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outperforms other nanozymes as well as natural peroxidase
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Introduction

Gold nanozymes for efficient degradation of
organic dye pollutants: outperforming natural
enzymest

a

Giulia Mirra,*® Lorenzo Cursi, &2 12 Marina Veronesi, ' ¢ Luca Boselli and

Pier Paolo Pompa (2 *?

Nanozymes (NZs) are raising increasing interest as effective tools for the degradation of organic pollutants
dispersed in the environment. In particular, noble-metal NZs are extremely efficient and versatile, thanks
to their multi-enzymatic activities, wide pH operational range, and thermal stability. However, whilst mul-
tifunctionality can be a key asset of NZs in some applications (e.g., by intrinsic self-cascade/tandem reac-
tions), the “internal” competition between their different catalytic activities may strongly limit their specific
efficiency towards some targets. In this scenario, a deep comprehension of their catalytic mechanisms
and careful optimization of the operating conditions are crucial to disclose their full potential and maxi-
mize their performances. Here, we analyzed the ability of gold, palladium, and platinum NZs to degrade
model organic pollutants of industrial relevance, i.e. rhodamine B, methylene blue, and methyl orange.
Interestingly, we found that AuNZ is very efficient in degrading all three dyes via peroxidase-like activity,
unlike the natural enzyme (horseradish peroxidase — HRP), which displayed weak degradative capabilities.
On the other hand, Pd and PtNZs experience the internal competitive catalase-like reaction, strongly lim-
iting their dye degradation performances. The mechanism underlying AuNZ's ability to degrade the syn-
thetic dyes was investigated, revealing the preferential reactivity with the aromatic structures of the mole-
cules. We also developed a proof-of-concept AuNZ-based dye-degrading filter system, showing excellent
dye removal capability and good recyclability, even in real environmental samples.

responsible for their characteristic color, are typically resistant
to biodegradation, thus they persist for long times in the

Synthetic dyes are widely employed in several industrial
sectors, such as textile, painting, printing, pharmaceutics, cos-
metics, and paper."® However, they represent a serious threat
when released in the environment, especially into water
bodies: even at trace level, they can perturb light penetration,
adversely affecting aquatic photosynthesis and consequently
lowering oxygen availability for aquatic species."?
Furthermore, they are often classified as toxic or carcinogenic,
both for humans and aquatic fauna."* Notably, the complex
aromatic and conjugated groups in their molecular structure,
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environment.*®

The treatment of synthetic dye contaminated waters mainly
relies on “non-destructive” methods (adsorption, coagulation/
flocculation, and filtration methods) that transfer the color
from liquid to solid waste.>*®” However, these methods can
hardly be considered a solution, since the solid waste can still
represent a hazard for the environment and requires careful
disposal. Advanced oxidizing processes® such as photocatalysis
and electrocatalysis are emerging as possible alternatives.
These new technologies allow for mineralization of organic
dyes,”™" yet they are often energetically expensive, due to the
necessity of power supply to produce UV light and current.*?

Nanozymes (NZs), nanomaterials that mimic the activity of
natural enzymes,'®'* have recently been proposed as an
alternative tool for synthetic dye degradation.'®'>™® NZs offer
wider pH and temperature operational range'®?° and are, in
general, more robust than their natural counterparts,>**
making them appealing in the field of pollutant remediation.
Some drawbacks, however, include incomplete comprehension
of their multifunctional catalytic behavior along with lack of
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substrate selectivity, which often limit their applicability. On
the other hand, one NZ might potentially remove a plethora of
contaminants. Au, Pd, and PtNZs are emerging nanotools that
present multi-enzymatic activity,”>>* being able to mimic
oxidase- (OX-), peroxidase- (POD-) and catalase-like (CAT-like)
activities simultaneously, and they are therefore extremely ver-
satile systems.

As previously reported, these NZs can catalytically oxidize a
substrate (such as an organic dye) via OX-like or POD-like
activity, thus using O, or H,0O, as co-substrates, respectively.
Alternatively, via CAT-like reaction, these NZs can lead to the
disproportionation of H,0,. POD- and CAT-like activities are
thus in competition. In both cases, the first step of the process
is the NZ reaction with H,0, forming highly reactive transient
species (HRI*) at the surface (including hydroxyl radicals).”**?°
During the second step, these reactive intermediates can, in one
case, mainly react among them, or with another molecule of
H,0,, eventually forming O, and H,O, or instead react with a
different substrate, such as a chromogenic one, oxidizing it. The
highly oxidative reactions involved in the POD-like activity of
NZs can also lead to multiple oxidations and eventually to oxi-
dative degradation of a substrate,>*® especially because, unlike
their natural counterparts, NZs could exploit a remarkably high
H,0, concentration to boost the peroxidation processes.*'
Furthermore, the possibility of immobilizing NZs on various
supports facilitates their practical reuse, thus enhancing the
relative economic feasibility.'>"®?”

In this work we investigated the performances of Au, Pd,
and PtNZs in the degradation of three widely employed syn-
thetic dyes, i.e. Rhodamine B (RhB), Methylene Blue (MB), and
Methyl Orange (MO). While other studies have started to
explore the potential of NZs in this context,”®*?° this work
deepens the processes behind the degradation efficiency of
different noble-metal NZs for specific organic dyes, analyzing
their mechanisms and the differences with the activity of a
natural peroxidase. We found that the multifunctionality and
intrinsic competitive reactions of NZs are crucial to define
their overall catalytic performance. Notably, the high CAT-like
activity of Pt and PdNZs was found to strongly interfere with
the process of dye degradation via POD-like activity. In con-
trast, despite AuNZs typically exhibit lower POD-like activity
compared to Pt and PdNZs,>! they demonstrated superior
efficiency in organic dye degradation, thanks to the lower
interference of competitive CAT-like reaction. Interestingly, the
degradation efficiency and versatility achieved by the AuNZ
largely outperformed the activity of the natural horse radish
peroxidase (HRP) enzyme, which was quite ineffective against
the synthetic dyes analyzed herein.

Results and discussion

Au, Pd, and PtNZs are among the most promising NZs in
several fields, thanks to their high catalytic efficiency and mul-
tiple enzyme-like activities.>"*' They have shown impressive

POD-like activity”® that could be exploited in many

6506 | Nanoscale, 2025, 17, 6505-65T1

View Article Online

Nanoscale

3235 environmental

applications,
remediation.

To best compare their performance in this field, we syn-
thesized and characterized Au, Pd, and PtNZs with similar size
(about 4 nm) and used citrate as capping agent to normalize
their surface chemistry. The NZs were characterized by TEM
and DLS, showing monodisperse and colloidally stable
aqueous suspensions (Fig. S1-37).

We chose RhB as our first target since it is one of the most
employed synthetic dyes in industry, it is difficult to biode-
grade, and it has been reported to be hazardous and carcino-
genic.® The reaction conditions (NZ and H,0, concentrations)
for RhB degradation via POD-like activity were optimized for
each NZ (Fig. S41). AuNZs resulted the most effective (Fig. 1A):
a dispersion of 44 nM can degrade >90% of a concentrated
RhB solution (40 pM) in the presence of H,0,.

In contrast, despite similar size and surface chemistry, Pd
and PtNZs degraded only about 10% of RhB primarily within
the first 10 minutes, after which their activity ceased. Notably,
in the reaction solution of Pd and PtNZs, we observed intense
and rapid bubble formation (oxygen development), while no
bubbles were detectable in the reaction containing AuNZs.
Monitoring the O, production with a sensor in the same reac-
tion conditions (Fig. 1B), we confirmed that oxygen was
quickly and intensively produced in the presence of Pd and
PtNZs, while almost no oxygen development was detected in
the presence of AuNZs. These results clearly indicate that, in
these experimental conditions, the strong competitive CAT-like
activity rapidly consumed the H,O, substrate necessary for
POD functionality, thus completely inhibiting the POD-
mediated degradation of RhB dye by Pd and PtNZs after a few
minutes.

This outcome was not specific to RhB degradation. We
tested the performance of the NZs against other two organic
dyes commonly used in industrial applications, namely MB
and MO (Fig. S51). Similarly, AuNZ turned out to be very
effective in the degradation of both dyes (Fig. 1C and D). In
the case of MO, the difference in the degradation performance
between Au and Pt/Pd was striking. With MB dye, Pt and Pd
showed some POD-like activity at early time points (similar to
Au), however after 10 min their degradation functionality
underwent strong inhibition. Interestingly, the POD-mediated
degradations of both MB and MO were consistent with the
competitive CAT mechanism mentioned above: Pd and PtNZs
were not able to degrade these synthetic dyes because they
consumed most of the H,0, via CAT-like side reaction
(Fig. S6t). Indeed, replenishing the H,0, in the reaction solu-
tions with a fresh aliquot, the degradation of the dyes resumed
(Fig. S7t). Overall, this suggests that multifunctionality and
internal competitive activities of nanozymes can be crucial in
the design and development of applications targeting specific
substrates.

Considering the superior performance exhibited by AuNZs
with all the dyes tested, we focused on this functional material
to get a deeper insight into the degradation mechanism,
further optimize its performance, and make a direct compari-

including pollution
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Fig. 1 Performance of Au, Pd, and PtNZs in degrading different organic dyes. (A) Kinetic of RhB degradation using Au, Pd, and PtNZs, 40 uM dye
and 0.4 M H,0,. (B) CAT-like activity of the different NZs in the same conditions of (A). (C) Kinetics of MO degradation and (D) MB degradation using
Au, Pd, and PtNZs, 40 uM dye and 0.4 M H,O,. In each experiment, the NZ concentration was normalized to have the same total surface area. Data

are plotted as average + standard deviation of three replicates.

son against a natural peroxidase enzyme (HRP), which can be
used as a reference tool in this kind of environmental remedia-
tion applications.>®*' Since it is well established that the
physical-chemical environment can significantly affect the
activity of NZs,”" as a first point we investigated the perform-
ance of AuNZs in different pH, temperatures, and buffers. We
observed that the process of dyes degradation via POD-like
activity of AuNZs is favored under basic conditions (average
40% activity increase with all the 3 dyes with respect to neutral
PH, see Fig. 2A), also due to the better colloidal stability of this
nanomaterial in alkaline environment (Fig. S8T). Noteworthy,
the performance of AuNZs is strongly enhanced (up to 8-9
times) by increasing the temperature from 20 to 70 °C,
depending on the dye (Fig. 2B). This enhancement is attribu-
ted to the higher POD-like activity of AuNZ rather than to
thermal degradation of the dye in these conditions (Fig. S97).
Such catalytic features are important in view of practical appli-
cations, since at the optimal pH and temperature it may be
possible to achieve very efficient and fast degradation of the
synthetic dyes, unlike biological enzymes that are typically
unfolded/degraded at mid-high temperatures.”’ In this
respect, we analyzed the behavior of the natural enzyme (HRP),
for direct comparison with the AuNZ in the degradation of the
3 synthetic dyes. Importantly, HRP was able to catalyze some

This journal is © The Royal Society of Chemistry 2025

degradative effects on MO, but was completely ineffective with
the other two dyes, likely due to the lack of recognition of RhB
and MB as enzymatic substrates. This was observed in very
different conditions of H,0, concentration (1-400 mM range);
indeed, at the highest concentration, the natural HRP quickly
lost its efficiency even with the MO dye (Fig. 2C), because of
the harsh conditions, unlike the artificial AuNZ, which there-
fore exhibited unique performances in terms of versatility and
efficiency.

MO solution treated with HRP was not completely decolor-
ized after treatment, probably due to the formation of some
colored byproducts, as suggested by the UV-vis spectra
(Fig. S107). Indeed, as analyzed in more detail in the following,
the HRP enzyme did not elicit full degradation also in the case
of MO, displaying rather a partial oxidation/decoloration of the
dye‘42—44

We also tested the activity of AuNZs in the presence of
different buffers (Fig. S111). The NZs were fairly stable in the
presence of all the buffers, except TRIS (Fig. S127), but their
activity decreased significantly when TRIS, carbonate, or
borate buffers were used. On the contrary, we observed no
interference from HEPES buffer, which was thus selected as
the buffer of choice for the following experiments mimicking
real applications (see below).

Nanoscale, 2025, 17, 6505-65T1 | 6507
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Fig. 2 Effect of pH and temperature on AuNZ performance and comparison with natural HRP enzyme. Degradation of the three dyes by AuNZs as a
function of (A) pH and (B) temperature. Data were normalized to the maximum activity obtained with each dye. (C) Natural horseradish peroxidase

(20 ppm) shows no activity with RhB (10 pM) and MB (14 pM), while it can oxidize MO (40 puM), when used with low H,O, concentrations.

We tried to investigate the mechanism underlying the
AuNZ ability to degrade the synthetic dyes. First, we observed
that, when the 3 dyes are simultaneously present in the solu-
tion, they are all degraded, though with different efficiency:
first MB, then RhB, and MO (Fig. 3). To understand this
pattern, we calculated the apparent Michaelis-Menten con-
stants (Ky,) for the reaction with the different dyes and H,0,
(Fig. S13 and S147).

The apparent K, represents the affinity of a substrate for
the enzyme: the lower the Ky, the higher the affinity.*> Our

Mix dyes kinetic

B RhB
® MB
MO

40 1

N
o
1

—

20 40 60 80
Time (min)

results show that the sequence of dye degradation follows the
order of the apparent K, starting from MB (K;;, = 12 pM) then
RhB (K, = 40 pM) and finally MO (K, = 90 pM). Thus, the dyes
are degraded in succession, from the one with the highest
affinity to the one with the lowest, in an almost selective way.
As a further characterization step, we analyzed the AuNZ-
based degradation process of the organic dyes by NMR. It has
been reported that dye degradation catalyzed by Fenton-like
reactions can lead to complete oxidation of the organic mole-
cules to H,0 and CO,.*'®*” We thus analyzed our dye solu-
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Fig. 3 Au NZ degrading mixed dye solution. (A) Degradation of a mix containing 10 uM RhB, 14 uM MB, and 40 uM MO with AuNZs. Data are plotted
as average + st. deviation of three replicates. (B) UV-vis spectra of the mixed dye solution during the degradation with AuNZs at different time points
(the peaks at 465, 554, and 665 nm are the characteristic absorption peaks of MO, RhB, and MB, respectively). Three consecutive aliquots of H,O,
were added at interval of 20 minutes in order to completely decolorize the solution.
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tions before and after the AuNZ treatment in the presence of
increasing concentration of H,0, (Fig. 4A, B and S15-17%). For
all the dyes, the NMR spectra show that the signals of aromatic
protons (~7.0-8.0 ppm range) disappear with increasing H,O,
concentrations, while new signals appear in the aliphatic
region (below 4.0 ppm). This suggests that the AuNZs degrade
the aromatic system of the synthetic dyes, most likely via
Fenton-like reaction (as already reported for other NZs), %27
possibly leading to complete mineralization of the organic
molecules. On the contrary, when treating MO with HRP

View Article Online

Paper

(Fig. 4C and S16Bf), the signals of aromatic protons do not
disappear completely, although they decrease in intensity and
shift. Accordingly, the MO solution does not appear completely
clear upon HRP treatment, unlike the one treated by AuNZ
(Fig. 4C, right). This confirms that, in these conditions, HRP is
not capable of mineralizing the synthetic dye, but it only oxi-
dizes the molecule, probably forming different byproducts.
However, due to the complexity of the NMR spectra in the ali-
phatic region, further investigations are necessary beyond
NMR to clearly identify the various degradation products.
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Fig. 4 Comparison among *H 1D NMR spectra of the dye degradation products. (A) 100 pM RhB solution before and after the treatment with
15 ppm AuNZ with increasing concentrations of H,O, (10, 100, and 1000 mM from bottom to top). (B) 100 uM MB solution before and after the
treatment with 15 ppm AuNZ with increasing concentrations of H,O, (10, 100, and 1000 mM from bottom to top). (C) Comparison of the final MO
solutions before and after treatment with 20 ppm HRP and 5 mM H,O, or 15 ppm AuNZ and 500 mM H,O,. The photos show the difference in color
intensity between the untreated solution and those treated with AUNZ or HRP. All the 'H 1D NMR spectra and pictures were acquired after 24 h of

treatment to guarantee all the H,O, was consumed.
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dation efficiency in milliQ water versus tap, lake, river, and sea water. Data

These results suggest that the AuNZ could be effective also on
other emerging pollutants, in particular those with large aro-
matic groups, including some antibiotics as well as che-
motherapeutic and anti-inflammatory drugs.

We finally designed a proof-of-concept filtering system to
prove the suitability of the nanozymes to degrade the synthetic
dyes in simulated real-world applications. The immobilization
of the AuNZs onto a membrane provides an easy and effective
way for their integration in a continuous flow system that sim-
plifies both the reuse and the scale-up of the remediation
process (Fig. 5A and Fig. S181). Moreover, it also enables NZ
stabilization and optimal activity even in complex media, e.g.
at high ionic strength. As reported in Fig. 5B, using 1 mL solu-
tion of RhB (10 pM) in presence of H,0,, we observed >90%
degradation of the dye by the AuNZs. In these conditions, the
optimal degradation process required 3 filtrations steps, due
to the short contact time between the sample and the NZs/
membrane system (Fig. S197) (see Methods for details). In view
of future on-field applications, the presented “device” could be
implemented by using filter chains (or immobilizing the NZ
on columns) and/or inserting it in a continuous flow circulat-
ing system. Notably, this model system worked properly in
terms of recyclability: the same AuNZ-based filter was tested
with multiple cycles of dye degradation, and we observed no
detectable loss of efficiency after 5 full RhB degradations
(Fig. 5B). This is interesting as it confirms the high stability of
the NZs together with their tolerance to harsh conditions (see
also Fig. 2).

Finally, we tested the performance of the device with real
samples. We prepared spiked solutions of RhB using tap, lake,
river, and sea water and we compared the degradation per-
formance of the AuNZ-filter versus pure laboratory water
(milliQ). The results showed that tap, lake, and river waters do
not cause strong interferences with the catalytic performance
of the device (Fig. 5C). In the case of sea water, we observed a
drop of efficiency with ca. 30% performance; however, the
device proved its degradation capability even in such high
ionic strength medium and using an unrealistically high dye
concentration.

6510 | Nanoscale, 2025, 17, 6505-6511

are plotted as average + standard deviation of three replicates.

Conclusions

In this work, we explored the behavior of three noble-metal
NZs, namely Au, Pd, and PtNZs, for the catalytic degradation
of different synthetic dyes of industrial relevance. Our results
highlight that a deep understanding of the NZs multi-enzy-
matic activity is essential to properly exploit their features.
Indeed, AuNZ resulted the most efficient, despite showing
lower POD-like activity, thanks to a negligible competitive
interference from its CAT-like activity. On the contrary, Pt and
PdNZs preferentially consumed H,O, substrate via CAT-like
activity, showing minor POD-like degradation activity towards
the synthetic dyes. Interestingly, the natural HRP enzyme was
found to be mostly ineffective against the organic pollutants.
We also investigated the process of dye degradation by NMR,
observing a preferential activity on the aromatic structure of
the molecules. The reaction conditions were optimized to
maximize the performance of the AuNZ, and a proof-of-
concept dye-degrading filter system was implemented allowing
for recovery and reuse of the nanocatalyst. The system showed
excellent performance, being able to degrade more than 90%
of the dye in contaminated solutions and excellent robustness
with simulated real samples (contaminated tap, river, lake,
and sea waters). These results may contribute to disclosing the
potential of nanozymes for environmental remediation and
sustainability applications and may encourage future studies
with other classes of pollutants and multifunctional systems.
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