Downloaded via UNIV OF PRINCE EDWARD ISLAND on May 15, 2021 at 15:38:09 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IENAPPLIED MATERIALS

XINTERFACES

www.acsami.org Research Article

Construction of Bio-Nano Interfaces on Nanozymes for Bioanalysis

Jie Li, Na Lu,* Suping Han, Xuemei Li, Mengqin Wang, Mengchao Cai, Zisheng Tang,™*
and Min Zhang™

Cite This: ACS Appl. Mater. Interfaces 2021, 13, 21040-21050 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations ‘ @ Supporting Information

@ On-particle
9@ In-solution

Absorbance
o
]

0.0
10° 10% 108 10°
[GSH] (pg mL™)

ABSTRACT: Nanomaterials with enzyme-like activity (nanozymes) have been of great interest in broad applications ranging from
biosensing to biomedical applications. Despite that much effort has been devoted to the development of the synthesis and
applications of nanozymes, it is essential to understand the interactions between nanozymes and most commonly used biomolecules,
i.e., avidin, streptavidin (SA), bovine serum albumin (BSA), immunoglobulin G (IgG), and glutathione (GSH), yet they have been
rarely explored. Here, a series of bio-nano interfaces were constructed through direct immobilization of proteins on a variety of iron
oxide and carbon-based nanozymes with different dimensions, including Fe;O, nanoparticles (NPs, 0D), Fe;O,@C NPs (0D),
Fe;0,@C nanowires (NWs, 1D), and graphene oxide nanosheets (GO NSs, 2D). Such interfaces enabled the modulation of the
catalytic activities of the nanozymes with varying degrees, which allowed a good identification of multiplex proteins with high
accuracy. Given the maximum inhibition on Fe;O,@C NP by BSA, we established molecular switches based on aptamer and toehold
DNA, as well as Boolean logic gates (AND and NOR) in response to both DNA and proteins. Also importantly, we developed an
on-particle reaction strategy for colorimetric detection of GSH with ultrahigh sensitivity and good specificity. The proposed sensor
achieved a broad dynamic range spanning 7 orders of magnitude with a detection limit down to 200 pg mL™", which was better than
that of an in-solution reaction-based biosensor by 2 orders of magnitude. Furthermore, we explored the mechanisms of the
interactions at bio-nano interfaces by studying the interfacial factors, including surface coverage, salt concentration, and the curvature
of the nanozyme. This study offered new opportunities in the elaborate design and better utilization of nanozymes for bioanalysis in
clinical diagnosis and in vivo detection.
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B INTRODUCTION been extensively used for biomedical applications from disease
i ioni - - di is”* 7 ¢t th % Despite that i
With the significant progress in nanoscience and nano- 1agnosis O cancer therapy. espite that a growing
technology, nanostructured materials have attracted increasing number of studies have been performed over the past two
attention in the application of biosensing,'~” bioimaging,”™" decades, a fundamental investigation to understand the nano-
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energy storage,'*”'° absorption, and catalysis.”
Among them, nanomaterials with enzyme-like activity (nano-
zymes),”*”” have emerged as potential replacements for
natural enzymes due to their good stability, easy synthesis,
and biocompatibility. So far, a plethora of nanozymes,
including iron oxide,”®*° noble metal,>'”** carbon,>*** and
metal organic frameworks (MOF)-based nanomaterials,”> >’
have been designed and synthesized via wet chemical method,
templating method, and so on. Taking advantage of the
intrinsic enzyme-mimicking characteristic, nanozymes have

o e .
bio interactions” between biomolecules and nanozymes needs

to be fully addressed, which thus in turn provides new
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Figure 1. Characterization and catalytic performance of nanozymes. (A—D) Schematic illustrations and TEM images of Fe;0, NP, Fe;0,@C NP,
Fe;0,@C NW, and AFM image of GO NS. (E) UV—vis spectra of TMB solutions catalyzed by different nanomaterials. (F) The K,, values of
different nanomaterials to the substrates from Michaelis—Menten kinetics. The catalytic reaction was carried out by using 20 sg mL™" nanozyme in
0.2 M HAc-NaAc buffer (pH 4.0) containing 1 mM TMB and S mM H,0,.

opportunities for rationalizing design and utilization of
nanozymes.

To overcome this challenge, some recent studies of DNA-
functionalized nanozymes have been reported.*”*® When DNA
meets nanostructured systems, physicochemical forces, ther-
modynamics, and kinetics form bio-nano interfaces with
altered catalytic properties. For example, single-strand DNA
(ssDNA) engineering nanointerfaces could enhance the
peroxidase-like properties of Fe;O, nanoparticles (NPs)
toward 3,3,5,5"-tetramethylbenzidine (TMB) oxidation."’
Additionally, a fine-tuning of the catalytic activity of Fe;O,
NPs had been achieved by modification of different structured
DNA ligands on the inorganic surface.”® Besides DNA, small
biomolecules, such as avidin, streptavidin (SA), bovine serum
albumin (BSA), angiten, and peptide, are other most
commonly used biomaterials in biomedical applications,
which not only provide molecular recognition to target
biomolecules (e. g, immunosorbent assays) but also are
suitable for further cross-linking with other active biomolecules
for specific affinity (e.g, affinity coupling, blocking agent).*’
However, compared to the mainstream researches of studying
the influence of DNA functionalization, a parallel significant
role of the functionalization of small molecule on nanozymes
still remains unclear, and their application in biological
detection has scarcely been explored so far.

Herein, we rationally design and construct a series of bio-
nano interfaces by modifying avidin, SA, BSA, and
immunoglobulin G (IgG) on the inorganic surface of
nanozymes. Such interfaces enable inhibited peroxidase-like
activities of the nanozymes with varying degrees. Moreover, we

build Boolean logic gates (AND and NOR) utilizing the
intelligent bio-nano interfaces, which are capable of response
simultaneously toward DNA and proteins. By virtue of the
unique feature, we also successfully develop a novel sensing
manner with the on-particle reaction for the detection of
glutathione (GSH), which exhibits better analytical perform-
ance than that of the in-solution reaction. Moreover, we in-
depth analyzed the inhibited mechanisms of the interactions at
bio-nano interfaces by studying the interfacial factors, such as
surface coverage, salt concentration, and curvature. Taken
together, as the biorecognition element combines with the bio-
nano interface, the biohybrid nanomaterial can be readily
utilized for downstream applications ranging from biosensing
to biomolecule computing.

B RESULTS AND DISCUSSION

Characterization and Enzyme-like Activities of Nano-
zymes. To construct a series of bio-nano interfaces, we first
prepared and characterized several representative nanozymes,
including Fe;O, NPs, Fe;O,@C NPs, Fe;O,@C NWs, and
graphene oxide (GO) nanosheets. As illustrated in Figure 1A—
D, the transmission electron microscopy (TEM) and atomic
force microscopy (AFM) images revealed that four nanoma-
terials were in different dimensionalities ranging from zero-
dimensional (0D) to one-dimensional (1D), and two-dimen-
sional (2D). The core—shell nanostructure of Fe;0,@C NW
has been further characterized by a scanning electron
microscopy (SEM) image (Figure S1), which revealed that
Fe;O, NPs were encapsulated into the carbon shell layer. All
four nanostructures were composed of one or two components
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Figure 2. Interactions between nanozymes and proteins. (A) Schematic illustration of constructing a series of bio-nano interfaces on nanozymes
using different proteins. (B) Scheme showing the absorption of protein to modulate the catalytic activities of nanozymes. (C) Typical UV—vis
spectra of the peroxidase-like activities of protein-functionalized nanozymes. (D) Radar map for assessment of the signal suppression ratio of the
peroxidase-like activities of the protein-functionalized nanozymes. (E) Canonical score plot for the first two factors of the colorimetric response
patterns obtained from PCA analysis against four proteins. (F) Heat map derived from colorimetric response for four proteins. In this assay, 0.2 mg
mL™! protein was first incubated with 0.8 mg mL™"' nanozyme in PBS buffer. Then, the catalytic reaction was carried out by using a 20 yg mL™"
nanozyme/protein conjugate in 0.2 M HAc-NaAc (pH 4.0) containing 1 mM TMB and S mM H,O0,.

of iron oxide and carbon, which were two typical compositions
as enzyme mimics. To study the enzyme-mimicking properties,
we employed classical catalytic reaction for a natural enzyme
(e.g, horseradish peroxidase, HRP), in which the substrate
TMB was catalyzed by H,0, to its oxidized form with
maximum absorbance at 652 nm. Figure 1E revealed that all
four nanomaterials could effectively catalyze TMB into its blue
oxidized form in the presence of H,0,, confirming their
peroxidase-like activities. In comparison, we found that GO NS
possessed the minimal activity, whereas the other three

21042

nanomaterials showed much higher activities. In addition, all
four nanozymes followed typical Michaelis—Menten kinetics
for the substrates of TMB and H,0,, respectively (Figure
§2).2%%%%% As indicated by the value of K, (Figure 1F),
Fe;0,@C NWs showed the highest activity to H,0, and then
Fe;0,@C NPs, which was 4277- and 83-fold compared to that
of Fe;0, NPs. In contrast, the K, of GO NS to TMB was 3.1,
7.3, and 3.7 times lower than that of Fe;O, NPs, Fe;O,@C
NPs, and Fe;0,@C NWs, respectively, indicating that GO NS
showed the maximum catalytic efficiency toward TMB.

https://doi.org/10.1021/acsami.1c04241
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Figure 3. Biomolecular switching of nanocatalytic activities. (A) Schematic illustration and typical UV—vis spectra of switchable catalytic activities
of Fe;0,@C NPs empowered by BSA, aptamer, lock DNA (C1), and key DNA (C1’). (B—K) Logic gate application. Schematic representations
(B, G), truth table (C, H), photographs of reacted solution (D, I), and colorimetric responses (E, F, G, K) of AND and NOR logic gates with
different combinations of inputs. In the incubation procedure, the concentrations of BSA, DNA, and Fe;0,@C NP were 0.2 mg mL™’, 6 uM, and
0.8 mg mL ™", respectively. The catalytic reaction was carried out by using 20 yg mL ™' bare/modified Fe;0,@C NP in 0.2 M HAc-NaAc (pH 4.0)
containing 1 mM TMB and S mM H,0,. The error bars represent the standard deviation of three measurements.

Construction of Bio-Nano Interfaces on Nanozymes.
In a typical process, immobilization of proteins has been widely
regarded as a crucial step in sensor design. For example, avidin
and SA as link biomolecules have been frequently attached to

the surface of nanomaterials to conjugate antibody/enzyme via
affinity interaction with biotin,"® while BSA modification on
the nano-interface can efliciently eliminate nonspecific binding
in the preparation of capture surface and signaling probe.’!

https://doi.org/10.1021/acsami.1c04241
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Figure 4. Ultrasensitive GSH biosensors. (A) Scheme for Fe;0,@C NP-based colorimetric assay for GSH detection. (B) Schematics for possible
modes of on-particle reaction and in-solution reaction for GSH bioassays. (C) UV—vis spectra of the on-particle reaction-based sensor in response
to different concentrations of GSH. From a to h: 0, 200 pg mL™", 2 ng mL™", 20 ng mL™, 200 ng mL™", 2 ug mL™", 20 ug mL™", and 200 ug mL".
Inset: photographs of their corresponding reacted solutions. (D) Scattered dot plot of absorbance signal at 652 nm vs GSH concentration. Inset:
their corresponding logarithmic plot. (E) UV—vis spectra of the in-solution reaction-based sensor in response to different concentrations of GSH.
From a to f: 0, 20 ng mL™", 200 ng mL™", 2 ug mL ™", 20 ug mL™", and 200 ug mL™". Inset: photographs of their corresponding reacted solutions.
(F) The linear relationship between the absorbance at 652 nm and the concentration of GSH. (G) Radar map for evaluation of the suppression of
the peroxidase-like activity of four nanozymes by GSH based on on-particle method. (H) Selectivity of on-particle reaction-based biosensor toward
potential interferences and GSH. The concentration of GSH was 0.2 mg mL™, and the concentrations of other interfering substrates were 4 mg
mL™". When interacted with GSH, the concentration of Fe;0,@C NP was 0.8 mg mL™". The catalytic reaction was carried out by using 30 ug
mL™" nanozyme/protein conjugate in 0.2 M HAc-NaAc (pH 4.0) containing 1 mM TMB and 5§ mM H,0,.

reasoned that the absorption of protein prevented the
interaction between the nanomaterial and the substrate of

Moreover, the binding of protein antigen (e.g., IgG) on the
surface is a central event in competitive immunoassay.”” To

comprehensively evaluate the influence of protein modification
on nanozymes, four proteins with different roles in sensor
design, including avidin, SA, BSA, and IgG, were selected as
the model ligands for a proof-of-concept study. In the
construction of bio-nano interfaces, we used direct immobi-
lization through physical interaction that is the most
commonly used strategy to fabricate biohybrid nanomaterials.

As shown in Figure 2A, proteins bearing varying sizes and
charges showed differential affinities to the surface of
nanomaterials, resulting in altered catalytic behaviors of
nanozymes and color changes toward TMB oxidation. We

TMB and thus led to a modulation of the catalytic efficiency of
the nanozyme (Figure 2B). In a typical procedure, each protein
with the same concentration was first incubated with the
nanomaterials in phosphate buffer saline (PBS, pH 7.4) and
then reacted with TMB in the presence of H,0O,. Figure 2C
illustrates the absorbance signals recorded by UV—vis spectra.
As a result, the colorimetric response at 652 nm was weakened
with varying degrees with the addition of protein. The signal
suppression ratios of the peroxidase-like activities (defined as 1
— A/A,) catalyzed by protein-functionalized nanozymes were
evaluated and are summarized in Figure 2D. Notably, the

https://doi.org/10.1021/acsami.1c04241
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functionalization of protein showed a maximum inhibition on
the catalytic activity of Fe;O,@C NP, while the peroxidase-like
activity of Fe;O, NP was mostly retained.

Taking advantage of the differential regulation on the
catalytic activities of the four nanozymes by different proteins,
we constructed an array-based sensor for multiplex protein
identification. To assess the discrimination ability against
proteins, the colorimetric patterns were analyzed by principal
component analysis (PCA), which converted the data matrix
(4 receptors X 4 analytes X 3 replicates) into a 2D canonical
score plot. As shown in Figure 2E, the canonical patterns were
clustered into four separate clusters corresponding to four
proteins, suggesting that proteins were effectively discriminated
from each other without cross-classification. Moreover, the
narrow distances between three replicated points in each
cluster revealed excellent reproducibility of the measurements.
The heat map demonstrated satisfactory differentiability of the
four recognizing receptors to four proteins (Figure 2F). More
importantly, this sensor array demonstrated a favorable
sensitive identification of protein at nanomolar level. For
instance, a canonical score plot for the first two factors of
colorimetric response patterns was obtained from PCA analysis
against various concentrations of BSA ranging from 100 nM to
3 uM (Figure S3A). In addition, the linear dose—response
curve revealed the homogeneous and stable interaction
between nanozyme and protein (Figure S3B). Taken together,
the proposed sensor array demonstrated a good capability in
correctly distinguishing proteins with high accuracy.

Biomolecular Switches of Nanocatalytic Activities.
Given the maximum catalytic modulation on Fe;O,@C NP by
BSA among all bio-nano systems, we sought to establish
biomolecular switches of the catalytic activities using this
system. In the initial state (ON), the Fe;0,@C NP showed an
excellent peroxidase-like activity (I, Figure 3A). After the
introduction of BSA, the catalytic activity of Fe;O,@C NP was
obviously inhibited and switched to the “OFF” state (II, Figure
3A). In the presence of BSA specific aptamer,” the high
binding affinity of BSA and its aptamer led to reactivation of
the catalytic activity of Fe;0,@C NP (III, Figure 3A). To
implement a switch-off operation, a lock DNA strand (C1)
with an 8 nt toehold was introduced which hybridized with the
aptamer to release BSA (IV, Figure 3A). In turn, a key DNA
strand (C1’) that fully matched the lock strand was allowed to
trigger the toehold-mediated strand displacement for the
switch-on operation (V, Figure 3A). Colorimetric signal
switches confirmed the catalytic changes of Fe;O,@C NPs
triggered by BSA, aptamer, and lock and key DNA (Figure S4).

Having implemented the biomolecular switches of nano-
catalytic activity, we then built Boolean logic calculation
systems on the basis of the bio-nano interface of Fe;O,@C
NP. In the AND logic gate, Fe;O,@C NP and BSA served as
gate structure, and two split aptamers of BSA (Apt-1 and Apt-
2) were designed as two inputs (Figure 3B, C). When no input
or either one input was presented to the gate structure (input =
[0, 0], [1, 0], or [0, 1]), a low level of absorbance at 652 nm
could be observed (Figure 3E,F), confirming a low catalytic
activity of Fe;0,@C NP (output = 0). In the presence of both
two inputs (input = [1, 1]), split aptamers recombined and
competitively bound with BSA, which resulted in a large
colorimetric signal as well as dark blue reaction solution
(Figure 3D), confirming the recovery of high catalytic activity
of Fe;0,@C NP (output = 1). For the NOR logic gate,
Fe;0,@C NP was employed as the computing element, and

two proteins (BSA and IgG) were designed as two inputs
(Figure 3G,H). In the absence of any input (input = [0, 0]),
the initial state of the logic gate exhibited high catalytic activity
(output = 1); otherwise, when either one or two inputs were
present (input = [1, 0], [0, 1], or [1, 1]), the absorbance level
was low (output = 0) (Figure 3],K). These outputs were also
verified by the color of corresponding reacted solutions by the
naked eye (Figure 3I), which well matched the designed logic
operation. The logic platform provided a label-free and visible
biocomputing concept by using the biohybrid nanozyme,
which held a great promise in intelligent clinical diagnosis and
on-site detection.

On-Particle Reaction for Detection of GSH. GSH, as an
important intracellular antioxidant, plays a crucial role in
cellular functions in defensing free radicals and toxins and
keeping exogenous antioxidants in reduced forms.”*>> Also, it
is employed as a therapeutic drug for treatment of convulsions
and epilepsy. Therefore, quantitative determination of GSH in
living being systems and pharmaceuticals is of great
significance. Given the crucial role of a bio-nano interface in
regulating molecular interactions, we developed an on-particle
reaction strategy for colorimetric detection of GSH with
interfacial microenvironments. Figure 4A illustrates a sche-
matic representation of colorimetric detection of GSH based
on the peroxidase-like activity of Fe;O,@C NP. Briefly, when
GSH was introduced, the blue color fading occurred into the
TMB-H, 0, chromogenic system. Also, the color change of the
solution was concentration-dependent and thus allowed the
quantitative analysis of GSH. As shown in Figure 4B, the
reaction pathway for on-particle reaction, in which GSH first
absorbed and concentrated on the surface, enhanced the
reduction ability toward oxidized TMB (TMBox), which
differed significantly from that in bulk solution. Because of the
high affinity between GSH and the surface of Fe;O,@C NP,
the exposed surface was blocked, resulting in binding
hindrance of TMB substrate. Meanwhile, the absorption of
GSH could accelerate the involved reactions due to localized
interfacial interactions and “concentric” effect.

We next interrogated the analytical performance of on-
particle reaction-based colorimetric biosensors to detect GSH.
Figure 4C shows a series of typical UV—vis spectra in response
to different concentrations ranging from 200 pg mL™" to 200
ug mL~". It was observed that the absorbance at 652 nm
showed a gradual weakening with an increasing concentration
of GSH, in accordance with the color change of reacted
solutions (Figure 4C, inset). The colorimetric signal was
plotted as a monotonic function of GSH concentration
spanning 7 orders of magnitude (Figure 4D). Additionally,
there was a linear relationship between the absorbance and the
logarithm of concentration with a regression equation (A =
0.91957 — 0.08788 log Cagir, R? = 0.96218) (Figure 4D, inset).
For in-solution reaction-based colorimetric biosensor, it
exhibited a dynamic response range from 20 ng mL™" to 20
ug mL™', with a linear regression equation (A = 0.82572 —
0.05015 log Cgsy, R* = 0.98093) (Figure 4E). By contrast, it
was found that the sensitivity of the on-particle reaction-based
biosensor surpassed that of in-solution reaction by 2 orders of
magnitude (Figure 4F), indicating that the bio-nano interface
could effectively improve the sensitivity of the GSH bioassay.
Two proposed sensors achieved limit of detections as low as
200 pg mL™" (650 pM, on-particle) and 20 ng mL™" (65 nM,
in-solution), respectively. Such an ultrahigh sensitivity of on-
particle based GSH biosensor was comparable to or even
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Figure 5. (A) Schematic illustration of the fluorescent method for protein quantification. (B, C) Fluorescence spectra (B) and quenching efficiency
(C) obtained from four nanosystems. (D, E) UV—vis spectra (D) and comparisons (E) of the catalytic oxidation of TMB in the absence and
presence of GSH in different concentrations of NaCL In fluorescence measurement, 0.2 mg mL ™" FITC-avidin was incubated with 0.8 mg mL™
nanozyme in PBS buffer. In salt influence test, 0.2 mg mL™' GSH and 0.8 mg mL™' Fe;0,@C NP were used in incubation. Then, the catalytic
reaction was carried out by using 20 g mL™" nanozyme/protein conjugate in 0.2 M HAc-NaAc (pH 4.0) containing 1 mM TMB and 5§ mM H,0,.

superior to that of previous colorimetric biosensors for GSH
(Table S2). In addition to ultrahigh sensitivity, our proposed
on-particle based GSH biosensor also exhibited several
advantages. Significant qualities of this biosensing system are
simplicity and easy-to-use, and not requiring complex and
time-consuming experimental procedures. Importantly, bio-
molecular detection can be accomplished by visual observa-
tion. In addition, this sensor system is label-free and cost-
effective, which does not need costly manipulations, such as
chemical synthesis or nanoparticle modification.

21046

Besides that, the suppressions of the peroxidase-like
activities of four nanozymes by GSH are also illustrated in
Figure 4G. As a result, both Fe;O,@C NP and GO NS
demonstrated high inhibition efficiencies of about 80%,
whereas there was a low inhibition efficiency of less than
50% for either Fe;O, NP or Fe;O,@C NW. Besides that, it
was also worth noting that the inhibition efficiency of the on-
particle reaction-based GSH biosensor was apparently higher
than that of the in-solution reaction-based counterpart under
the same conditions, reconfirming the significance of the bio-
nano interface in a biosensing platform. To assess the
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specificity of our on-particle based GSH sensor, we carried out
control experiments using potential interference of a
component in body fluid, including several amino acids,
some reductive substrates, including L-aspartic acid (Asp), L-
glutamic acid (Glu), L-serine (Ser), L-arginine (Arg) , L-cysteine
(Cys), and vitamin C (VC). As shown in Figure 4H, we found
that the introduction of GSH caused a dramatic decrease in the
absorbance, whereas the other interferences gave rise to
insignificant effects on colorimetric signals, even with a 20-fold
excess relative to GSH. Furthermore, the mixture with other
proteins, e.g., glucose oxidase (GOx), biotin, and concanavalin
(ConA), produced slight influence on the colorimetric
response (Figure S5). This suggested that our proposed
sensor possessed satisfactory discrimination between GSH and
other biological components.

Mechanism of Nanozyme-Biomolecue Interactions. It
has revealed that proteins showed modulation of the
peroxidase-mimicking activity of nanomaterials, which resulted
in different degrees of reduction of the colorimetric responses
of different nanozymes. To get the insights of the mechanism
of the interactions between protein and nanozyme, we
quantitatively measured the protein densities on the surface
of nanomaterials using a fluorescent method. Considering
avidin as a moderate catalytic regulator for four nanozymes, we
selected fluorescein isothiocyanate (FITC)-labeled avidin, as
the model protein for fluorescence studies. After interacting
with nanozyme, the unbound FITC-avidin was separated in the
supernatant under an external magnetic field, and then its
fluorescence intensity was determined (Figure SA). Figure SB
displays the fluorescence intensity for the free FITC-avidin
obtained from four nanozymes. The fluorescence of free FITC-
avidin in the sample of Fe;O, NP was well maintained in a
high level, whereas that for GO NS was nearly totally
quenched with a relatively low response. Quenching efliciency
(7) was employed to present the quenching abilities of
nanozyme for FITC-avidin, which was calculated as 1 — F/F,,
where F, and F are the fluorescence intensities at 525 nm in
the absence and presence of nanozyme, respectively. As
presented in Figure SC, the quenching efficiency caused by
GO NS was as high as 94%, implying the strong GO-protein
binding and the resulting high absorption of protein on the
surface of GO NS. In a sharp contrast, Fe;O, NP quenched the
fluorescence with a very low efficiency of 1.6% due to a weak
interaction between Fe;O, NP and protein. In addition, 52%
and 35% fluorescence were quenched by Fe;O,@C NP and
Fe;0,@C NW, respectively, both of which suggested
moderate absorption efficiency for protein. The amount of
nanozyme, surface area, and surface density for four nano-
systems are listed in Table S3. Both Fe;O, NP and Fe;O,@C
NW possessed a surface area of more than 100 m* g~', which
were much larger than that of Fe;O,@C NP and GO NS. After
the addition of protein, similar average surface densities were
calculated for both Fe;O,@C NP and GO NS systems, which
were around 10- and 100-fold higher than that of Fe;O,@C
NW and Fe;O, NP, respectively. This phenomenon suggested
a high absorption efficiency of protein on the surface of either
Fe;0,@C NP or GO NS, which explained their significant
inhibition ratios of the catalytic activities of Fe;O,@C NP and
GO NS (Figure 2D). By the same token, the ultralow surface
density of protein on Fe;O, NP was considered to be related
to a slight change of its catalytic activity. We speculated that
the bound protein molecules occupied the room to anchor and
shielded the nanozyme surface, which might block the surface

accessibility of the peroxidase substrate and thus gave rise to an
inhibition of peroxidase-like activity.

Next, we studied the effect of ionic strength on the
interactions between nanozymes and biomolecules. The
peroxidase-like activities of nanozymes were investigated in
the absence and presence of biomolecules with different
concentrations of salt. In the absence of biomolecules, the
peroxidase-like activities of four nanozymes exhibited varying
degrees of decrease with increasing salt concentrations (Figure
S6). Particularly, it demonstrated the maximum decrease of the
absorbance for Fe;0,@C NP. When biomolecule (e.g., GSH)
was added, the higher salt concentration led to an enhanced
inhibition ratio of the peroxidase-like activity of Fe;O,@C NP
(Figure SD,E). From (-potential measurements, four nano-
zymes carried a negative charge in physiological pH (Table
S4). GSH, SA, and BSA were negatively charged in the same
buffer (Table SS). As salt was usually used to screen the charge
repulsion in aqueous nanosystems, thus electrostatic force
might contribute to the bio-nano interactions.”” In other
examples, avidin and IgG carried a positive charge at pH 7.4,
which favored the electrostatic attractive binding with
negatively charged nanozyme.*® In short, higher salt concen-
tration brought about more impact on the catalytic inhibition
of bio-nano interfaces, and electrostatic force might play an
important role in the bio-nano interactions.

Considering that four nanozymes with diverse shapes
possessed different surface curvatures, the shape was also
taken into account as an influencing factor to analyze. As is
known to all, the 0D NPs have maximum curvature and
energy, and then 1D NWs, and last the 2D NSs. The
biomolecules need to consume higher energy to bend in the
direction of the imposed curvature on the spherical surface for
0D NPs, which made the adsorption on Fe;O, NP lower than
on nanowires and nanosheets. For Fe;O,@C NPs, biomole-
cules might bind on the surface via different interaction forces,
such as hydrogen bonding, electrovalent bond, van der Waals
forces, and hydrophobicity, which contributed to the highest
absorption of this nanozyme among the four nanosystems.
However, the detailed mechanism is still unclear and needs to
be in-depth explored.

B CONCLUSION

In summary, four types of nanozymes from 0D to 2D and their
interactions with biomolecules were systematically studied for
better understanding their roles and rational biosensing design.
The colorimetric assays revealed that the modification of
proteins caused the catalytic regulation behaviors of nano-
zymes. As a result, the catalytic activity of Fe;O,@C NP was
maximally inhibited, whereas that of Fe;O,@C NP mostly
remained. What’s more, the nanozyme-based sensor array
showed good identification for multiplex proteins, including
avidin, SA, BSA, and IgG. On the basis of the highest
inhibition of BSA on Fe;O,@C NP, the catalytic activity of
Fe;0,@C NP could be switched ON/OFF empowered by
BSA, aptamer, and toehold DNA, allowing the establishment of
Boolean logic calculations (AND and NOR) in response to
DNA and protein stimuli that converted to the color change of
corresponding reacted solutions. Given the “concentric” effect
of the bio-nano interface, an on-particle reaction strategy for
colorimetric detection of GSH has been proposed, which
demonstrated a wide dynamic range from 200 pg mL™" to 200
ug mL~" spanning 7 orders of magnitude, as well as good
discrimination from other potential interferences. Worth of
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noting, the on-particle reaction-based GSH sensor exhibited an
ultrahigh sensitivity down to 200 pg mL™’, which exceeded
that of the in-solution reaction-based sensor by 2 orders of
magnitude. More importantly, the mechanism of the
interactions between nanozymes and biomolecules was care-
fully explored by analyzing the related influencing factors. The
surface coverage of biomolecules, salt concentration, and the
curvature of nanozymes have been proved highly associated
with the catalytic modulation. We envisage that this work can
provide guidance for better choice of nanozymes and the
elaborate design of biosensors for molecular diagnosis and in
vivo sensing.

B EXPERIMENTAL SECTION

Materials and Chemicals. The aptamer and DNA oligonucleo-
tides were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China,
and used without further purification. All sequences of the
oligonucleotides are listed in Table S1. GO NSs were purchased
from Nanjing XFNANO Materials Tech Co., Ltd. (Nanjing, China).
Avidin, SA, BSA, and IgG were obtained from Sangon Biotech Co.,
Ltd. (Shanghai, China). GSH and 30% H,0, were purchased from
Shanghai Titan Scientific Co., Ltd. (Shanghai, China). TMB was
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). All chemicals were of analytical reagent grade and used
without further purification. Ultrapure water with a resistivity of 18
MQ-cm™ was used in the assays.

Assay of the Peroxidase-like Activities of Nanozyme. The
peroxidase-like activities of nanozymes were studied by a TMB/H,0,
reaction system. Briefly, 6 uL of 1 mg mL™" nanozyme, 15 uL of 20
mM TMB, and 15 uL of 0.1 M H,O, were added into 264 uL of HAc-
NaAc buffer (0.2 M, pH 4.0). The resulting mixture reacted for 10
min at room temperature, and then the nanozyme was removed under
a magnetic field or by centrifugation. Finally, the supernatant was
monitored on a UV—vis spectrometer using a wavelength scanning
method.

Investigation of Interactions between Nanozymes and
Proteins. First, 25 uL of 1 mg mL™" protein was mixed with 100
uL of 1 mg mL™" nanozyme in a 1XPBS solution, and the resultant
mixture reacted overnight at 37 °C under slightly stirring. The
nanozyme/protein conjugate was washed with 1XPBS for three times.
Then, 6 uL of 1 mg mL™" of nanozyme/protein conjugate was added
into the HAc-NaAc buffer solution containing 1 mM TMB and S mM
H,0,. The mixture further reacted for 10 min at room temperature,
and the supernatant was transferred to a quartz cell and used for
spectroscopic measurements.

Construction of Logic Gates. For AND logic gate operations,
input DNAs (Apt-S1 and Apt-S2) were added to BSA, and then
incubated for 30 min at 37 °C. Then, the above mixture reacted with
Fe;0,@C NP overnight at 37 °C. For NOR logic gate operations,
input proteins (BSA and IgG) were introduced to Fe;0,@C NP with
an incubation at 37 °C overnight. The following steps were performed
as described in Assay of the Peroxidase-like Activities of Nanozyme
section. The logic gate against different inputs and their biological
outputs were characterized by the corresponding colorimetric signal
as well as the color change of the catalytic oxidation of TMB.

Colorimetric Determination of GSH. For the on-particle
reaction-based GSH sensor, GSH with different concentration was
added to 1 mg mL™" Fe;0,@C NP in 1XPBS solution, and reacted
for 2 h at room temperature which made GSH fully absorb on the
surface of Fe;0,@C NP. After centrifugation, a 9 uL volume of 1 mg
mL™" Fe;0,@C NP/GSH conjugate was added to HAc-NaAc buffer
solution (0.2 M, pH 4.0) containing 1 mM TMB and S mM H,0,,
and then reacted for 10 min. For the in-solution reaction-based GSH
sensor, GSH with different concentrations was added to HAc-NaAc
buffer solution (0.2 M, pH 4.0) containing 30 g mL~' Fe;O,@C NP,
1 mM TMB, and 5§ mM H,0,, and reacted for 10 min. Finally, the
chromogenic TMB solution was monitored by spectroscopic
measurements.

Fluorescence Assay. 25 uL of 1 mg mL™' FITC-avidin was
added to 100 uL of 1 mg mL™" nanozyme. The mixture reacted at 37
°C overnight with slight stirring, and washed with 1XPBS for three
times. The supernatant was measured on a fluorescence spectroscopy
(Hitachi, Japan) with an excitation/emission wavelength of 496/518
nm.
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