 mg of activated
fullerenol, 20 mL of anhydrous DMF, 42 g of L-serine and 62 g of L-
histidine (Figure S3).

2.2.4. Synthesis of Fullerenol—Serine—PEG; (F—S—PEG). Acti-
vated fullerenol (75 mg, 0.038 mmol) was dissolved in 30 mL of
anhydrous DMF and sonicated for 1 h. L-Serine (79 mg, 0.7S mmol)
was then added to the solution with the addition of triethyl amine
(0.10 mL, 0.75 mmol) and m-PEG;—NH, (0.40 mL, 1.5 mmol). The
reaction mixture was stirred under nitrogen atmosphere for 2 days.
Sonication was applied twice daily for 1 h. After completion of the
reaction, diethyl ether was added to the mixture, and the precipitate
was collected by centrifugation. The resulting residue was washed
sequentially with dichloromethane containing a few drops of
methanol followed by diethyl ether. '"H NMR and FTIR spectroscopy
was used for characterization; spectra are shown in Figures S4, S8—S9.
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2.2.5. Synthesis of Fullerenol—Serine—Dodecyl Amine (F—S—
C12). Activated fullerenol (75 mg, 0.038 mmol) was dissolved in 30
mL of anhydrous DMF and sonicated for 1 h. L-Serine (79 mg, 0.75
mmol) and dodecyl amine (0.28 g, 1.5 mmol) were added to the
solution. The reaction mixture was stirred under nitrogen atmosphere
for 2 days. Sonication was applied twice daily for 1 h. After
completion of the reaction, diethyl ether was added to the mixture,
and the precipitate was collected by centrifugation. The resulting
residue was first washed with dichloromethane containing a few drops
of methanol, then diethyl ether. "H NMR and FTIR spectroscopy was
used for characterization; spectra are shown in Figures S5, S10—SI1.

2.3. Preparation of LC Emulsions in Enzyme Mimic
Solutions. F—HS (My: 2068 g/mol), F—S (My: 1690 g/mol), F—
S—PEG (My: 1550 g/mol), and F—S—C12 (My: 2180 g/mol)
enzyme mimics were prepared in 1 mL of phosphate-buffered saline
(PBS) at varying concentrations (0.05-0.2 mg/mL). F-HS, F-S§,
and F—S—PEG samples were vortexed for 1 min at 3000 rpm, then
they were sonicated for 15 min in an ultrasonic bath. On the other
hand, F—S—C12 enzyme mimic samples were subjected to 60 min of
sonication in an ultrasonic bath and 80 min of tip-sonication, with a 1
min vortexing at 3000 rpm every 20 min. p-Nitrophenyl acetate
(pPNPA) and p-nitrophenol (pNP) stock solutions at 100 mM were
prepared in dimethyl sulfoxide (DMSO) and diluted to the desired
concentrations for experiments. To prepare emulsions, 1 mL of
aqueous phase samples containing enzyme mimics, pNPA, pNP,
fullerenol, or their combinations were mixed with 3 uL of SCB. It was
then dispersed for 10 s at 3000 rpm using a vortex mixer. For pH
adjustment of the enzyme mimic solutions to 2, 4, 10, or 12, stock
solutions of hydrochloric acid and sodium hydroxide were prepared in
ultrapure water and subsequently introduced into the enzyme mimic
solutions. The molecular structures of the substrate pPNPA and SCB
used in this study are shown in Figure la.

2.4. Optical Characterizations of Emulsions. Optical charac-
terizations of LC (SCB) droplet configurations were carried out using
a polarized optical microscope (Olympus BXS3, Tokyo, Japan)
equipped with crossed linear polarizers and a 50X long working
distance objective lens. 100 yL of each sample was used for the
droplet analysis, and at least 60 droplets were examined for each data
point. The average results and standard deviations were obtained
based on at least three independent experiments. The number of
independent experiments (1) for each data set is stated along with the
experimental results, and the results are shown as the mean +
standard deviation.

2.5. Interfacial Tension Measurements. The DataPhysics OCA
200 contact angle system (DataPhysics Instruments, Filderstadt,
Germany) was used for interfacial tension measurements. For the
measurements, 30 L droplets of SCB were used with a 3.5 mL quartz
cell. First, the quartz cell was filled with 2 mL of phosphate-buftered
saline (PBS) solution and left to equilibrate for 30 min, with data
collection at 15 min intervals. Enzyme mimic solutions were prepared
and treated by vortexing, ultrasonication, and tip sonication as
appropriate to enzyme type, then added to PBS to reach a
concentration of 0.1—0.2 mg/mL. After the addition of the enzyme
mimic and mixing in the cuvette, interfacial tension data were taken
immediately at 15 min intervals over 150 min to ensure the steady
state. For dilution experiments, enzyme mimics were prepared as
described above, stabilized for 150 min, and then diluted with fresh
PBS to the desired concentrations. Measurement started instantly,
and data were collected for an hour at 10 min intervals. Ten
consecutive measurements were taken at each time point, and data
were derived using the averaged measurements. The mean =+ standard
deviation is used to present the results of all experiments, which were
conducted in at least three separate repetitions.

2.6. Kinetic Measurement Studies. For enzyme mimic kinetics
investigation, an Agilent BioTek Epoch 2 Microplate Spectropho-
tometer with Gen6 software and 96-well plates were utilized. F—HS,
F—S, and F—S—PEG (0.2 mg/mL) samples in PBS were prepared by
1 min vortexing at 3000 rpm, followed by 15 min sonication in an
ultrasonic bath, and 15 min of tip sonication. F—S—C12 (0.2 mg/mL)
samples were subjected to three steps of processing, which consisted

of 60 min sonication in an ultrasonic bath and subsequent 80 min tip
sonication, as well as vortexing at 3000 rpm for 1 min every 20 min.
The pNPA stock solution of 100 mM concentration was diluted to
prepare solutions of 0.4 mM and 1.5 mM, which were added to
enzyme mimic solutions. The enzyme mimic solutions were prepared
with and without the presence of SCB droplets. The SCB emulsions
were prepared in PBS by vortex mixing at 3000 rpm for 1 min,
followed by 15 min of ultrasonic bath sonication and tip sonication
for 15 min. Absorbance measurements at 410 nm were taken
immediately after pNPA was added to the enzyme mimics in order to
monitor the pNP reaction product. The experiments took place at
room temperature, while absorbance readings were taken for at least 2
h. The pNP concentrations were determined using an extinction
coefficient of 11580 M~ cm™". The experiments were conducted in
three independent runs, and the results are presented as the mean
value with standard deviation.

3. RESULTS AND DISCUSSION

We modified the chemistries of fullerene-based enzyme mimics
to investigate their interfacial and catalytic activity resulting in
changes in the response characteristics of the LC droplets. Our
system consists of three essential components dispersed in PBS
solutions:

the thermotropic room-temperature nematic LC drop-
lets, 4-pentyl-4’-cyanobiphenyl (SCB),

fullerene-based enzyme mimics, which include the
previously reported F—HS,****** and newly used
fullerenol—serine (F—S), and synthesized fullerenol—
serine—polyethylene glycol (F—S—PEG) and fullere-
nol—serine—dodecyl amine (F—S—C12) in this study,

the substrate p-nitrophenyl acetate (pNPA).

In F—HS, histidine and serine amino acids were immobilized
on the fullerenol scaffold, whereas F—S has only serine; F—S—
PEG includes polyethylene glycol for increased hydrophilicity
and F—S—C12 has dodecyl chains to introduce hydrophobicity
in addition to the serine amino acids as shown with
representative structures in Figure la. These modifications
enabled us to probe their influences on ester hydrolysis
reactions using the model substrate pNPA and the response of
SCB droplets against their interaction with the LC (structured
oil)—aqueous interfaces during this hydrolysis activity. The
SCB droplets with sizes within the 1 to 10 ym diameter range
were dispersed in enzyme mimic solutions prepared in PBS
solution. This size range was selected to allow comgetition
between LC interfacial anchoring and elastic energies.””’

The formation of distinct nematic SCB droplet config-
urations through changes in interfacial anchoring enables the
detection of molecular interactions at LC—aqueous interfaces.
In the experimental results below, we report the response of
the LC droplets as the configuration distributions maintained
within a population of droplets in the specific medium with
three major configurations shown in Figure 1b. The bipolar
configuration exhibits tangential LC orientation with two
distinct point defects (boojums) located at opposite poles that
produce a dark appearance under crossed polarizers while the
surrounding LC regions display bright birefringent colors. The
preradial configuration results from tilted interfacial LC
alignment, which creates a single point defect at the droplet
interface, resulting in a specific optical appearance. The radial
configuration involves LC directors aligned normal to the
interface, with a central point defect producing a symmetrical
four-petal optical appearance under polarized light. We note
that these droplet configurations were previously characterized
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Figure 2. Time-dependent interfacial tension measurements of SCB-aqueous interfaces equilibrated with solutions of fullerene-based enzyme
mimics, F—=S—C12, F-S, and F—S—PEG using the pendant drop technique. The data shown as solid lines were obtained at initial enzyme mimic
concentrations of 0.2 mg/mL in PBS, followed by their dilution to 0.1 mg/mL using fresh PBS after 150 min of incubation. The data shown with
dashed lines were obtained at enzyme mimic concentrations of 0.1 mg/mL in PBS. The data were collected every 15 min before and every 10 min
after dilution. Experiments were performed in three independent measurements, reported as mean + standard deviation.

for multiple different systems, and the details of the
configurations and their energetics can be found elsewhere.””

We showed that the baseline configuration distribution of
the SCB droplets dispersed in PBS solutions were 6.7% + 1.7%
preradial (n = 3) and the rest was bipolar, which was in line
with previous reports (Figure 1c).”” Droplets dispersed in
solutions of 1 mg/mL fullerenol (no conjugated amino acids)
resulted in statistically equivalent results (7.2% = 1.0%
preradial, n = 3), indicating its insignificant effect on SCB
droplet configurations as shown in Figure S12. SCB droplets
dispersed in 1 mg/mL solutions of F—HS and F—S enzyme
mimics resulted in their configuration distributions that
depend on their amino acid content, as shown by the strong
dependency of the maintained droplet configuration distribu-
tions on the chemical structures of the enzyme mimics (Figure
S12). Figure 1lc shows the configuration distributions of SCB
droplets induced by the four enzyme mimics (F—HS, F—S, F—
S—PEG, and F—S—C12) at 0.2 mg/mL concentrations. We
note that these values were time invariant and assumed soon
after dispersing the droplets in solutions. As shown, F—HS
resulted in bipolar and preradial configurations with a preradial
frequency of 18.9% + 1% (n = 3) while droplets incubated in
solutions of F—S and F—S—PEG resulted in preradial
frequencies of 21.1% + 1% (n = 3), and 32.2% + 1% (n =
3), respectively, where the rest were bipolar. As presented in
Figure 1c, SCB droplets dispersed in solutions of 0.4 mM
pNPA resulted in 7.2% + 1.0% (n = 3) preradial configuration,
and the rest was bipolar, which was statistically indistinguish-
able from that obtained in PBS (p > 0.5). We also measured
the interfacial tension of SCB-aqueous interfaces equilibrated
with 0.2 mg/mL solutions of F—HS, F-S, and F—S—PEG
(Figure 2, Figure S13), which showed a significant reduction in
the interfacial tensions after addition of the enzyme mimics,
supporting their interactions with the SCB-aqueous interfaces.
These results revealed that the F—HS, F—S, and F—S—PEG
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caused tilted interfacial anchoring of mesogens at aqueous
interfaces.

SCB droplets dispersed in 0.2 mg/mL solution of F—=S—C12
yielded 88.9% + 1% radial and 11.1% =+ 1% preradial
configurations (n = 3) (Figure lc). This difference was
significant when compared to the equivalent results with F=S,
F—HS, or F-S—PEG enzyme mimics that caused preradial and
bipolar configurations. The alkyl-tailed surfactants SDS, CTAB
and DTAB are known to induce homeotropic interfacial
anchoring in S5CB droplets, resulting in radial droplet
conﬁgurations.é’7 Thus, this result was reasoned to be due to
the alkyl-tailed structure of the F—S—CI2 that promoted
homeotropic LC anchoring at the aqueous interface, similar to
the simple surfactants.

To provide more insight into the interfacial structures of the
chemically modified F—S—PEG and F—S—Cl2 enzyme
mimics at the SCB-aqueous interface, we conducted
reversibility experiments to evaluate the changes in config-
urations and interfacial tensions. As shown in Figure 1d, the
preradial configurations of the droplets dispersed in 0.2 mg/
mL of F—S—PEG (32.8% + 1% (n = 3)) were reduced to
25.6% + 1% (n = 3) upon 4-fold dilution to 0.0S mg/mL with
fresh PBS solution. This value was statistically equivalent (p >
0.5) to the direct measurements at 0.0S mg/mL F—S—PEG as
presented as the “reference” data shown in Figure 1d. The
results demonstrated that F—S—PEG underwent a reversible
adsorption to the SCB-aqueous interfaces. Supporting this
observation, the recovery of the interfacial tension of SCB-
aqueous phases following the dilution of the aqueous medium
of F—S and F—S—PEG solutions demonstrated the effect of
reversibility as shown in Figure 2. Conversely, experiments
with SCB droplets dispersed in 0.2 mg/mL of F—S—CI2
(88.9% =+ 1% radial, n = 3) did not reveal a measurable change
of their configuration distribution upon dilution to 0.05 mg/
mL (89.4% + 1.9% radial, n = 3, Figure le). The values
deviated substantially from the direct measurements of droplet
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Figure 3. Configuration distributions of SCB droplets incubated in 0.2 mg/mL solutions of (a) F—HS, (b) F-S, (c) F—S—PEG, (d) F—S—C12,
and time-dependent changes in configuration distributions after adding 0.4 mM pNPA (n = 3). The single-asterisk (*) in (a—c) denotes the
preradial configuration frequency induced solely by the pNPA solution. (e) Normalized Aconfig.q e as @ function of molar ratios of pNPA to
enzyme mimic ([pNPA]/[Enzyme Mimic]) for F—HS, F—S, F—S—PEG, and F—S—C12, with enzyme mimic concentrations kept constant at 0.2
mg/mL. Aconfig.q e data are normalized to the configuration frequencies induced by each enzyme mimic. For F—HS, F-S, and F—S—PEG,
Aconfig.g pgirae Tepresents the normalized change in preradial configuration frequency induced by pNPA in the presence of the enzyme mimic,
while for F—=S—C12, it represents the normalized change in radial configuration frequency induced by pNPA in the presence of the enzyme mimic.
Data represent averages and standard deviations from three independent measurements (n = 3).

configurations in 0.05 mg/mL F—S—C12 solution as shown in
the “reference” data in Figure le (n = 3). In addition, we did
not observe a change in the interfacial tension of SCB—
aqueous interface upon dilution of F—S—C12 solutions from
0.2 mg/mL to 0.1 mg/mL, collectively suggesting their
irreversible adsorption to the SCB—aqueous interface (Figure
2). We reasoned that the alkyl tail terminated structure of F—
S§—C12 enzyme mimic promoted the hydrophobic interactions
between the LC medium and the enzyme mimics to result in
the irreversible accumulation of the enzyme mimics at the
LC—aqueous interfaces. We demonstrated that chemical
modifications to the enzyme mimics bring considerable impact
on their adsorption mechanisms, highlighting the crucial
function of alkyl chain hydrophobicity in adjusting adsorption
characteristics at the SCB—aqueous interface. Such effects
revealed two distinct systems: the first is an interface
facilitating a reversible adsorption of enzyme mimics (for F—
HS, F-S, or F—S—PEG), whereas the second is an enzyme
mimic-immobilized interface (for F—S—C12).

After the characterization of the SCB droplet responses and
the interfacial structures in solutions of enzyme mimics, we
investigated the time-dependent configuration distributions of
SCB droplets equilibrated with 0.2 mg/mL solutions of F—HS,
F-S, F—S—PEG, and F—S—C12 enzyme mimics upon the
addition of pNPA substrate. The results for droplets in 0.2 mg/
mL F—HS after the addition of 0.4 mM pNPA are presented in
Figure 3a, and data were collected at 20 min intervals for 80
min. The “initial” data for the SCB droplet configuration
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distributions in the presence of the enzyme mimic in PBS
solution alone showed a preradial configuration of 19.4% + 1%
(n = 3). The initial data, “t = 0”, which is the SCB droplet
configurations at the time of pNPA addition, exhibited a
reduction in preradial configuration frequency to 11.7% =+ 0%
(n = 3). The preradial configuration frequency generated by
pNPA alone, marked with an asterisk (*) in Figure 3a, was
found to be 7.2% + 1.0%. We note that the reduction at t = 0
did not completely reach this value; however, it exhibited a
definite trend toward the pNPA-only induced configuration
distribution, reflecting interactions between F—HS and pNPA
at the interface. The recovery time, defined as the duration
required for the configuration distribution to return to its
initial state, was found to be 60 min for the medium of 0.2 mg/
mL F-HS and 0.4 mM pNPA. The temporal configuration
distributions of droplets incubated in 0.2 mg/mL F—S after the
addition of 0.4 mM pNPA are presented in Figure 3b. The
droplet configuration distributions in the presence of the F—S
enzyme mimic alone showed a preradial configuration of 22.2%
+ 1.0% (n = 3), which was reduced to a preradial configuration
frequency of 12.8% =+ 1.0% (n = 3) after the addition of pNPA.
In this case, the recovery time was found to be 100 min. The
droplet configuration distributions collected at each time point,
along with representative micrographs of the droplets at the
corresponding time points, are presented in Figure S14. Figure
3c presents droplet configuration distributions over time for
droplets incubated in 0.2 mg/mL F—S—PEG solutions after
the addition of 0.4 mM pNPA. The initial data of preradial
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configuration of 32.8% + 1.0% (n = 3) was decreased to 23.9%
+ 1.0% (n = 3) at t = 0 following pNPA addition. The recovery
time for this interaction was 80 min. Figure 3d presents the
time-dependent frequency distributions of droplet configu-
rations incubated in 0.2 mg/mL F—S—C12 solutions upon
addition of 0.4 mM pNPA. The initial data revealed a radial
configuration frequency of 88.9% + 1.0% (n = 3), which was
decreased to 72.2% + 2.5% (n = 3) at t = 0 with the addition of
pNPA. Recovery time was found to be 140 min.

To investigate the interaction between pNPA and enzyme
mimic further, we conducted experiments on droplet
configuration distributions with a constant concentration of
enzyme mimic at 0.2 mg/mL with varied concentrations of
pNPA. For F—HS, F—S§, and F—S—PEG, the concentrations of
pNPA varied from 0.02 to 1.5 mM, and the obtained results are
presented in Figures S15—S17. For F—S—Cl12, the concen-
tration of pNPA was also changed from 0.01 to 1.5 mM, and
the results are displayed in Figure S18. We defined the
Aconfig.g pgrae t0 compare the changes in the droplet
configurations upon addition of pNPA at t = 0. For F—HS,
F-S§, and F—S—PEG, Aconfig.g pa is the difference between
preradial configuration frequency induced by the enzyme
mimic alone and that obtained right after pNPA addition (¢ =0
min), as displayed in Figure 3a-c. For F—=S—C12, as shown in
Figure 3d, Aconfig.g et 1S the difference in radial
configuration frequency between the enzyme alone state and
that just after pNPA addition. Due to the variation in the
distribution of configurations induced by various enzyme
mimics, we normalized the Aconfig.q e Values relative to the
enzyme-only configuration to allow direct comparisons, and
the data obtained are plotted in Figure 3e with respect to the
pNPA concentration and also to the ratio of pNPA
concentration to enzyme mimic concentration ([pNPA]/
[Enzyme Mimic]). Analysis indicated that Aconfig.g,psrate
plateaued at 41.1% =+ 1.5% for F—HS, 41.2% + 1.2% for F—
S, 34.9% =+ 0.7% for F—S—PEG, and 19.3% + 0.4% for F—S—
C12. [pNPA]/[Enzyme Mimic] ratios at saturation were found
to be 1.0 for F—HS, 0.8 for F—S, 7.8 for F—S—PEG, and 0.5
for F=S—C12. In comparing F—S and F-S—PEG, we
hypothesized that the hydrophilic modification of F—S—PEG
resulted in reduced interactions between the hydrophobic
pNPA substrate at the enzyme mimic interface. The attached
PEG chains may also facilitate steric hindrance, thus further
preventing the contact of pNPA with the interface of the
enzyme mimic.”**” These factors are expected to hinder the
partitioning of pNPA at the interface, thus necessitating a
significantly higher [pNPA]/[Enzyme Mimic] ratio for the
attainment of saturation of Aconfig.g perae- The Aconfig.g psirate
stabilization value, being slightly lower for F—S—PEG
compared to F—S, can also be due to reduced enzyme—
pNPA complex formation at the interface owing to the
hydrophilic nature and steric hindrance of the PEG chains. For
F—HS and F-S, Aconfig.q e Stabilization values were
statistically equivalent, with similar [pNPA]/[Enzyme Mimic]
ratios at stabilization. Considering the analogous chemical
structures of F—HS and F-—S, their similar interactions with
pNPA are consistent with expected outcomes.

The results of the F—S—C12 enzyme mimic indicated that it
accomplishes the stabilization of Aconfig. e at @ much
lower value than the other enzyme mimics. We hypothesize
that this outcome was due to the collective impact of a number
of factors. F-S—C12, in contrast to other enzyme mimics,
possesses a structure of an alkyl tail that facilitates strong

anchoring at the SCB—aqueous interface, leading to a high
frequency of radial configuration and irreversible adsorption, as
demonstrated in Figure 1c and e. We propose that this strong
anchoring implies that pNPA is comparatively less prone to
changing the interfacial structure compared to the interfaces
formed by other enzyme mimics, and therefore, it is difficult to
influence this configuration. Consistent with the longer
recovery times shown in Figure 3d, irreversible adsorption of
F—S—C12 indicates that it is substantially submerged within
the hydrophobic SCB phase, with only a limited fraction of the
mimic exposed to the aqueous side. This partial immersion
restricts interfacial accessibility, thereby hindering pNPA
access to the catalytic sites, reducing hydrolysis efficiency at
the LC—aqueous interface, and lowering the effect of pNPA on
the interaction of F—S—C12 with S5CB. We further propose
that steric hindrance imparted by the C12 tails may prevent the
partitioning of pNPA to the interface of the enzyme mimic.
Together, these factors act to reduce the stabilized value of
Aconfig.g e The ratio of [pNPA]/[Enzyme Mimic] at
which Aconfig.q e saturated for F—S—C12 was also lower
compared to other enzyme mimics. This showed that the
saturation of the F—S—C12 interfaces with pNPA occurred at
low concentrations of pNPA, consistent with its enhanced
hydrophobic characteristics.

In our experiments on the interactions of F—S—CI12 and
pPNPA, we still observed a response with a recovery time of 20
min at the lowest pNPA concentration, which was measured at
0.01 mM (Figure S18). For the other enzyme mimics
studied—F—HS (Figure S15), F—S (Figure S16), and F—S—
PEG (Figure S17)—the minimum pNPA concentration at
which we observed a response was 0.05 mM. This is potentially
due to the enhanced hydrophobicity of F—S—C12, leading to
detectable interactions at significantly lower pNPA concen-
trations, thus enhancing the sensitivity of our system. Figure 4
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Figure 4. Configuration distribution recovery time of the droplets as a
function of concentration ratios of pNPA to enzyme mimic ([pNPA]/
[Enzyme Mimic]) for F—HS, F—S, and F—S—PEG (0.02—1.5 mM
PNPA) and F~S—C12 (0.01-1.5 mM pNPA) at 0.2 mg/mL.

displays the recovery times of droplet configurations in 0.2
mg/mL F—HS, F=S, F—S—PEG upon addition of 0.02—1.5
mM pNPA, and F—S—C12 upon addition of 0.01-1.5 mM
pNPA as a function of [pNPA]/[Enzyme Mimic]. The change
in the response time of the droplets corresponding to each
enzyme mimic followed similar trends, with the recovery times
rising with higher [pNPA]/[Enzyme Mimic] ratios. This
observation was in agreement with the interaction of 0.2 mg/
mL enzyme mimics (F—HS, F-S, F—S—PEG, F—S—-C12)
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Figure 5. Time-dependent absorbance and corresponding pNP concentrations for (a) 0.2 mg/mL F—HS with 0.4 mM pNPA (7200 s), (b) 0.2
mg/mL F—S with 0.4 mM pNPA (7200 s), (c) 0.2 mg/mL F—S—PEG with 0.4 mM pNPA (7200 s), and (d) 0.2 mg/mL F—S—C12 with 0.4 mM
pNPA (9600 s), measured at 410 nm and room temperature using UV—vis spectroscopy with and without SCB. Solid lines represent data with
SCB, dashed lines without SCB. Dark dots (e) represent the recovery time intervals and dotted lines mark pNP concentrations at these intervals,
with average pNP concentration indicated by a plus (+) symbol. Graphs represent mean + standard deviation from three independent experiments.

with 0.4 mM pNPA as shown in Figure 3a—d, the recovery
times at similar [pNPA]/[Enzyme Mimic] ratios follow the
order from shortest to longest: F—HS, F—S—PEG, F—S, and
F—S—CI2. Experiments on enzyme mimic-pNPA interactions
indicated that the hydrophilic (F—S—PEG) and hydrophobic
(F—S—C12) modifications, in contrast to F—HS and F-S,
impart distinct interaction dynamics with pNPA, thereby
tuning the response of the LCs.

The catalytic activities of 0.2 mg/mL enzyme mimics (F—
HS, F—S, F—S—C12, F—S—PEG) at the experimental
conditions with (0.3% vol) and without the presence of the
dispersed SCB droplets were determined by measuring pNPA
hydrolysis. We used UV—vis spectrophotometry to track the
formation of pNP. Figure S is a plot of time-dependent

ments investigating droplet configurations with 0.2 mg/mL
enzyme mimics and 0.4 mM pNPA revealed recovery times of
60 min for F—HS, 100 min for F—S, 80 min for F—S—PEG,
and 140 min for F—S—Cl12 (Figure 3). To calculate pNP
concentrations more accurately, we analyzed recovery times as
time ranges: 40—60 min for F—HS, 80—100 min for F—S, 60—
80 min for F—S—PEG, and 120—140 min for F—S—CI2
(Table 1). The pNP concentrations corresponding to these are

Table 1. Recovery Time Intervals of the Droplets Dispersed
in 0.2 mg/mL Solutions of Enzyme Mimics and the Average
[pNP]/[pNPA] Corresponding to This Time Interval after
Addition of pNPA

absorbance (left, red axis) and corresponding pNP concen-
trations (right, blue axis) of the 0.4 mM pNPA interactions
with F—HS (Figure Sa), F—S (Figure Sb), F—S—PEG (Figure
Sc), and F—S—C12 (Figure 5d) enzyme mimics. Results from
samples containing SCB are indicated with solid lines, and
those without SCB are indicated with dashed lines. Experi-

Enzyme Recovery Time  [pNP]/[pNPA],,, [pNP]/[pNPA],,.

Mimic Interval (min) in 0.4 mM pNPA  in 1.5 mM pNPA
F-HS 40—60 0.082 + 0.023 0.076 + 0.013
F-S 80—100 0.069 + 0.011 0.069 + 0.007
F-S—-PEG 80—100 0.039 + 0.009 0.041 + 0.006
F-S-C12 120—140 0.092 + 0.010 0.099 + 0.016

22805

https://doi.org/10.1021/acsanm.5c04258
ACS Appl. Nano Mater. 2025, 8, 22798—-22808


https://pubs.acs.org/doi/10.1021/acsanm.5c04258?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c04258?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c04258?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c04258?fig=fig5&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.5c04258?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

shown as dark dots (@) on the plots in the presence of SCB,
with the average pNP concentration for these ranges indicated
with a plus (+) sign. The absorbance and concentrations of
pNP were linearly incremented within the ranges of recovery
times, without showing a noticeable change, which we also
explained in more detail in our previous study.22 Thus, the
response measured by the configuration changes within the
droplets was not due to a change in the kinetic activity of the
enzyme mimics.

We investigated the interactions of 0.8 mM pNP—double
the amount of pNP obtained from the complete hydrolysis of
0.4 mM pNPA—with 0.2 mg/mL enzyme mimics (F—HS, F—
S, F—S—PEG, F—S—C12) in the absence of pNPA. We
observed that the addition of pNP did not influence the
configuration distribution of the SCB droplets interacting with
enzyme mimics (Figure S19). In addition, previous studies
have shown that the alignment of LCs at aqueous interfaces is
highly sensitive to interfacial charging and pH.*>*' To test this
possibility, we investigated whether the hydrolysis of pNPA
could locally alter these conditions at the LC—aqueous
interface and thereby contribute to the observed droplet
responses. Baseline configuration frequency distributions of
SCB droplets dispersed in pure water containing 0.2 mg/mL
F—HS, F-S, F—S—PEG, or F—S—C12 were first obtained,
followed by systematic adjustment of the pH to 2, 4, 10, and
12. The configuration frequency distributions of SCB droplets
dispersed in the enzyme mimic solutions were collected
immediately after preparation and following 1 h of
equilibration. The results revealed that pH variations did not
affect the droplet configuration distributions dispersed in any
of the enzyme mimics, confirming that the observed transitions
were driven by alteration of the interfacial chemistry rather
than local variations in pH (Figure S20).

When we quantified the mean [pNP]/[pNPA] ratio within
the recovery time interval of the droplets dispersed in F—HS
solutions between 40 and 60 min was determined to be 0.082
+ 0.023 using the data shown in Figure Sa (as indicated by the
average pNP concentration plotted with a plus (+) sign) and as
shown in Table 1. For the F—S, the recovery time interval of
between 80 and 100 min corresponded to an average [pNP]/
[pNPA] of 0.069 + 0.011 (Figure Sb). For F—S—PEG, as
shown in Figure Sc, the recovery time interval between 60 and
80 min yielded an average [pNP]/[pNPA] ratio of 0.039 +
0.009. Lastly, for F—S—Cl12, as shown in Figure Sd, the
recovery time interval between 120 and 140 min, marked with
dark dots (), corresponded to an average [pNP]/[pNPA]
ratio of 0.092 + 0.010. To further investigate the interaction
between pNPA and the F—S—Cl2 enzyme mimic, we
conducted additional experiments on droplet configuration
distributions to examine the catalytic cycling characteristics of
the system. After one full recovery cycle of SCB droplets
dispersed in 0.2 mg/mL F—S—CI2 and 0.4 mM pNPA, a
second aliquot of 0.4 mM pNPA was introduced into the same
dispersion. The configuration frequency distributions of the
droplets were monitored for 100 min, and no measurable
change in droplet configurations was observed. This result
indicated that the droplet response obtained from the
interactions between the F—S—CI12 enzyme mimic and
pNPA does not recover after the first catalytic cycle (Figure
S21).

In contrast to other enzyme mimics, F—S—C12 forms
irreversible enzyme mimic-adsorbed SCB—aqueous interfaces
while demonstrating catalytic activity for the hydrolysis of

pNPA. Figure S22 displays the graphs of time-dependent
absorbance along with the associated pNP concentration for
the medium of 0.2 mg/mL of F—HS, F-S, F—S—PEG, or F—
S—CI2 with 1.5 mM pNPA. The [pNP]/[pNPA] ratios
averaged over the recovery time ranges of the droplets
dispersed in F—HS, F—S, F—S—PEG, and F—S—C12 solutions
were 0.076 + 0.013, 0.069 + 0.007, 0.041 + 0.006, and 0.099
+ 0.016, respectively, which were similar to the ratio using 0.4
mM pNPA (Table 1). Correspondingly, based on these two
concentrations of pNPA, the ratios of [pNP]/[pNPA] at
droplet configuration recovery times for the enzyme mimics
F—HS, F-S, F—S—PEG, and F-S—CI12 of 0.2 mg/mL were
0.079 + 0.018, 0.069 + 0.009, 0.040 + 0.007, and 0.095 +
0.013, respectively. The [pNP]/[pNPA] ratio of 0.079 + 0.018
for 0.2 mg/mL F—HS at the recovery time was lower than the
ratio measured as ~0.25 with 0.5 mg/mL F—HS in our
previous work.”> Such a difference can be reasoned to be the
higher partitioning of pNP at lower enzyme concentration.
Decreased product formation was thus enough for enzyme
mimic—substrate—product equilibrium (Figure Sa).

The time-dependent absorbance and pNP concentrations
measured in solutions of F—HS, F—S, and F—S—PEG enzyme
mimics were indistinguishable for the SCB-containing and
SCB-free samples, showing no measurable influence of the
presence of SCB droplets in the hydrolysis kinetics of the
enzymes (Figure Sa—c). To quantitatively compare the
catalytic activities of the enzyme mimics, the apparent initial
rates of pNPA hydrolysis were determined from the linear
regions of the UV—vis kinetics curves presented in Figure S,
obtained using 0.2 mg/mL enzyme mimic solutions with 0.4
mM pNPA (Table S2). The calculated rates were 12.9 + 0.7
nM/s in the presence of SCB and 12.9 + 0.6 nM/s in its
absence for F—HS; 4.9 &+ 0.3 nM/s both in the presence and
absence of 5CB for F—S; and 3.7 + 0.7 nM/s with SCB and
40 + 0.3 nM/s without SCB for F—S—PEG. These
quantitative results indicate that the intrinsic catalytic
efficiencies of F—HS, F—S, and F—S—PEG are effectively
unchanged by the presence of SCB droplets.

For the droplets incubated in solutions of F—S—C12, there
was a significant reduction of absorbance and the correspond-
ing pNP concentrations for SCB-containing samples compared
to SCB-free samples, as indicated by * and ** in Figure Sd.
This result was in line with the experiments reported in Figure
le, Figure 2, and the discussion on the data related to the
irreversible adsorption of the F—S—C12 mimics to the SCB-
aqueous interfaces. When we compared the increase rates of
the absorbance and the corresponding pNP concentrations
measured in cases of F—S, F—S—PEG, and F—S—C12 mimics,
F—S—C12 exhibited the highest initial rate of pNPA hydrolysis
compared to others in the absence of SCB (6.6 + 0.2 nM/s,
Table S2; Figure S). However, in the presence of SCB, the
slope of the absorbance and the initial rate of pNPA hydrolysis
of the case of F—S—C12 decreased significantly to 4.7 + 0.7
nM/s (Table S2). This value approaches to that measured for
F—S—PEG (3.7 + 0.7 nM/s, Table S2), which possessed the
slowest catalytic activity among the enzyme mimics, likely due
to the hydrophilic modification and steric hindrance effect
(Figure Sc,d). The significant submersion of the F—S—C12
mimics into the SCB phase due to their hydrophobicity
potentially limited the pNPA access to the serine-based active
sites. The steric hindrance imparted by the C12 tails may also
increase this effect by further hindering the partitioning of
pNPA. In the presence of SCB-aqueous interfaces, these effects
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dramatically lowered the catalytic activity of the F—S—CI12
mimics (Figure Sd, Table S2). Furthermore, in contrast to the
other enzyme mimics, the Aconfig.g e plateaued at a much
lower value for F—S—C12, indicating the limitation of pNPA
concentration at the enzyme mimic interface (Figure 3e). The
prolonged recovery time of the droplet configurations
incubated in F—S—CI12 solutions compared to the other
enzyme mimics further reflects limited pNPA access to the
active sites and inhibited pNP accumulation at the interface
due to its hydrophobic character, necessitating higher product
conversion to accomplish complete recovery (Figure 4, Table
1). Notably, configurations of the SCB droplets in F—S—PEG
solutions achieved the second-fastest recovery time after F—HS
(Figure 3a—d, Figure 4), even though they exhibited the lowest
increase rate of the absorbance and the initial rate of pNPA
hydrolysis among the enzyme mimics (Figure S, Table S2).
This was potentially because the hydrophilic modification in
F—S—PEG leads to a low [pNP]/[pNPA] ratio (0.040 +
0.007), which was sufficient to reach complete recovery. This
was possible due to enhanced pNP accumulation at the
interface, resulting from the hydrophilic nature of PEG chains.

4. CONCLUSION

We presented the tracking of aqueous phase reactions
catalyzed by fullerene-based enzyme mimics (F—S, F—HS,
F—S—PEG, and F—S—Cl12) using nematic SCB droplets
dispersed in reaction medium. By investigating the interfacial
characteristics and catalytic activity of the enzyme mimics and
the dynamic response of the droplets, we examined the
influence of hydrophilic (PEG) and hydrophobic (C12)
modifications on the hydrolysis of p-nitrophenyl acetate
(pNPA). Unlike other enzyme mimics, F—S—C12 formed
“enzyme-immobilized” LC-aqueous interfaces with irreversible
adsorption, supported by the interfacial tension measurements
and the configuration reversibility measurements. These
measurements also revealed that F—S, F—HS and F—S—PEG
showed reversible adsorption at the LC—aqueous interfaces.
We showed that the chemical modifications significantly
influenced the interfacial anchoring of LCs and tuned the
enzyme mimic—pNPA interactions resulting in significant
differences in the LC configuration distributions and recovery
times. Such differences were consistent with the hydro-
phobicity of the modification performed to the enzyme
mimic. We demonstrated that such effects improved sensing,
with detection at concentrations down to 0.01 mM pNPA (for
F—S—C12). The addition of pNPA to F—S—CI12 resulted in
stable radial configurations at low pNPA concentrations, with
extended recovery times, whereas F—S—PEG and F-S
demonstrated faster recovery with preradial configuration
changes, indicative of different interaction dynamics. Measure-
ments of enzymatic activity studies indicated that the
hydrophobic microenvironment of F—S—C12, created by the
presence of SCB and irreversible adsorption, resulted in slower
kinetics compared to the medium without SCB. These
modified chemistries of the fullerene-based enzyme mimics
highlight the potential of LC interfaces in identifying subtle
chemical changes, and the influence of these changes on the
intermolecular interactions including the reactions, paving a
path for the sensing platforms based on reactive interactions.
The specific responses of LC interfaces to chemically
engineered enzyme mimics enable their use in diverse
applications, including biochemical assays, environmental
monitoring, and clinical diagnostics. The study also shows

that two classes of fullerenol-based enzyme mimic—LC
platforms are possible, one is an “enzyme immobilized
interface”, the second is an interface that facilitate a reversible
adsorption of enzyme mimics with no influence of LCs on the
reaction kinetics. Thus, introducing two systems that the next
generation applications can be realized.
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