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Abstract DOI: 10.1039/DONRO4060F

The effective regeneration of bioactive NAD™ plays an important role in numerous
dehydrogenase-dependent applications including biocatalysis and biosensing.
However, this process usually suffers from high thermodynamic barrier, instability
and high cost associated with natural enzymes. The emergence of nanomaterials with
enzyme mimic characteristics has offered a potent alternative to many
enzyme-catalyzed processes. Platinum nanoparticles (PtNPs), for example, have been
extensively studied for their peroxidase and oxidase-like activities. However, their
behavior as a NADH oxidase mimic has barely been characterized in detail. Herein,
we report a facile approach to prepare PtNPs-deposited multiwalled carbon nanotubes
(PINPs@MWCNTs) as the nanozyme for NADH oxidation. Its enzymatic activity
was in-depth investigated, revealing that it was a NADH oxidase instead of a
peroxidase and the catalytic process generated O,~, rather than OH" or 'O,, from
dissolved O,. The recovery yield of bioactive NAD* regeneration by the nanozyme
could reach ~100% with a total turnover number of ~6000. Besides, it exhibited
terrific electrochemical performance for NADH oxidation and sensing by greatly
boosting the response and lowering the oxidation overpotential. Moreover, it could
also work on biomimetic cofactors with even higher activity. Finally, xylose
dehydrogenase was immobilized with the nanozyme to constitute a hybrid
bioelectrode for xylose sesning. The biosensor had a xylose detecting range of 5-400
puM with the limit of detection as low as 1 uM and can retain its performance after
being reused for several times. Our results suggest that the PtNPs@MWCNTs
characterized as a NADH oxidase nanozyme hold great promise in the applications of
biocatalysis and biosensing, which intensively deal with dehydrogenases and natural

or biomimetic cofactors.

Keywords: nanozyme; NADH oxidase; PtNPs@MWCNTs; NAD" regeneration;

biomimetic cofactor; biosensor
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Introduction DOI: 10.1039/DONR0O4060F
The intrinsic limitations of natural enzymes, such as prone to denaturation under
unfavorable conditions, high cost and time-consuming preparation associated with
purification processes, have driven the development of nanomaterials as alternatives.
Among them, some so-called nanozymes not only exhibit outstanding enzyme-like
catalytic performance and good selectivity, but also feature high operational and
storage stability as well as facile preparation, thus being regarded as the next
generation enzyme mimics.!® Since the pioneering work of discovering Fe;O4
nanoparticles as a peroxidase mimic by Yan et al. on 2007,7 a plethora of inorganic
nanomaterials have been investigated for enzyme-mimicking properties, including
metal nanoparticles, nanoclusters, or nanorods, metal oxides, single-atom metals, and
so on.%!1 More recently, nanocomposites comprised of a catalytic core and a capping
or supporting layer have been widely adopted to construct a nanozyme, as the activity,
stability, and the dispersibility of the catalytic core can be regulated or improved by
the capping or supporting layer.'>1¢ In terms of enzyme category, peroxidase and
oxidase mimics are the most studied, while mimics of catalase, superoxide dismutase,
hydrolase and others are also frequently reported.! Over the last decade, the
exploration of nanozymes, along with the advances in nanotechnology and

biotechnology, bring the opportunity to leverage and expand the realm of enzymatic

Published on 21 August 2020. Downloaded by University of Rochester on 8/25/2020 9:36:17 PM.

catalysis by elucidating catalytic mechanisms, designing facilitated reaction routes,
and demonstrating versatile applications. Numerous examples of in vitro sensing of
H,0,, glucose, lactate, xanthine, dopamine, and Cr (VI) ions, in vivo sensing,
imaging, and therapeutics with the use of nanozymes have been presented, suggesting
their enormous potential.!? 17-24

Nicotinamide adenine dinucleotide (NAD™) and its reduced form (NADH) are
essential cofactors in nature and play important roles in cell metabolism and
biological electron transfer reactions. The bioactive NAD* regeneration is of
tremendous value to reactions mediated by most dehydrogenases in the applications
of biosensors, biofuel cells, and biocatalysis.>>?” Especially in electrochemical

biosensors relying on dehydrogenases, the typical bioactive NAD™ regeneration at
3
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conventional solid electrodes requires considerable activation energy (i) thigh/bonrRo4060F

overpotential) and often couples with undesired side reactions and irreversibility with
the formation of inactive dimers. To overcome these challenges, various
nanomaterials have been actively exploited for electrochemical sensing and oxidation
of NADH, for instance, inorganic materials including Au, Pt, Cu, Pd, or bimetallic
ones and carbon based materials such as treated multiwalled carbon nanotubes
(MWCNTs), nitrogen-doped graphene, and carbon nitride.?8-3? Platinum nanoparticles
(PtNPs), particularly, have been explored to mimic various peroxidases and oxidases
with excellent catalytic performance.® 13 33, 3% For example, PtINPs@MnO, was
reported to display a typical Michaelis-Menten behavior as a general oxidase rather
than a peroxidase and was applied in colorimetric assays for detecting glutathione and
dopamine.’3 Albert with enhanced catalytic efficiency and turnover achieved as
shown in numerous literatures, PtNPs have barely been characterized in detail for
their NADH oxidase-like activity yet. In addition, the common approach to perform
NADH electrooxidation at a low overpotential is historically represented by the use of
redox mediators along with the nanomaterials.?”> 35 36 Although the rationale for the
selection of the proper mediators and their possible kinetic and thermodynamic
constraints could be addressed, the mediator-free approach is more favorable.

In this study, we constructed a PtNPs-deposited MWCNTs nanocomposite
(PINPs@MWCNTs) and investigated its nanozyme behavior in detail for NADH
oxidation. MWCNTs was chosen since they have been steadily developed and
frequently applied in sensors,’” supercapacitors,’® and fuel cells*® due to their large
specific surface area and excellent biocompatibility as carriers, good electrocatalytic
property as catalysts and superior conductivity as electronic wires.*? They could be
used as a model nanomaterial and provide a conductive and stable support for PtNPs,
allowing the good activity and stability of the catalytic core. The possible reaction
mechanism was exploited by determining the product and identifying the possible
intermediate reactive oxygen species (ROS). Besides on the natural NADH, the
activity of PtNPs@MWCNTs on the biomimetic cofactor (e.g. N-benzyl nicotinamide

(BNAH)) was also evaluated. The application of this NADH oxidase-mimic was
4
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further demonstrated on a mediator-free xylose-sensing bioelectrode assembled,1with/DoNRo4060F
high sensitivity and good stability achieved. These results suggest that the
PtINPs@MWCNTs characterized as a NADH oxidase nanozyme hold great promise in
biocatalytic reactions and pave the way for the construction of dehydrogenase-based

biosensors relying on natural or biomimetic cofactors.

Results and discussion

Morphology of the PEINPs@MWCNTSs

]
=]

Frequency (%

001234567

Diameter (nm

Pt 4f

i
i O1s
|

0 300 600 900 1200
Binding energy (eV)

Fig. 1. SEM images of (a) MWCNTs and (b) PtINPs@MWCNTs, TEM of (c)
MWCNTs and (d) PtINPs@MWCNTs, (e) Average diameter of PtNPs, and (f) XPS of
PINPs@MWCNTs.

The morphology of the PINPs@MWCNTs was characterized by SEM and TEM. As
displayed in Fig. la and 1c, MWCNTs present an ideal tubular structure with a

relatively smooth surface and the surface area of ~101.4+0.4 m? g'! measured by BET.

5
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The solid PtNPs are distributed on the outer surface of MWCNTs (Fig. 1b andiold)y/ponro4060F
with an average particle diameter of ~3.3 nm (Fig. le), in agreement with those

reported in literature*!> 42, Moreover, a qualitative analysis of the surface composition

of the PINPs@MWCNTs was surveyed by XPS and the successful attachment of

PtNPs on the surface of MWCNTSs could be confirmed (Fig. 1f).

Catalytic activity and mechanism of the PEINPs@MWCNTs

The oxidase-like catalytic activity of the PINPs@MWCNTs for NADH was
intensively evaluated. As shown in Fig. 2a, the absorbance at 340 nm of the NADH
solution reduces with the reaction time in presence of the PINPs@MWCNTs,
validating the oxidase-like catalytic activity of the PEINPs@MWCNTs. With the same
loading of the MWCNTs, the absorbance at 340 nm decreases slightly, similar to that
of the sample with NADH alone or PtNPs@MWCNTs alone, suggesting that the
introduction of MWCNTs has a negligible effect on NADH oxidation. Then, we
explored the catalytic mechanism of PtINPs@MWCNTs nanozyme. In Fig. 2b, the
NADH solution bubbled with N, can barely be oxidized by the PtNPs@MWCNTs.
Conversely, when bubbled with O, or air, the NADH amount decreases dramatically,
revealing that O, plays a key role in the catalysis mediated by the PEINPsS@MWCNTs
nanozyme.

Furthermore, inspired from the natural NADH oxidase, which could produce H,0,
or H,0O during the NADH oxidation resulted from two different catalytic mechanisms,
we investigated whether HO, was produced in the NADH oxidation with the use of
PINPs@MWCNTs nanozyme. A typical peroxidase substrate TMB was chosen as the
chromogenic substrate and it would be oxidized by H,O, under the catalysis of HRP.
The result shows that the nanozyme exhibits a weak catalytic activity towards TMB in
the presence of dissolved O,, even without HRP (Fig. S1a). Next, we run the NADH
oxidation reaction mediated by the nanozyme for a while and stopped the reaction by
spinning out the nanozyme. The as-obtained solution was then bubbled with N, and
added with TMB and HRP, however, yielding no absorbance increase at 650 nm.

When further added with H,O,, the solution displays a distinct absorbance increase,
6
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proving that H,O, is not the reaction product of NADH oxidation mediatedobsp. the/0oNRr04060F

PINPs@MWCNTs nanozyme (Fig. S1b).
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Fig. 2. Time-dependent absorbance changes at 340 nm for NADH. (a) Catalytic
activity of PINPs@MWCNTs for NADH oxidation, (b) Influences of O,, air or N, on
the NADH oxidation, (c) High-resolution XPS Pt 4f spectrum of PtINPs@MWCNTs.
NADH: 0.2 mM, PtNPs@MWCNTs: 0.4 mg mL-!, MWCNTs: 0.4 mg mL-'.

Moreover, according to the catalytic mechanism of other nanozymes reported, which
was always associated with the generation of intermediate ROS,*> ** we investigated
the NADH oxidation mediated by the PINPs@MWCNTs nanozyme in the presence of

two radical scavengers to identify the possible ROS produced in our case. As a result,

Published on 21 August 2020. Downloaded by University of Rochester on 8/25/2020 9:36:17 PM.

the NADH oxidation is largely unaffected in presence of different concentrations of
NaNj, a well-known OH® and 'O, scavenger (Fig. S2a).*> However, the NADH
oxidation decreases significantly with the increase of the concentration of SOD, a
well-known O, scavenger (Fig. S2b),* suggesting that O, may be excited as a
underlying factor for the NADH oxidation mediated by the nanozyme.

Furthermore, the surface states of PtNPs before and after the catalytic oxidation of
NADH were monitored using XPS. Based on Fig. 2c, the spectra of Pt 4f peaks reveal
little variation in Pt (71.0 eV) and Pt** (74.3 eV) contents before and after the
catalysis, essentially indicating that Pt® and Pt?>* can be effectively recycled. Thereby,
the above-mentioned results substantially demonstrate that PtNPs attached on

MWCNTs serve as a NADH oxidase mimic. A possible mechanism for the
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oxidase-like activity of PINPs@MWCNTSs nanozyme was speculated as follows: 10.1039/D0NR04060F

PtNPs@MWCNTs _
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205 +3NADH +5H*->3NAD* +4H,0

Enzymatic properties of the PINPs@MWCNTSs
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Fig. 3. Catalytic activity of PINPs@MWCNTs for NADH at (a) different pHs of
3.0-10.0 and (b) temperatures of 15-80 °C, (c) Steady-state kinetic assay of
PINPs@MWCNTs for NADH, (d) Double reciprocal plot of the nanozyme activity.

To explore the enzymatic properties of PtNPs@MWCNTs, the NADH oxidation
reaction was firstly optimized at different pH values (3.0-10.0) and temperatures
(15-80 °C). Notably, the PtNPs@MWCNTs exhibits the maximum catalytic activity
at pH 5.0, consistent with several other Pt-based nanozymes (Fig. 3a).*® The
nanozyme retains a high catalytic activity over the temperature range of 15-50 °C,
with the observed activity rapidly decreasing at higher temperatures (Fig. 3b),
possibly due to the instability of the reaction product at elevated temperatures.*’
Moreover, we obtained the Michaelis-Menten constant of the nanozyme. K,

representing the substrate affinity to the enzyme, was determined as 0.14 mM and the

8
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K., Tepresenting the turnover rate of the nanozyme, was 0.021 s! (Fig. 3¢ amd3d)/oonro4060F
Although the K, is slightly lower than that of several natural NADH oxidases, which
may be ascribed to the poor loading of PtNPs onto the MWCNTs, it is enough to
accomplish the bioactive NAD™ regeneration and presents much better stability than
that of natural NADH oxidases. Additionally, we found that there was a good linear
relationship between the absorbance change and the NADH concentration ranging

from 1 to 200 uM with a limit of detection (LOD) of 0.8 uM (Fig. S3).

Bioactive NAD™ regeneration by the PEINPs@MWCNTSs

To demonstrate the ability of the PINPs@MWCNTs nanozyme for biotechnological
applications, it is essential to prove the conversion of NADH into bioactive NAD" and
proceed a biocatalytic reaction driven by the cofactor regeneration. To achieve this
goal, the PtINPs@MWCNTs nanozyme system was coupled to the FDH-catalyzed
oxidation of formate, which involved with the reduction of bioactive NAD™. First, 0.2
mM NADH was almost fully oxidized by the PtNPs@MWCNTs nanozyme, as
depicted in the blue curve of Fig. 4a. After the nanozyme was removed by
centrifugation and fresh FDH and formate were subsequently added, 0.2 mM NADH
could be obtained with a recovery yield of ~100 % (red curve, Fig. 4a), illustrating

that PINPs@MWCNTs nanozyme can efficiently regenerate bioactive NAD®. In

Published on 21 August 2020. Downloaded by University of Rochester on 8/25/2020 9:36:17 PM.

addition, we investigated that total turnover number (TTN) of the nanozyme in an
enzyme-nanozyme hybrid catalytic system containing 5 M formate, 10 U FDH, 0.5
mM NAD" and 0.4 mg mL-! nanozyme. It was found that the formate concentration
decreased to ~2 M after 32 h and the TTN was calculated as ~6000, demonstrating the

great application potential of the nanozyme.*% 4°
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Fig. 4. (a) UV-vis absorption-time course curve for NADH at 340 nm. Blue: 0.2 mM
NADH and 0.4 mg mL"! PINPs@MWCNTs, Red: remove the nanozyme and add 10
U FDH and 50 mM formate, (b) The consumption of the formate in the

enzyme-nanozyme hybrid catalytic system.

Electrochemical performance of the PINPs@MWCNT's

Next, we investigated the electrocatalytic activity of the PINPs@MWCNTs nanozyme
in detail. From the CV result, an obvious anodic peak current appears when using a
bare glassy carbon electrode (GCE), MWCNTs-decorated GCE or
PINPs@MWCNTs-decorated GCE in 0.1 M PBS containing NADH (Fig. S4).
Notably, MWCNTs deposited at the GCE could reduce the overpotential of NADH
oxidation, shifting the E, value negatively by 400 mV to 0.1 V vs Ag/AgCl (Fig.
5a)%, and enhance the oxidation current nearly by 5 times. The deposition of PtNPs
onto MWCNTs can barely further reduce the oxidation overpotential of NADH, but
significantly enhance the peak current by nearly 50 % (Fig. 5a), largely due to the
excellent conductivity of the PtNPs. This result can also be found when comparing
Fig. S4b and S4c. Additionally, the oxidation peak current at ~0.1 V increases with
the NADH concentration rising from 0 to 4 mM (Fig. 5b). This oxidation peak current
greatly increases when bubbled by N, and decreases when bubbled by O, (Fig. 5c¢),
illustrating that the O, involved in the enzymatic oxidation of NADH by the
nanozyme would compete with the anodic electrooxidation of NADH. In brief, the
nanozyme exhibits terrific electrochemical performance for NADH oxidation and

sensing, by amplifying the response greatly and lowering the oxidation overpotential.

10
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Fig. 5. (a) CVs of GCE, MWCNTs/GCE and PtNPs@MWCNTs/GCE in 0.1 M PBS
containing 1 mM NADH, (b) CVs at PtNPs@MWCNTs/GCE with various NADH
concentrations, (¢c) CVs of PINPs@MWCNTs/GCE with N, air or O,. Scan rate: 10

mV sl

Evaluation of the PINPs@MWCNTSs for biomimetic cofactors

Although widely used, the natural cofactors such as NADH are prohibitively
expensive and chemically unstable.’! These drawbacks have driven the seek of more
stable synthetic nicotinamide cofactor analogues that can interface with enzyme
catalysts.’>>* Recently, BNAH, nicotinamide riboside (NRH), and nicotinamide
mononucleotide (NMNH) as alternatives of NADH have been applied in

biotransformation and bioelectricity generation with the successful development of

Published on 21 August 2020. Downloaded by University of Rochester on 8/25/2020 9:36:17 PM.

corresponding engineered enzymes (Fig. S5).°>->7 Herein, we chose BNAH as an
example and investigated the catalytic activity of the PINPs@MWCNTSs nanozyme on
this biomimetic cofactor. Similar to NADH, PtNPs deposited onto MWCNTs present
a significant BNAH oxidation activity (Fig. 6a). K, and K, are 0.452 mM and 0.066
s7!, even better than those for NADH (Fig. 6b and 6c¢). The oxidation peak potential
occurs at -0.1 V and the oxidation peak current increases as a function of various
BNAH concentrations (Fig. 6d). All these results indicate that the PEINPsS@MWCNTs
nanozyme demonstrates great potential in oxidizing biomimetic cofactors and could

be used in a diverse of biomimicking catalytic systems in the future.
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Fig. 6. (a) Time-dependent absorbance changes at 340 nm for BNAH. BNAH: 0.5
mM, MWCNTs: 0.2 mg mL"!, PtINPs@MWCNTs: 0.2 mg mL-!, (b) Steady-state
kinetic assay of PtNPs@MWCNTs for BNAH, (c) Double reciprocal plot of the
nanozyme activity for BNAH, (d) CVs at PtNPs@MWCNTs/GCE in 0.1 M PBS
containing 0, 0.05, 0.3, 0.75, 1.00, 1.25, or 1.75 mM BNAH.

Application of the PINPs@MWCNTs in a xylose biosensor

More than 300 kinds of dehydrogenases in nature depend on NADH as an electron
transporter. However, the electrochemical biosensors based on natural
dehydrogenases always suffer from poor regeneration of bioactive NAD", stability
issues with enzymes and cofactors, and use of toxic and expensive electron mediators.
Herein, we took XDH as an example and aimed to construct a mediator-free xylose
biosensor, in which NAD* was reduced during the xylose oxidation by XDH and then
electrochemically regenerated by the nanozyme. The XDH was obtained from C.
vibrioides and was well expressed in E. coli (Fig. S6a), exhibiting the enzymatic
activity of ~8 U mg!’® XDH was then successfully immobilized on

PINPs@MWCNTs via the amide bond, as indicated from Fig. S6b showing two broad

12
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characteristic bands at 1640 and 1554 cm™!, commonly labelled as amide I arid/anyicie/DoNR04060F
I1.5° Additionally, EIS was performed to probe the features of the surface-modified
electrode. Fig. S6c shows a Nyquist plot of different electrodes in 5 mM
K;3Fe(CN)¢/K4Fe(CN)g redox probe in 0.1 M KCI. The bare GCE displays a small
resistance, while the resistance of the PINPs@MWCNTs electrode is even smaller,
illustrating the excellent electrically conductivity of PtINPs@MWCNTs. Upon the
immobilization of XDH, an insulating protein layer was formed at the electrode
surface, evident from the appearance of a significantly increased semicircular portion
of the resulting spectrum. These results further indicate the successful XDH
immobilization. Moreover, the bioelectrode preparation was optimized. Fig. S7a
reveals that the immobilized XDH amount increases with the applied XDH amount
and the current response also increases with immobilized XDH amount until reaching
100 mU. Fig. S7b shows that the optimal pH of the bioelectrode is 7.0.

Finally, the prepared bioelectrode was investigated for xylose detection. As shown
in Fig. 7a, the oxidation peak current appears at ~0.25 V as a result of NADH
electrochemical oxidation and increases with the increase of xylose concentration.
The oxidation overpotential shifts towards the positive potential by 150 mV compared
to that of the PINPs@MWCNTs/GCE, possibly caused by the immobilization of

insulating XDH. A well-defined linear relationship between the current response and

Published on 21 August 2020. Downloaded by University of Rochester on 8/25/2020 9:36:17 PM.

xylose concentration can be observed from 5 to 400 uM (Fig. 7b). The regression
equation is Ai,=17.631gcyy10se-8.42 With a correlation coefficient of 0.999. The LOD of
I uM can be estimated at a signal-to-noise (S/N) ratio of 3. Additionally, we
investigated the substrate selectivity of the biosensor constructed. The current
response to the addition of 0.5 mM xylose or a series of other saccharides including
maltose, mannose, glucose, fructose, sucrose, ribose, arabinose, galactose (100 mM
respectively) was recorded. In contrast to xylose, other saccharides barely exhibited
any current response, suggesting the good selectivity of the biosensor (Fig. 7c). More
gratifyingly, the current response of XDH&PINPs@MWCNTs/GCE remains 95% of
its initial value after successive additions of 1 mM xylose for 5 times (Fig. 7d). In

contrast, the current response of XDH@MWCNTs/GCE gradually decreases. The
13
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performance of the biosensor still remains 81.2% of its initial performancecafier5/0oNro4060F

days, demonstrating its favorable stability (Fig. 7e). This result again suggests that the
use of the PINPs@MWCNTs enables the effective regeneration of bioactive NAD™
and greatly enhances the stability of the biosensor. Further, we evaluated the
performance of the biosensor by measuring the xylose content in real samples (Fig.
71). Apparently, the results of the xylose content in pretreated corncob measured by
the biosensor and HPLC are in good agreement, illustrating that the biosensor based
on the PINPs@MWCNTs nanozyme is capable of precisely quantifying the xylose
content in real lignocellulosic samples.

Compared with other NADH oxidase mimic based biosensors, the use of
PINPs@MWCNTs nanozyme, featuring efficient bioactive NAD™ regeneration and
facile preparation, exhibits obvious advantages. For example, in a MnO,-TMB-based
sensing platform for monitoring NAD*-dependent reactions, the NADH generated
triggers the decomposition of MnO, nanosheets and results in the slow down of color
development and a gradually decreasing signal. This method, therefore, suffers from
limited detection range and limit.®® In another example, the use of
hemin/G-quadruplex as a NADH oxidase mimic requires H,O, as a co-reagent, thus

making the operation too complicated.¢!

150
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Fig. 7. (a) CVs of XDH&PtINPs@MWCNTs/GCE in 0.1 M PBS (pH 7.0) containing
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1 mM NAD™ and 0-2 mM xylose, (b) Typical calibration plot for xylose sensing: ¢sigrg/DONRO4060F
XDH&PINPs@MWCNTs/GCE in 0.1 M PBS with various concentrations of xylose
(Inset: amperometric time curve with the stepwise addition of xylose at 0.25 V), (c)
Substrate specificity of the xylose biosensor, (d) Frequency of use of
XDH@MWCNTs/GCE and XDH&PINPs@MWCNTs/GCE in 0.1 M PBS (pH 7.0)
containing 1 mM NAD* with the stepwise addition of 1 mM xylose, (e) Stability of

the biosensor, (f) Analysis of real samples.

Conclusions

In summary, we prepared the PtINPs@MWCNTs nanocomposite using one-step
chemical synthesis. The PtNPs@MWCNTs allowed for the bioactive NAD*
regeneration using O,*, generated from dissolved O,, which was defined to mimic the
activity of NADH oxidase. The PtINPs@MWCNTs nanozyme coupled with the FDH
confirmed that the nanozyme can be applied in the cofactor-dependent biocatalysis.
Moreover, the nanozyme exhibited a superior activity for the biomimetic cofactor,
paving the way for more applications in biomimicking catalysis in the future. In
addition, PtINPs@MWCNTs nanozyme was also used for electrochemical biosensors
based on a dehydrogenase, yielding a great sensitivity, selectivity, and stability.

Future efforts should be focused on the optimization of the PINPs@MWCNTs and the

Published on 21 August 2020. Downloaded by University of Rochester on 8/25/2020 9:36:17 PM.

increase of its catalytic performance. More novel supporting nanomaterials for the

PtNPs catalytic core can be tested as well in order to tune the nanozyme performance.

Experimental

Materials

Ethylene glycol, NAD*, NADH, glucose, maltose, mannose, fructose, sucrose, ribose,
arabinose, galactose, xylose, and formate were bought from Sigma-Aldrich (St. Louis,
MO, USA). MWCNTs were obtained from CheapTubes.com (Brattleboro, VA,
USA). Chloroplatinic acid (H,PtCls-6H,0), peroxidase horseradish (HRP),
3,3',5,5-tetramethylbenzidine (TMB) and superoxide dismutase (SOD) were

purchased from Macklin (Shanghai, China). N-hydroxysuccinimide (NHS) and
15
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1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) were: from/PoNro4060F
J&K Scientific (Beijing, China). 1-Benzyl-1,4-dihydronicotinamide (BNAH) was
from Bidepharm (Shanghai, China). All solutions were prepared with the deionized
water purified with a Millipore-Q purification system (specific resistance > 18.0 MQ
cm). Formate dehydrogenase (FDH) and xylose dehydrogenase (XDH) were prepared

according to previous methods.%2-63

Apparatus.

Scanning electron microscopy (SEM) was carried out by using a SU8020 field
emission SEM instrument (Hitachi, Japan) at an accelerating voltage of 3.0 kV with a
EMAX x-stream? energy-dispersive X-ray analyzer (HORIBA, USA). Transmission
electron microscope (TEM) was performed on a Tecnai G2 F30 field emission TEM
instrument (FEI, Hillsboro, OR, USA) at an accelerating voltage of 80 kV. BET
surface area was analyzed with an ASAP 2460 instrument (Micromeritics, USA).
X-ray photoelectron spectroscopy (XPS) was conducted with an ESCALAB-250Xi
system (Thermo Fisher Scientific, Waltham, MA, USA) using Al Ka as the X-ray
source. Fourier transform infrared spectroscopy (FTIR) was carried out using a
TENSOR 1I instrument (Bruker, Billerica, MA, USA). Time-dependent absorbance
and UV-Vis absorbance spectra were recorded with a Cary 100 UV-Vis (Agilent
Technologies, Santa Clara, CA, USA). A CHI 1000C potentiostat (CH Instruments,
Chenhua, China) was used for electrochemical experiments. All potentials in this

work were set versus Ag/AgCl.

Preparation of PtNPs@MWCNTSs nanocomposite

The PtINPs@MWCNTs nanocomposite was synthesized by growing the PtNPs in situ
on the surface of carboxylated MWCNTs. Briefly, 100 mg MWCNTs, 10 mL 19 mM
H,PtCls and 10 mL 40 mM KOH were added into a three-necked flask and sonicated
for 30 min. Then, 25 mL ethylene glycol as a reducing agent was added into the
above-mentioned solution dropwisely under vigorous stirring for 2 h at 130 °C. The

black suspension was treated by centrifugation and washed 3 times with acetone.
16
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Finally, the product was oven-dried and stored at room temperature before wse, with/DONRO4060F

approximate 3.81% Pt in per milligram PtNPs@MWCNTs (Fig. S8).

Catalytic activity of the PINPs@MWCNTSs for NADH oxidation

The catalytic activity of the PINPs@MWCNTs was measured in 0.2 M disodium
hydrogen phosphate and 0.1 M citric acid buffer (pH 5) containing 0.2 mM NADH at
25 °C. The decrease in the absorbance at 340 nm after the addition of 0.4 mg mL-!
PINPs@MWCNTs was measured. The change in absorbance response was given by
AAbs=ADS) min-AbS; min. The influences of temperatures (15-80 °C) and pHs
(3.0-10.0) were investigated.

In a steady-state kinetic assay, the catalytic reaction of the PINPs@MWCNTs was
determined by varying the concentration of NADH from 0.05 mM-10 mM under the
standard condition. The concentration of oxidized NADH was calculated using a
molar absorption coefficient of 6.22 mM-! cm!. The apparent steady-state reaction
velocity was obtained by calculating the slope of initial absorbance change with time.

Accordingly, Michaelis-Menten and Lineweaver-Burk plots were drawn.

Catalytic mechanism of the PINPs@MWCNTSs

The verification of reaction products was performed in the same buffer mentioned

Published on 21 August 2020. Downloaded by University of Rochester on 8/25/2020 9:36:17 PM.

above at 25 °C. The specific steps are as follows: 5 ug mL-! TMB and 0.2 mM H,0,
under a protective atmosphere of N, for 30 min were catalyzed by 1 ug mL-' HRP as a
control. 0.2 mM NADH was oxidized by 0.4 mg mL-! PtINPs@MWCNTSs nanozyme
for 5 min and then the nanozyme was removed by centrifugation. After purging the
supernatant with N, for 30 min, 1 ug mL-! and 5 pg mL-! TMB were added into the
solution for UV-Vis absorbance spectra.

The effect of radical scavengers was evaluated by mixing 0.2 mM NADH and 0-0.1
mM NaNj; or 0-100 U mL-! SOD with 0.4 mg mL-' nanozyme and detecting the
time-dependent absorbance change at 340 nm for NADH. (NaN;3 was a well known

OH" and 'O, scavenger and SOD was a well known O, scavenger).

17
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Bioactive NAD™ regeneration and turnover number of the PtNPs@M W CXT'§.1039/D0NR04060F
Bioactive NAD* regeneration was measured as follows: 0.2 mM NADH was oxidized
by 0.4 mg mL"! PINPsS@MWCNTSs nanozyme for 20 min until complete oxidization,
and the nanozyme was removed by centrifugation. Then, 10 U FDH and 50 mM
formate were added and the time-dependent absorbance change at 340 nm for NADH
was monitored.
The total turnover number (TTN) of PtNPs@MWCNTSs nanozyme was measured
in the above-mentioned buffer containing 5 M formate, 10 U FDH, 0.5 mM NAD"
and 0.4 mg mL! PINPs@MWCNTs nanozyme. The TTN was calculated by the

follow formula:

Cformate()h - Cformate48 h

TTN =

CNaD ™

Electrochemical performance of the PINPs@MWCNTSs

The electrochemical performance of the PtNPs@MWCNTs was measured in the
blank buffer or buffer containing NADH, where bare GCE or GCEs with 10 uL. 7 mg
mL-! MWCNTSs or POINPs@MWCNTSs dropped were used as the working electrode, Pt
wire was used as the counter electrode and Ag/AgCl was used as the reference

electrode. Cyclic voltammetry (CV) was measured from -0.3 V to 0.7 V at a scan rate

of 10 mV sl

Evaluation of the PINPs@MWCNTSs for BNAH

The catalytic activity of the PINPs@MWCNTs for BNAH was measured in the
above-mentioned buffer containing 0.5 mM BNAH at 25 °C. The decrease in the
absorbance at 340 nm after the addition of 0.4 mg mL'! PtINPs@MWCNTs was
measured. The change in absorbance response was given by AAbs=Absg min-AbS;| min.
The steady-state kinetic assay was determined by varying the concentration of NADH
from 0-10 mM. The CV was obtained from -0.3 V to 0.7 V at a scan rate of 10 mV s,
by using a GCE with 10 uL 7 mg mL! nanozyme dropped as the working electrode in

the buffer containing different concentrations of BNAH.
18
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Fabrication of bioelectrodes and detection of xylose
Seventy mM EDC and 70 mM NHS were poured into 0.5 mL 2 mg mL-!
PINPs@MWCNTs to activate the carboxyl groups for 1 h at 25 °C. After the
incubation, 55 U XDH was mixed with PINPs@MWCNTs at 4 °C overnight to form
the XDH&PtINPs@MWCNTs complex. Next, the complex was centrifuged to remove
excessive XDH and then re-dispersed in 1 mL ultrapure water with a final
concentration of 40 U mL-! XDH and 1 mg mL"! POINPs@MWCNTs. Finally, 2.5 uL
XDH&PtNPs@MWCNTs complex was dropped on a GCE. The bioelectrode was
designated as XDH&PINPs@MWCNTs/GCE and stored at 4 °C under a dry
condition when not in use. The homemade XDH was purified and examined by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). FTIR was
used to verify the effective construction of bioelectrodes. The electrochemical
impedance spectroscopy (EIS) was performed at the open circuit potential over an AC
frequency range of 100 kHz to 1 Hz, with a sinusoidal perturbation of 5 mV, in order
to obtain the resistance of bioelectrodes.

The constructed XDH&PINPs@MWCNTs/GCE bioelectrode was assayed in 5 mL
0.1 M PBS (pH 7.0) with 1 mM free NAD™. The xylose or xylose-containing real

sample added could be catalyzed by XDH and transformed into xylonolactone, where

Published on 21 August 2020. Downloaded by University of Rochester on 8/25/2020 9:36:17 PM.

NAD* turned into NADH. The amperometric curve (i-t) was measured at the potential
of 0.25 V with Pt wire as the counter electrode. The current response with or without

xylose was recorded as iy, or iy. and their difference was given by Aij, = i,—iy.
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