Science of the Total Environment 898 (2023) 165347

Contents lists available at ScienceDirect

Science o e
Total Environment

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

Intrinsic peroxidase-like activity of dissolved black carbon released ) |

Check for

from biochar heok o

Yi Tan?, Su Sun?, Zehui Deng?, Pedro J.J. Alvarez ", Xiaolei Qu **

@ State Key Laboratory of Pollution Control and Resource Reuse, School of the Environment, Nanjing University, Jiangsu 210023, China
Y Department of Civil and Environmental Engineering, Rice University, Houston, TX 77005, United States

HIGHLIGHTS GRAPHICAL ABSTRACT

DBC released from biochar has intrinsic PerOX|dase Ilke ACtIVIty

peroxidase-like activity.
DBC catalyzes H>0, decomposition into

hydroxyl radicals. & “‘i kﬂ ‘%}% ?%’_ -

T
Activity increases with temperature with = ]

4
an optimum at pH 5. antrol« & Dlgsglved 9 ‘gk Car
Peroxidase-like activity of DBC follows the .
ping-pong mechanism.

H,0, " «OH

Dissolved Black Carbon

ARTICLE INFO ABSTRACT

Editor: Fang Wang Dissolved black carbon (DBC) is an important constituent of the natural organic carbon pool, influencing the global
carbon cycling and the fate processes of many pollutants. In this work, we discovered that DBC released from biochar

Keywords: has intrinsic peroxidase-like activity. DBC samples were derived from four biomass stocks, including corn, peanut, rice,
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and sorghum straws. All DBC samples catalyze H,O, decomposition into hydroxyl radicals, as determined by the elec-
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tron paramagnetic resonance and the molecular probe. Similar to enzymes that exhibit saturation kinetics, the steady-

Bioch:

Hl;d r oagre n peroxide state reaction rates follow the Michaelis — Menten equation. The peroxidase-like activity of DBC is controlled by the
Hydroxyl radicals ping-pong mechanism, as suggested by parallel Lineweaver — Burk plots. Its activity increases with temperature
from 10 to 80 °C and has an optimum at pH 5. The peroxidase-like activity of DBC is positively correlated with its aro-
maticity as aromatics can stabilize the reactive intermediates. The active sites in DBC also involve oxygen-containing
groups, as inferred by increased activity after the chemical reduction of carbonyls. The peroxidase-like activity of DBC
has significant implications for biogeochemical processing of carbon and potential health and ecological impacts of
black carbon. It also highlights the need to advance the understanding of the occurrence and role of organic catalysts

in natural systems.

1. Introduction

Black carbon (BC) is the recalcitrant carbon residue originating from the
* Corresponding author. incomplete combustion of fossil fuel and biomass, playing a critical role in
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carbon (DBC) is the soluble fraction of the BC continuum. It is a significant
part of the riverine dissolved organic carbon pool (~10 %), which com-
prises the major flux of terrestrial BC to the oceans (Jaffe et al., 2013).
DBC is actively involved in the global carbon cycle and the environmental
fate of many pollutants (Fu et al., 2016; Fu et al., 2018a). It contains abun-
dant aromatic, aliphatic, and carboxylic structures that enhance its sorptive
properties towards pollutants (Fu et al., 2018a; Qu et al., 2016; Song et al.,
2021) and is photoactive under solar irradiation, generating reactive
phototransients such as triplet-excited state, singlet oxygen (*05), and su-
peroxide (O5 ) (Fu et al.,, 2016; Lian et al., 2021; Wang et al., 2020b).
Thus, DBC can serve as an efficient photosensitizer to oxidize pollutants
(Fang et al., 2017; Wan et al., 2021; Wang et al., 2022; Zhou et al., 2018).
Recent studies reported that BC nanoparticles released from biochar con-
tain persistent free radicals (PFRs) generated during the charring process
(Lian et al., 2020; Liu et al., 2020). Such PFRs can induce oxidative stress
inrice plants (Liu et al., 2020) and damage environmental DNA, and inhibit
the replication of antibiotic resistance genes (Lian et al., 2020). These ex-
amples illustrate that BC can mediate important and diverse redox pro-
cesses in the environment. However, our understanding of the catalytic
activity of DBC without light is very limited.

Several carbonaceous nanomaterials exhibit peroxidase-like activity,
including carboxylated carbon nanotubes (Song et al., 2010b),
carboxyfullerenes (Li et al., 2013), graphene oxides (Song et al., 2010a;
Wang et al., 2020a), graphene quantum dots (Sun et al., 2014; Sun et al.,
2015; Zheng et al., 2013), and carbon quantum dots (Shi et al., 2011).
They can catalyze the oxidation of peroxidase substrates such as 3,3,5,5-
tetramethylbenzidine (TMB) with H50,, similar to natural peroxidases
(e.g., horseradish peroxidase, HRP). The peroxidase-like activity of carbox-
ylated single-walled carbon nanotubes and graphene oxides has been
exploited for analytical purposes (Song et al., 2010a; Song et al., 2010b;
Wang et al., 2020a). Similarly, graphene quantum dots and carbon quan-
tum dots have a peroxidase-like activity that has been proposed for glutathi-
one (Sun et al., 2014; Sun et al., 2015; Zheng et al., 2013) and glucose
detection (Shi et al., 2011), respectively. The peroxidase-like activity of
graphene oxides is apparently related to its oxygen-containing and aro-
matic groups (Song et al., 2010a; Sun et al., 2014; Sun et al., 2015; Wang
et al., 2020a; Zhao et al., 2015). Specifically, the larger aromatic cluster
was reported to confer higher peroxidase-like activity by stabilizing the re-
active intermediates (Zhao et al., 2015). Also, carbonyl groups were found
to be responsible for the enzyme-like activity, while the carboxyl groups
were the major binding sites (Sun et al., 2015; Wang et al., 2020a). In con-
trast, hydroxyl groups were found to hinder the peroxidase-like activity by
trapping *OH (Sun et al., 2015).

DBC is a continuum of macromolecules (Xu et al., 2017), drastically
different from these aforementioned carbonaceous nanomaterials with
crystalline carbon structures. Currently, little is known about the enzyme-
mimic activity of environmentally occurring amorphous carbon materials.
DBC contains both aromatic and oxygen-containing groups (Qu et al.,
2016). We hypothesize that DBC released from biochar has significant
(and so far overlooked) peroxidase-like activity. If so, it is important to de-
termine whether this activity is intrinsic, because H,O, is ubiquitous in
aquatic systems, including surface water (0- 180 ppb) (Ndungu et al.,
2019), groundwater (0.2- 1.3 ppb) (Yuan et al., 2017), rainwater
(119- 2414 ppb) (Shaked et al., 2010; Yuan and Shiller, 2000), cloud
water (0- 639 ppb) (Marinoni et al., 2011), seawater (0.3— 3.1 ppb)
(Shaked et al., 2010), and even geothermal water (6.8- 20.4 ppb) (Wilson
et al., 2000), partly due to photochemical reactions, with concentrations
commonly reaching the ppb — ppm range. H,O, also can be generated
under dark conditions through biological processes, redox cycling of
metals, and interactions between metal and reduced organic matter (Page
et al., 2012; Yuan et al., 2017). Thus, the peroxidase-like activity of DBC,
catalyzing H,0, decomposition into hydroxyl radicals, would have signifi-
cant implications on the carbon cycle, the fate processes of pollutants, and
the potential environmental health impacts of black carbon.

In this study, we evaluated the peroxidase-like activity of DBC samples
derived from four biomass stocks, using TMB as colorimetric probe. The
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generation of reactive oxygen species (ROS) during the catalytic reactions
was determined by electron paramagnetic resonance (EPR) and molecular
probes. Whether reaction rates followed saturation kinetics was investi-
gated using the Michaelis-Menten equation and Lineweaver-Burk lineariza-
tion plots. The potential role of aromatic and carbonyl groups in the
peroxidase-like activity of DBC was examined. To the best of our knowl-
edge, this is the first report of the significant peroxidase-like activity of en-
vironmentally occurring amorphous carbon materials.

2. Materials and methods
2.1. Materials

Hydrogen peroxide (H,0,, 30 %) was obtained from Nanjing Chemical
Reagent Co., Ltd., China. 3,3,5,5-tetramethylbenzidine (TMB, 99 %),
terephthalic acid (TPA, 98 %), 2-hydroxyterephthalic acid (h'TPA, 98 %),
furfuryl alcohol (FFA, 98 %), 2,3-bis(2-methoxy4-nitro-5-sulfophenyl)-
2H-tetrazolium-5-carboxanilide (XTT, > 90 %), 5,5-Dimethyle-1-pyrolene
N-oxide (DMPO, 98 %), 2,2,6,6-tetramethyl-4-piperidinol (TEMP, 98 %),
sodium borohydride (NaBH,4, >98 %), and deionized water (18.2 MQ-cm
resistivity at 25 °C) was used in this study.

2.2. Preparation and reduction of DBC

DBC was made from the water extracts of biochar derived from corn,
peanut, rice, and sorghum straws and underwent demineralization as de-
scribed in the literature (Fu et al., 2016; Fu et al., 2018b). Biochar samples
were synthesized by pyrolyzing pulverized biomass in the muffle furnace.
The temperature was set to increase from 20 to 400 °C at a rate of 5 °C/
min and held for 3 h. The biochar was then grounded and sieved (100-
mesh). Fifty grams of biochar were dispersed in 800 mL deionized water
by stirring and sonicated for 30 min at 100 W in a bath sonicator. The sus-
pension was filtered by 0.45-um membranes (ANPEL Laboratory Technolo-
gies Shanghai Inc., China). The residue on the membranes went through
another round of water extraction. The extraction process was repeated
three times. All the collected solution was freeze-dried. One gram of the re-
sulting powder was demineralized in 10 mL of 1 M HCl and 1 M HF solution
for 4 h. After neutralizing with NaOH, the DBC solution was dialyzed with a
dialysis membrane (MWCO 1000 Da, VAKE, USA) against deionized water.
The resulting sample was freeze-dried and referred to as DBC.

NaBH, was used to selectively reduce the carbonyl groups using a pro-
cedure modified from previous studies (McKay et al., 2016; Sharpless,
2012). Forty milliliters DBC (50 mgC/L) was bubbled with N, for 30 min
to remove the dissolved oxygen. A 10-fold excess NaBH, was then added
during the stirring at 200 rpm. N, was continuously sparged into the mix-
ture for 3 h. The HCI solution was added to the solution until pH 5.0 and
then the air was sparged into the solution for 1 h to quench the residual
NaBH,. The solution was dialyzed with a dialysis membrane (MWCO
100 Da, VAKE, USA) against deionized water for 48 h and freeze-dried.

2.3. Characterization of DBC

DBC samples were subjected to transmission electron microscopy
(TEM), scanning electron microscopy (SEM), Raman, Fourier-transform in-
frared spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS), and
proton nuclear magnetic resonance (*H NMR) analysis. Details of the anal-
ysis were summarized in Supplementary Data Text S1.

2.4. Measurement of the peroxidase-like activity of DBC

The peroxidase-like activity of DBC was examined by the catalytic oxi-
dation of TMB with H,0,. Typically, 400 pL DBC solution (15 mgC/L)
was mixed with 510 pL acetate buffer (pH 5.0, 0.2 M), ten pL TMB
(10 mM in DMSO), and 80 pL H,0, (0.1 M). If DBC possesses
peroxidase-like activity, it can activate H,O, and oxidize the colorless
TMB to its oxidized state (oxTMB) with a characteristic absorbance at
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652 nm. The absorbance at 652 nm of the system was monitored using a
UV-2700 spectrophotometer (SHIMADZU, Japan). The influence of tem-
perature and pH on the activity of DBC was examined by changing the
pH (pH 2-9) or temperature (10-80 °C) of the reaction system.

The steady-state kinetics of the catalytic reaction was investigated to as-
sess the activity of DBC. The initial velocity (V) at different concentrations
of H,0, and TMB was measured by the change of absorbance at 652 nm. V
values were then used to calculate the enzymic kinetic parameters, includ-
ing Michaelis—-Menten constant (K,,) and maximum catalytic velocity
(Vmax) based on the Michaelis-Menten equation (Eq. (1)):

Vimax[S]

V:Vm+[s]

@®

where [S] is the concentration of the substrate (TMB or H,0 in this study).
The peroxidase-like activity assay was carried out by varying the
concentrations of TMB or H,0, while keeping the other constant at three
different concentrations to further explore the kinetic mechanism of the
catalytic reaction. The kinetic data were plotted in the Lineweaver-Burk
form (Eq. (2)). There are two major kinetic mechanisms in bi-substrate
enzyme reactions: the ping-pong mechanism (double replacement reaction)
and the sequential mechanism (ternary complex formation). If the
Lineweaver-Burk plots of substrates at different concentrations are parallel,
the reaction is controlled by the ping-pong mechanism. Otherwise, the reac-
tion is controlled by the sequential mechanism.
1 Km 1

1
= e 2
The initial velocity equation of the bi-substrate reaction can be
expressed in the Dalziel's form (Eq. (3)) and further transformed into
Eq. (4).

[E] 0, 6, 612

v oot [TMB] | [H,0,] | [TMB|[H,0]

3
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Where [E] is the DBC molar concentration calculated using the molecular
weight of DBC, which was determined to be 3600 Da in the previous
study (Zhou et al., 2018), V is the initial velocity, [TMB] and [H,0,] are
the concentrations of the substrates, 0; and 6, are the Dalziel coefficients
associated with TMB and H,0, respectively, and 0, is the Dalziel coeffi-
cient associated with both substrates. The value of 6;, is determined by
the slope value of a linear fitting of the slope values from the Lineweaver-
Burk plots (6, + 615/[H50>]) in Fig. 5b against 1/[H,05].

2.5. Measurements of reactive oxygen species (ROS)

The production of ROS during the reaction was examined by molecular
probes. 105, 05 and *OH were probed using FFA (Haag et al., 1984), XTT
(Ishibashi et al., 2000; Sutherland and Learmonth, 1997), and TPA
(Ishibashi et al., 2000), respectively. For most experiments, 15 mgC/L
DBC was mixed with probe molecule solutions and 100 mM H,0, in a
50 mL glass beaker under dark conditions. The solution was periodically
sampled to analyze the probe molecule. Solutions without DBC were used
as controls. The generation of 'O, was measured by observing the reduction
in the concentration of FFA as described previously (Haag et al., 1984). FFA
was measured using an HPLC equipped with a Zorbax Eclipse XDB-C18 col-
umn (Agilent 1100, Agilent Technologies, USA) at 220 nm with 30 % ace-
tonitrile and 70 % 0.1 wt% phosphoric acid as the mobile phase. The
formation of XTT formazan was used to measure the generation of Oy
(Chen and Jafvert, 2011; Sutherland and Learmonth, 1997). XTT formazan
concentration was quantified at 470 nm using a UV-vis spectrophotometer
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(UV-2700, SHIMADZU, Japan). The formation of hTPA from the oxidation
of TPA was used to measure *OH. hTPA was quantified by the fluorescence
intensity recorded at an excitation wavelength of 315 nm and an emission
wavelength of 425 nm on a Horiba Aqualog fluorometer (HORIBA, Japan).
The measurements were carried out in triplicate.

EPR was also employed to probe the formation of ROS. The EPR spectra
were acquired on an EMXmicro-6/1spectrometer (Bruker, Germany) with
an attenuation of 20 dB (0.2 mW microwave power) and 1G modulation
amplitude. The spin trapping agent DMPO was employed to probe the for-
mation of *OH in the aqueous solution and the formation of O5 in metha-
nol. TEMP was used for the detection of 10,. Solutions without DBC were
used as controls.

3. Results and discussion
3.1. Characterization of dissolved black carbon

DBC samples were released from biochar originating from corn, peanut,
sorghum, and rice biomass stocks and demineralized. They formed brown
homogeneous solutions in water. The TEM and SEM micrographs of DBC
show gel-like aggregates with no clear crystalline structure (Fig. 1a and
b), similar to natural organic matter (Wilkinson et al., 1999). This is consis-
tent with the literature that DBC is mainly comprised of amorphous carbons
with macromolecular structure (Xu et al., 2017), significantly different
from previously studied carbonaceous nanomaterials with crystalline car-
bon structure (e.g., carbon dots, carbon nanotubes, and graphene oxides).
The Raman spectra of DBC samples are summarized in Fig. 1c. DBC samples
have peaks at 1582 cm ™! (G band) and 1350 cm ~ ! (D band). The intensity
ratio of D band to G band (Ip/I) for DBC, which is reversely related to the
in-plane carbon cluster size (Cancado et al., 2006), varies from 0.79 to 0.96,
indicating small aromatic carbon cluster sizes. The functional groups of
DBC were examined using the FT-IR spectra (Fig. 1d and Fig. S1). The attri-
bution of the FT-IR peaks is summarized in Table S1. The peaks at ~1250
and 1385 cm ™! represent the C—O stretching of phenols and CH bending
of aldehyde. The intense peak around 1585 cm ™! represents the C=0
stretching of conjugated ketones or aromatic C—C stretching. The peaks
at ~1710 and 2600 cm ™' are linked to the C=O stretching and OH
stretching of carboxyls, respectively. The broad peak at ~ 3400 cm ™' rep-
resents the OH stretching of H-bonded hydroxyl groups. Thus, DBC macro-
molecules have rich oxygen-containing functional groups such as
carboxyls, phenols, aldehydes, ketones, and hydroxyls. This conclusion is
further supported by the XPS data. The O/C values for corn DBC (CDBC),
peanut DBC (PDBC), sorghum DBC (SDBC), and rice DBC (RDBC) as deter-
mined by XPS are 0.49, 0.44, 0.45, and 0.49, respectively. The
deconvolution of the XPS C(1 s) spectrum of CDBC suggests abundant
mono-oxygenated and di-oxygenated carbons (Fig. 1e). The percentages
of different protons in DBC from the '"H NMR analysis were summarized
in Fig. 1f and Table S2. The NMR spectra were dominated by the aliphatic
protons. The aromatic protons in DBC follows the order of CDBC > PDBC >
SDBC > RDBC. These characterization data suggest that DBC contains mac-
romolecules with small aromatic carbon structures substituted by abundant
oxygen-containing functional groups, generally consistent with previous
characterization studies of DBC (Du et al., 2018; Qu et al., 2016).

3.2. Dissolved black carbon catalyzes the oxidation of peroxidase substrates

The peroxidase-like activity of DBC was assessed by the oxidation of
TMB, a commonly used colorimetric probe for peroxidase enzyme activity
(Gao et al., 2007). Materials with peroxidase-like activity can activate
H>0, and subsequently oxidize the colorless TMB to its blue oxidized
state (oxTMB) (Fig. 2a). The addition of 6 mgC/L DBC to the TMB and
H,0, mixture induced significant color change (Fig. 2b), while there was
little color change after mixing TMB with H,O5 without DBC (Fig. 2b, con-
trol sample). The UV-Vis spectra of the mixture with DBC samples show ab-
sorbance at 652 nm after the reaction, which is the characteristic peak for
oxTMB (Fig. 2c). The reaction kinetics was then monitored using the
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(RDBCQ); (d) FT-IR spectra of CDBC and NaBHy-treated CDBC; (e) the deconvolution of XPS C(1s) peak of CDBC; (f) the percentages of different protons in DBC as

determined by '"H NMR.

absorbance at 652 nm (Fig. 2d). The formation of oxTMB increased over
time for all DBC samples. These results suggest that DBC from different bio-
mass origins all have peroxidase-like activity, following the order:
CDBC > PDBC > SDBC, RDBC (Fig. 2¢ and d). CDBC with the highest
peroxidase-like activity was thus used in the majority of the following ex-
periments. It is worth noting that the peroxidase-like activity of DBC can

be observed at 0.01 mM H,0,, which is an environmentally relevant con-
centration (Fig. S2).

Peroxidase-mimicking materials often induce free radical generation
(e.g., *OH) by H,0,, activation (Fan et al., 2018; Lou et al., 2019). ROS gen-
eration during the reaction between CDBC and H,0, was examined using
molecular probes and EPR (Fig. 2). TPA was used to examine the generation
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6 mg/L DBC, 0.1 mM TMB and 8 mM H,0 at pH 5.0; (d) The reaction kinetics of DBC-mediated TMB oxidation as reflected by the change of oxTMB absorbance at 652 nm.

corn DBC (CDBC), peanut DBC (PDBC), sorghum DBC (SDBC), rice DBC (RDBC).

of *OH (Page et al., 2010). The reaction between TPA and *OH yields fluo-
rescent hTPA, whose concentration increased over time in the presence of
CDBC and H,0,, indicating *OH production (Fig. 3a). The formation of
*OH was corroborated by EPR using DMPO as the spin-trapping agent.
The EPR spectrum of the mixture of CDBC and H,O, shows a characteristic
fingerprint of the DMPO/-OH (a 1:2:2:1 quartet with ay = ag = 14.9 G),
confirming *OH formation (Fig. 3b). There was no significant formation
of 05 or '0, as suggested by EPR analysis (Fig. $4) (Fu et al., 2016). *OH
generated by H>O, activation on CDBC is expected to oxidize TMB, yielding
blue oxTMB.

The relative activity of CDBC exhibited a nonmonotonic trend with so-
lution pH in the range of pH 2 to pH 9 (Fig. 4a). It increased from pH 2 to
pH 5 owing to the stronger interactions between CDBC and TMB as CDBC
became more negatively charged with increasing pH (Chen et al., 2018;
Fu et al., 2018a). It then significantly decreased at pH > 5 partly due to
the decomposition of H,O, (Han et al., 2015). The maximum relative activ-
ity occurred at pH around 5, which is generally consistent with the opti-
mum pH for HRP and nanozymes with peroxidase activity (Gao et al.,
2007; Jian et al., 2022). The effect of temperature on the catalytic activity
of CDBC was also examined. The catalytic activity of CDBC increased
with increasing temperature over a range of 10-80 °C (Fig. 4b), similar to
luminescent carbon nanoparticles (Wang et al., 2011) and N-doped carbon
quantum dots (Lou et al., 2019). This was attributed to the increased

thermal motion of the substrate molecules with increasing temperature
(Wang et al., 2011). It also suggests the good thermal stability of CDBC.

3.3. The peroxidase-like activity of DBC follows saturation kinetics

The steady-state kinetics of TMB oxidation mediated by H,O, activation
by DBC was investigated to gain insight into the catalytic mechanisms. The
steady-state kinetics of TMB oxidation was first examined at a fixed H,O,
concentration (Fig. 4a). The initial velocity of TMB oxidation (V) increased
with the initial TMB concentration ([TMB]) at an H,O, concentration of
9 mM. The correlation between V and [TMB] can be well fitted with the
Michaelis-Menten equation (R? = 0.997, Fig. 5a), which is used to describe
the steady-state kinetics of HRP or nanozymes (Gao et al., 2007). Similarly,
at a fixed TMB concentration of 0.1 mM, the steady-state kinetics of TMB
oxidation at varying H,O, concentrations is well described by the
Michaelis-Menten equation (R? = 0.997, Fig. 5b). Thus, TMB oxidation
after H,O, activation by DBC follows saturation kinetics similar to
enzymes.

Bi-substrate enzyme reactions are usually controlled by two major
catalytic mechanisms: the ping-pong and the sequential mechanisms (Jian
et al., 2022). In the ping-pong mechanism, one substrate first reacts with
the catalyst to form the intermediate and release a product, then the inter-
mediate reacts with another substrate. The sequential mechanism suggests
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Fig. 3. (a) *OH generation (indicated by h'TPA formation) increased with reaction time in a mixture of corn dissolved black carbon (CDBC) and H,05. (b) EPR spectrum DMPO
adducts confirm generation of *OH in the mixture of CDBC and H,0,. Error bars represent + one standard deviation from the mean of triplicate measurements.
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that the two substrates bind to the catalyst in a specific order for the reac-
tion to occur. The initial velocity equation of this bi-substrate reaction
was expressed in the Dalziel's form (Egs. (3) and (4)). A high Dalziel
coefficient (6;5) suggests the sequential mechanism, while a low 6;,
value indicates the ping-pong mechanism (Jian et al., 2022). The calculated
015 for CDBC was 0.0053, indicating the dominant role of the ping-pong
mechanism. This infers that HO, was first activated by DBC to generate
an intermediate, which in turn oxidizes TMB to oxTMB as indicated by

(a).,_o |l ® 04mMH,0,
& 0.8mM H,0,
6.0L ® 16mMHO,
‘_G‘
50
=
[==) L
2 4.0
=
S 30}
S—
20t
1.0+
0 10 20 30 40 50
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the color change. To further explore the mechanisms for H,O, activation
by DBC, Lineweaver — Burk plots were constructed at three different TMB
and H,0, concentrations (Fig. 6). The Lineweaver — Burk plots obtained
from each fixed substrate dosage are parallel to each other, which is the
hallmark pattern for the ping-pong mechanism (Jian et al., 2022).

In order to quantitatively assess the activity of DBC, we calculated their
maximum initial velocity (Vin.x) and Michaelis —Menten constant (K,)
based on the kinetic data (Figs. 4, 7, S4, and S6). Michaelis —Menten

(b) ]

¢ 0.08mMTMB
® 0.10mM TMB
& 0.15mM TMB

0.0 0.5 1:0 1:5 2:0 2.5
1/[H202] (mM-1)

Fig. 6. Ping-pong catalytic mechanism, indicated by parallel Lineweaver — Burk plots of corn dissolved black carbon (CDBC) with varying (a) TMB with three different H,O»

dosages; and (b) H,0, with three different TMB dosages.
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Fig. 7. Increased peroxidase-like activity of corn dissolved black carbon (CDBC) after reduction of carbonyl groups with NaBH,.

parameters for different DBC sources are summarized in Table 1. The K,
values represent the affinity of substrates with enzymes (Gao et al., 2007;
Jian et al., 2022). Substrates with high affinity for an enzyme have rela-
tively low K, values. The K, values of the tested DBC for H>O, ranged
from 0.67 to 2.01 mM, which is lower than that of HRP (3.70 mM). Simi-
larly, K, values of DBC for TMB ranged from 0.10 to 0.48 mM, also lower
than that of HRP (0.43 mM). Thus, DBC has a stronger affinity towards
H,05 and TMB than HRP. Among the tested DBC samples, CDBC had the
lowest K, value for TMB, indicating its high affinity towards TMB. The
Vimax/Km ratio can be used to quantify the catalytic efficiency of enzymes
and nanozymes (Gao et al., 2007; Jian et al., 2022). The Vy,,.x/K;,, values
of DBC for TMB were in the range of 2.92- 48.70 x 10~ > s~ !, with the
highest value corresponding to CDBC.

Previous studies of graphene oxides suggest that the aromatic and car-
bonyl groups are likely the active sites for their peroxidase-like activity
(Song et al., 2010a; Sun et al., 2014; Sun et al., 2015; Wang et al., 2020a;
Zhao et al., 2015). The relationships between DBC peroxidase-like activity
and the abundance of functional groups were examined using "H NMR data
(Fig. 1f and Table S2). There is a significant positive correlation between
the aromatic protons of DBC and its peroxidase-like activity (p = 0.029,
Fig. S5). The aromatic structure of DBC is expected to facilitate its
peroxidase-like activity by stabilizing the reactive intermediates (Zhao
et al., 2015). The carbonyl groups of dissolved organic matter (DOM) can
be selectively reduced by NaBH,4 to form alcohols, phenols, and hydroqui-
nones (Ma et al., 2010; McKay et al., 2016; Tinnacher and Honeyman,
2007). In this work, CDBC was reduced with NaBH,4 to remove carbonyl
groups and accordingly assess their potential role in the observed
peroxidase-like activity. The functional groups of CDBC and the NaBH,-
treated CDBC were examined using the FT-IR spectra (Fig. 1d). NaBH,-
treated CDBC contains less C—=O0 of conjugated ketones than the original
sample as suggested by its weaker absorbance at ~1585 cm ™. The absor-
bance at ~1385 cm ™!, which represents the CH bending of aldehydes, also
decreased after reduction with NaBH,4. On the other hand, absorbance at
~1250 increased after the reduction, indicating the generation of phenols.
The broad absorbance at ~3400 cm ™', which represents the OH stretching
of H-bonded hydroxyl groups often found in hydroquinones (Aitipamula

Table 1
Michaelis-Menten parameters of DBC.

Sample  Substrate  Vpu (X1073Ms™1)  Kp (MM)  Viga/Km (X107°s71)
CDBC H>0, 2.97 1.94 1.53
TMB 4.87 0.10 48.70
PDBC H,0, 1.15 2.01 0.57
TMB 1.69 0.12 14.08
RDBC H,0, 0.22 0.86 0.26
TMB 1.30 0.34 3.82
SDBC H,0, 0.24 0.67 0.36
TMB 1.40 0.48 2.92

etal., 2011; Chen et al., 2015), also increased after the reduction. These re-
sults suggested that reactions with NaBH, preferentially reduce carbonyl
groups in CDBC to phenols and hydroquinones, similar to the reactions be-
tween NaBH,4 and DOM (Fu et al., 2016; Ma et al., 2010; Tinnacher and
Honeyman, 2007).

The peroxidase-like activity of CDBC increased after the removal of car-
bonyl groups upon reduction with NaBH, (Fig. 7 and Table S3). Similar re-
sults were achieved with PDBC (Figs. S6 and S7). Thus, unlike graphene
oxides, carbonyl groups are most likely not the key active sites for the
peroxidase-like activity of DBC. A previous study suggested that hydroqui-
nones in humic substances can reduce H,O, to form *OH (Page et al., 2012).
This indicates that the enhanced peroxidase-like activity of DBC after re-
duction with NaBH, could be attributed to the formation of hydroquinones
from the reduction of carbonyls (Page et al., 2012).

4. Conclusions

In this study, we discovered that DBC released from biochar has
peroxidase-like activity and catalyzes H,O, decomposition into *OH. The
steady-state reaction rates follow the Michaelis — Menten equation, similar
to natural enzymes. The peroxidase-like activity of DBC is a bi-substrate en-
zyme reaction controlled by the ping-pong mechanism. It increases with
temperature with an optimum at pH 5. The active sites in DBC are not car-
bonyls but likely involve aromatic structures and hydroquinones. Consider-
ing the ubiquitous presence of H,0, in aquatic systems, the significant
peroxidase-like activity of DBC represents a previously overlooked natural
formation pathway of *OH that may proceed even under dark conditions.
The reaction between *OH and dissolved organic carbon, including DBC it-
self, would lead to degradation and mineralization reactions influencing
carbon cycling (Fu et al., 2018b; Goldstone et al., 2002). It is well-known
that the degradation of organic pollutants in the environment can be
catalyzed by enzymes such as peroxidases and laccases (Bilal et al.,
2018). Similarly, DBC could serve as a catalyst to mediate the oxidation
of co-occurring pollutants under dark conditions, affecting their environ-
mental fate processes and associated risks. The literature has reported
that graphene quantum dots with peroxidase-like activity possess antibacte-
rial properties (Sun et al., 2014). DBC may indirectly stress microorganisms
and algae in aquatic systems, which needs further investigation. An im-
proved understanding of the peroxidase-like activity of DBC is also ex-
pected to help decipher the potential environmental health impacts of
black carbon. Although DBC is much more stable than natural peroxidases
such as HRP, further research is needed to determine if this translates to a
longer duration of such catalytic activity and effects. The structure-
activity relationships for the peroxidase-like activity of DBC also need fu-
ture investigation. Overall, the peroxidase-like activity of DBC discovered
here has significant implications for the biogeochemical processing of or-
ganic carbon, including natural attenuation of pollutants, and the ecologi-
cal impacts of black carbon. The present study also underscores the
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important role of naturally occurring organic catalysts in environmental
systems, which warrants systematic investigation.
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