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Abstract

We certify that protamine-gold nanoclusters (PRT-AuNCs) synthesized by one-pot method exhibit peroxidase-like activity. The
catalytic activity of PRT-AuNCs followed typical Michaelis—Menten kinetics and exhibited higher affinity to 3,3',5,5'-
tetramethylbenzidine (TMB) as the substrate compared to that of natural horseradish peroxidase. Meanwhile, we found that
Hg(II) could dramatically and selectively enhance the peroxidase-like activity of PRT-AuNCs, and the enhanced mechanism by
Hg(Il) was demonstrated to be generation of the cationic Au species and the partly oxidized Au species (Au®*) by Hg>*—Au®/Au*
interaction. Based on this finding, quantitative determinations of Hg(Il) via visual observation and absorption spectra were
achieved. The proposed strategy displays high selectivity that arises from the strong aurophilic interaction of mercury towards
gold. Moreover, the developed method is highly sensitive with a wide linear range and low detection limit of 1.16 nM. This
strategy is not only helpful to develop effective nanomaterials-based artificial enzyme mimics but also irradiative to discover new
applications of artificial mimic enzymes in bio-detection, medical diagnostics, and biotechnology.
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Introduction

In recent years, the biosensors based on enzymes have
attracted increasing interests due to the high substrate speci-
ficity and catalytic activity of enzymes under mild conditions
[1, 2]. However, the most practical applications of natural
enzymes are limited owing to their intrinsic drawbacks of poor
stability to environmental conditions, high cost, and rigorous
storage requirements. Therefore, the development of artificial
enzyme mimics is highly desirable. The rapid advances in
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nanotechnology provide excitingly new opportunities for de-
veloping enzyme mimics [3, 4]. So far, various nanomaterial-
based enzyme mimics have become promising alternatives to
natural enzyme and applied widely in biosensors, immunoas-
say, and other fields [5-8]. This new progress of
nanomaterials has led to the discovery of metal nanoclusters
which have gathered considerable attention. Noble metal
nanoclusters possess distinct electronic structures and proper-
ties that are fundamentally different from those of larger nano-
particles [4]. In particular, gold nanoclusters as artificial en-
zymes have been used in biological detection owing to their
low toxicity, good biocompatibility, and excellent catalytic
activity. With the rapid development of metal nanoclusters,
various kinds of templates such as proteins, peptides, amino
acid, and DNA have been adopted to synthesize AuNCs and
AgNCs. For example, Li’s group prepared bimetallic Au/Ag
NCs with DNA as a template, which were further adopted as a
selective probe for detection of iodide ions [9]. Tao and co-
workers prepared BSA-stabilized Au nanoclusters for detec-
tion of dopamine [10]. Liu and Guo team synthesized amino
acid-functionalized AuNCs for colorimetric detection of
copper ions and histidine [11], and so on. Nevertheless, no
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reports were found by utilizing protamines as template to syn-
thesize Au nanoclusters for the detection of metal ions.
Moreover, some of enzyme mimics possess relatively low
catalytic activity. Researchers have devoted great efforts to
enhance the enzyme-like activity of nanomaterials. For in-
stance, fully dispersed Pt entities on AuNPs could remarkably
increase the activity of gold for hydrogenation catalysis [12].
The surface modification of BSA-stabilized AuNCs was also
reported to improve their peroxidase-like activity [13]. In ad-
dition, the peroxidase-like activity of gold nanoparticles was
also stimulated by using heavy metal ions [14, 15]. These
reports are illuminating to improve the catalytic activity of
enzyme mimics.

Protamines are low-molecular-weight basic proteins which
have high arginine content [16]. They are naturally occurring
substances in animal sperms, purified by the mature testes of
certain fishes such as salmon and herring. The role of prot-
amines in sperm is to bind with DNA to assist in forming a
compact structure, delivering the DNA to the nucleus of the
egg after fertilization. They have been successfully employed
for efficient delivery of DNA in transfection study of cells
[16]. Additionally, the attachment of DNA to gold micropar-
ticles by protamines could enhance the resistance to tempera-
ture and protease degradation [17]. Also, they are known to
exhibit cell penetrating activity [17]. These characteristics of
protamines can be ideally used as a template for the prepara-
tion of metal nanoclusters.

Hg(1l) ion is generally considered to be one of the most
toxic heavy metal ions that can interact strongly with various
enzymes such as glucose oxidase and horseradish peroxidase
to block their active sites, leading to the inhibition of the
activity of enzymes [15, 18]. Thus, the accumulation of mer-
cury in the human body could result in a series of disease [18].
Therefore, the monitoring of Hg®* in environment and
biosample becomes an increasing demand. To date, many
instrument-based methods have been reported for the determi-
nation of Hg”*, such as HPLC-cold vapor atomic fluorescence
[19], atomic absorption [20], ICP-MS [21], and fluorescence
[22]. Compared with above methods, colorimetric sensing has
attracted more attention owing to its simplicity and conve-
niences and can be easily monitored by the naked eyes [23,
24]. Especially, nanomaterial-based assays of Hg** were also
reported. Zhu et al. found that Hg2+ can inhibit peroxidase
mimetic activity of BSA-Au clusters and hence enable the
assay of Hg>" [25]. Tseng et al. also reported the detection
of Hg** by the inhibition of the peroxidase-like activity of
Pt-AuNPs [26], and so on. However, taking advantage of the
protamine-gold nanoclusters (PRT-AuNCs) as peroxidase
mimics and their activity being selectively enhanced by mer-
cury ions for the colorimetric detection of Hg”* has not been
described to the best of our knowledge.

In this contribution, we for the first time employed prot-
amine as both a reducing agent and a stabilizer to prepare Au
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nanoclusters (PRT-AuNCs) that could insure biocompatibility
and enable controllable catalysis. Different from the reported
literatures [25] and traditional feature of Hg* ions to en-
zymes, we found that Hg”* ions could selectively stimulate
the peroxidase mimetic activity of as-prepared PRT-AuNCs,
enhancing their ability to catalyze the chromogenic reaction of
3,3",5,5-tetramethylbenzidine (TMB) and H,0,. Based on
this finding, quantitative detections of Hg** via visual obser-
vation and UV-vis absorption were achieved. The proposed
strategy displays high selectivity arising from the strong
aurophilic interaction of Hg to Au. Additionally, the devel-
oped method is highly sensitive due to a little change in en-
zyme activity could cause a dramatic effect on chromogenic
reaction. This strategy would be helpful to develop effective
artificial enzyme mimics and facilitate their wide application
in bio-detection, medical diagnostics, and biotechnology.

Experimental
Materials and chemicals

Protamine sulfate and HAuCl4-4H,O were obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
HgCl, and 3,3',5,5'-tetramethylbenzidine dihydrochloride
(TMB) were supplied by Sigma-Aldrich (St. Louis, MO,
USA). The concentrations of HgCl, and TMB working solu-
tions were all 5 mM. All other chemicals, such as H,O, solu-
tion (30 wt% aqueous), o-phenylenediamine (OPD), 2,2'-
azinobis(3-ethylbenzothiozoline)-6-sulfonate (ABTS),
HOAc, NaOAc, and H,SO,4 were acquired from Beijing
Chemicals Reagent Company (Beijing, China). All reagents
were of analytical grade, and ultra-pure water (18.2 M2 cm)
was used throughout this work.

Apparatus

All absorption spectra were obtained on a Shimadzu UV-2450
spectrophotometer (Kyoto, Japan). Circular dichroism (CD)
spectra were recorded by a JASCO J-815 circular dichroism
spectrometer. X-ray photoelectron spectroscopy (XPS) was
acquired on a Thermo Scientific Escalab 250Xi X-ray photo-
electron spectrometer (Waltham, UK). Transmission electron
microscopy (TEM) images were finished on a FEI Tecnai G2
F20 S-TWIN Field emission transmission electron micro-
scope (OR, USA). A pH meter (Sartorius AG, Germany)
was utilized for pH adjustment.

Synthesis of PRT-AuNCs

All glasswares used in this work were thoroughly soaked with
aqua regia and rinsed with copious amount of doubly distilled
water, then oven-dried prior to use. PRT-AuNCs were prepared
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by one-pot method. Briefly, 25 mL of 10 mM HAuCl,; was
mixed with an aqueous solution of 25 mL of 2.5 mg mL ™" prot-
amine sulfate. The mixture was vigorously stirred for 2 min at
37 °C, followed by the addition of 2.5 mL of 1 M NaOH. The
reaction was allowed to proceed under vigorous stirring for 12 h
at 37 °C. The color of the solution changed from light yellow to
yellowish brown. The obtained PRT-AuNC solution was kept at
4 °C in the dark for further use.

Measurement of the peroxidase-like activity
of PRT-AuNCs

The peroxidase-like activity of the as-prepared PRT-AuNCs
was tested by using TMB, ABTS, and OPD as a chromogenic
substrate, respectively. In a typical experiment, 40 puL of the
PRT-AuNC stock solution, 40 uL of 5 mM TMB/ABTS/OPD
solution, 60 puL of 0.01 M H,0,, and 50 puL of 5 uM Hg2+
solution were added into 80 uL of 0.2 M acetate buffer of
pH 5.5, followed by adding an appropriate amount of water
to a volume of 500 puL. The mixture was incubated for 30 min
at room temperature, and then transferred for UV—vis scan-
ning. Meanwhile, the colorimetric responses were observed
with the naked eyes and a photograph was taken.

Steady-state kinetic analysis

The steady-state kinetic experiments were performed in a
NaOAc buffer (pH 5.5) including 40 uL of PRT-AuNCs and
50 pL of 5.00 uM Hg>* by varying the concentrations of
TMB as substrate at a fixed concentration of H,O, and vice

versa. The apparent kinetic parameters were calculated by
using the Lineweaver—Burk equation: 1/v=(1/V ) (1+ K,/
¢), where v, V.., ¢, and K, were the initial velocity, the
maximum reaction velocity, the concentration of the substrate,
and the Michaelis—Menten constant, respectively.

Assay for Hg>* by PRT-AuNCs as peroxidase mimics

Into a 2-mL EP tube, 40 puL of the PRT-AuNC:s stock solution,
40 uL of 5 mM TMB, and 60 pL of 0.01 M H,O, were added
into 80 uL of 0.2 M acetate buffer (pH 5.5). Thereafter, dif-
ferent concentrations of Hg** were added, followed by adding
an appropriate amount of water to a volume of 500 uL. After
the mixture was incubated for 30 min at room temperature, the
colorimetric responses were observed with the naked eyes and
a photograph was taken. After that, 80 pL of 0.2 mol L'
H,S0O, was used to stop the catalytic reaction. Then ultraviolet
spectra were measured at \,x 450 nm and represented as
AA=A, — Ay, where Ay and A, were the absorbance of the
system without and with Hg>*, respectively.

Result and discussion
Characterization of as-prepared PRT-AuNCs

In this work, we successfully prepared PRT-AuNCs by one-
pot method using protamine as both a stabilizer and a reducing
agent. The aqueous solution of as-prepared PRT-AuNCs
showed yellowish brown in color (Fig. 1A), and yellowish
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green fluorescence under 365 nm ultraviolet light (see the
Electronic Supplementary Material (ESM), Fig. S1).
Figure 1B indicates that the emission spectra of the PRT-
AuNCs were about 599 nm upon excitation at 300 nm. To
visualize the as-prepared PRT-AuNCs, a representative micro-
graph of the PRT-AuNCs was obtained by transmission elec-
tron microscopy (TEM) (Fig. 1C), which showed uniformly
distributed particles. The average diameter of the PRT-AuNCs
is less than 2 nm. Besides, X-ray photoelectron spectroscopy
(XPS) showed that the binding energy of Au 4f7, and Au 4f5,,
for PRT-AuNCs was 84.1 ¢V and 88.0 eV, respectively (Fig.
1D). The Au 4f;,, spectrum could be further deconvoluted
into two distinct components centered at binding energies of
84.03 eV and 84.98 eV, which could be identified as Au® and
Au’*, respectively. The integrated area of these two compo-
nents demonstrates that the majority of gold in PRT-AuNCs
is Au’ with a minor amount of Au* at the surface of PRT-
AuNCs. The presence of Au” in PRT-AuNCs might stabilize
the AuNCs. The Au 4f XPS spectrum for PRT-AuNCs
prompts that the Au’* ions were reduced to Au’ and Au*
successfully by protamine. For the applications of as-
prepared PRT-AuNCs, we carefully examined the stability of
PRT-AuNC:s. Interestingly, the aqueous solution of PRT-
AuNC:s as fluorescence probe was fairly stable even 1 month
after preparation via tracking by fluorescence measurement
(Fig. S2, see the ESM).

Peroxidase-like activity of as-prepared PRT-AuNCs

The peroxidase-like behavior of as-prepared PRT-AuNCs was
examined by using TMB, ABTS, and OPD as chromogenic
substrates, respectively. As shown in Fig. 2A, PRT-AuNCs
could catalyze the fast oxidation of TMB, ABTS, and OPD
in the presence of H,O, and 0.50 uM Hg”* to give different
colors (Fig. 2A, insert), implying that PRT-AuNCs possess
peroxidase-like activity. We further study the effect of dis-
solved oxygen on activity of PRT-AuNC enzyme mimics.
Figure 2B shows that the absorbance of the system at
652 nm decreased obviously when the system was bubbled
with N, for 2 h (curve b), and was further declined after sat-
uration with N, for 5 h (curve ¢). This result indicated that the
dissolved oxygen, which serves as an electron acceptor,
played an important role in the oxidation of TMB.

To further investigate the catalytic mechanism of PRT-AuNCs
as a peroxidase mimic, the steady-state kinetics method was
adopted. The relationship between the initial reaction rate and
the substrate concentration can commonly be described by the
classic Michaelis-Menten model [27-30]. However, it is report-
ed recently that the particular kinetic features for several
CYP3A4 substrates cannot be explained within the context of
the Michaelis—Menten model [31]. The PRT-AuNCs may be
able to support multiple reactions simultaneously (i.e., multiva-
lent interactions with substrate). So, the application of the classic
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Fig. 2 a PRT-AuNCs catalyze the oxidation of various substrates to
produce color reactions in the present of H,O,. (1) ABTS, (2) OPD,
and (3) TMB. b Effect of O, concentration on the oxidation of TMB by
PRT-AuNCs. (a) No N, was bubbled in NaOAc buffer. (b) The NaOAc
buffer was bubbled with N, for 2 h. (¢) The NaOAc buffer was bubbled
with N2 for 5 h. VPRTfAuNCS =40 HL, CTMB = 0.4 mM, CH202 = 1.2 mM,
CHg(n = 0.50 LLM

Michaelis-Menten model to describe the PRT-AuNCs catalysis
may not be valid. To examine this supposition, the kinetic data
were measured using H,O, and TMB as substrates by
implementing various concentrations of one substrate while
keeping the other one constant. Figure 3A, B illustrates that in
a certain range of substrate concentration, typical Michaelis—
Menten curves were observed for PRT-AuNCs by using TMB
and H,0O, as substrates. An apparent dependence relationship
was obtained between the initial reaction rate and the substrate
concentration. Figure 3C, D prompts that the reciprocal of the
initial rate was directly proportional to the reciprocal of the sub-
strate concentration, suggesting that the catalytic reaction of PRT-
AuNC:s followed the Michaelis—Menten behavior. The explana-
tion of this result may be that there may be a smoothing over of
any irregularities and the kinetics may look hyperbolic due to the
“canceling out” of different kinetic features in the experimental
condition [31]. The Michaelis—-Menten constant (K,,,) and maxi-
mum initial velocity (V,,,c) Were obtained using the Lineweaver—
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Burk plot, and the results are shown in Table 1. It is known that a
lower K, represents higher affinity to the substrate. From
Table 1, the apparent K, value of PRT-AuNCs (K, =
0.169 mM) was much lower than that of horseradish peroxidase
(HRP) (K}, = 0.434 mM) towards TMB [3], disclosing that PRT-
AuNCs had a higher affinity for TMB than HRP. Meanwhile, the
K, value with H,O, as substrate was 1.49 mM, which was about
2.5 times lower than that of HRP. This result was consistent with
the observation that a lower H,O, concentration was required for
PRT-AuNCs when the maximum activity was obtained.
Moreover, the PRT-AuNCs with TMB as substrate had a lower
K., value in comparison with other nanomaterial-based peroxi-
dase mimics, such as CuNPs@C (K,,, = 1.65 mM) [32], AgNCs
(Kn=0.384+£0.017 mM) [33], MIL-101(Cr)@PB (K, =
0.88 mM) [34], PBMNPs3 (K,=0.307 mM) [35], and GO—
Fe304 (K = 0.43 mM) [36]. This result may ascribe to the fact
that the PRT-AuNCs possess unique structure and properties that
are fundamentally different from those of larger nanoparticles.
The catalytic activity of PRT-AuNCs also relies on pH and
temperature variation. We examined the peroxidase-like activ-
ity of the PRT-AuNCs by changing pH from 3.5 to 7 and the
temperature ranging from 10 °C to 45 °C. The optimal pH and

Table 1 Michaelis—Menten constant (K,,) and maximum initial
velocity (Vo)

Enzyme mimics Substrate K, (X 10°mol L") e mol L' 571

2.80x10°¢
1.84x10°

PRT-AuNCs
PRT-AuNCs

H202
TMB

1.49
0.169

1/TMB concentration/mM"'

temperature are pH 5.5 and 25 °C, respectively (ESM Figs. S3
and S4). This optimal temperature of 25 °C was considerably
lower than that of native HRP (37 °C). Based on these results,
a pH of 5.5 and temperature of 25 °C were employed as
optimal conditions in subsequent experiments.

Mechanism for the Hg(ll)-enhanced peroxidase-like
activity of PRT-AuNCs

The principle of the colorimetric sensing of Hg(II) is outlined in
Scheme 1. It is reported that the slightly oxidized gold (Au®*),
in addition to metallic gold (Au®) and Au", is important to
achieve high activity of dispersed Au catalysts [25, 37-39].
Inspired by these reports, we hypothesized that the interaction
of Hg** with Au”Au* on the surface of PRT-AuNCs might
lead to the generation of the cationic Au species and the partly
oxidized Au species (Au®"). Such an Au®* and the cationic Au
species as the peroxidase-like active sites of PRT-AuNCs might
remarkably change their surface properties. Consequently, the
peroxidase-like activity of the PRT-AuNCs was significantly
enhanced by Hg(Il), resulting in the change in the absorption
intensity of the assay system. Thereby, a colorimetric detection
system for Hg(I) could be developed.

To test this hypothesis, the interaction between PRT-
AuNCs and Hg(II) was investigated using TMB as a chromo-
genic substrate by ultraviolet absorption spectra. Figure 2A
indicates that PRT-AuNCs can catalyze the oxidation reaction
of TMB by H,0, to produce the typical blue color products
(Fig. 2A, insert (3)). The maximum absorption peak of the
system located at 652 nm, resulting from the oxidation of
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TMB

TMB. The addition of 80 pL of 0.2 mol L™ H,SO, in above-
mentioned solution, a maximum absorption peak appeared at
450 nm (Fig. 4A, curve c). The control experiments showed

Fig. 4 a Enhancing effects of
Hg(II) on the peroxidase-like
activity of PRT-AuNCs. (a) TMB-
H,S0,. (b) TMB-H,0,-H,SO,.
(c) TMB-H,0,-PRT-AuNCs-
H,S0,. (d—f) TMB-H,0,-PRT-
AuNCs—Hg(H)—H2804 (CHg(II)
(1077 MY/(d—f): 0.50, 5.0, 50.0).
CTMB = 0.4 IIl]\/I, CH202 = 1.2 II]I\{,
Vprrauncs =40 pL. b
Absorbance-time curves of PRT-
AuNCs-Hg(II)-TMB-H,0, (a),
PRT-AuNCs-TMB-H,0; (b), and
TMB-H,0, (¢). Verr.Auncs =

40 ]J.L, CTMB = 0.40 mM, CH202 =
1.2 mM, cygary = 0.50 uM. ¢ XPS
curves of Au’ and Au” in the
presence of Hg(Il) (a) and Hg”
and Hg>" in the presence of PRT-
AuNC:s (b). d FTIR spectra for (a)
PRT-AuNCs and (b) PRT-
AuNCs-Hg(II)
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Scheme 1 The colorimetric detection of Hg(I) using PRT-AuNCs as peroxidase mimics and their activity being selectively enhanced by mercury ions

that the absorbance of the PRT-AuNCs-TMB-H,0,-H,SO,4
solution is much higher than that of TMB-H,SO4 and TMB-
H,0,-H,SO, system (Fig. 4A, curves a and b). This verified
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that the PRT-AuNCs are needed for the colorimetric reaction,
which is similar to HRP. However, the addition of Hg(II) into
the solution of PRT-AuNCs-TMB-H,0,-H,SO, resulted in
the gradually enhanced fluorescence signals (Fig. 4A, curves
d—f), which was completely opposite to that reported by liter-
atures [26]. This result indicates that Hg(Il) could stimulate
the peroxidase-like activity of PRT-AuNCs. The above-
mentioned conclusion was also verified by the change of the
real-time absorption intensity at 652 nm in the PRT-AuNCs-
TMB-H,0,-Hg(Il) system. As illustrated in curve ¢ of
Fig. 4B, the solution of TMB + H,O, without PRT-AuNCs
showed negligible absorption variations. Upon addition of
PRT-AuNC:s into this solution (curve b), the absorbances of
the solution went up obviously ranging from 0 to 20 min,
indicating that the PRT-AuNCs can catalyze the oxidation of
TMB by H,0; in a relatively slow reaction rate. Interestingly,
a rapid increase of the reaction rate was observed with addi-
tion of Hg(Il) in the above solution (curve a). This result
indicated that Hg(Il) can accelerate the PRT-AuNC-mediated
oxidation of TMB in the presence of H,O,.

To validate whether the interaction of Hg** with Au’/Au*
could generate the cationic Au species and Au®*, X-ray pho-
toelectron spectroscopy (XPS) was obtained. Figure 4C (a)
shows that the addition of Hg”* into the PRT-AuNC solution
caused an increase in the oxidation states of Au’/Au* on the
PRT-AuNCs in comparison with Fig. 1D. The binding energy
changed from 84.98 to 85.15 eV corresponding to Au*. An
Au 4f,, peak of 84.33 eV appeared between 84.0 (Au’) and
85.0 eV (Au™), which is assigned to partly oxidized ionic Au
species (Au®") [39].F igure 4C (b) demonstrates that both Hg’
and Hg”* existed on the surface of PRT-AuNCs when they
were incubated with Hg®*. These results demonstrated our
presumption. The above-mentioned conclusion was also con-
firmed by Fourier-transform infrared (FTIR) spectra. The
protamine displayed an O—H/N—H stretching peak centered
at 3473 cm . While the C=O stretching vibrations (approxi-
mately 80%) coupled with in-plane N-H bending (approxi-
mately 20%) centered at 1640 cm ' are attributed to amide I
region, and a C—N stretching peak at 1061 cm ™' is assigned to
aliphatic amine such as arginine residue in protamine (ESM
Fig. S5) [40, 41], and no peaks in both amide II and amide III
regions were found. The band around 2100 cm ' may be
caused by the asymmetric stretching vibrations of the *N—
HO bond [42]. In comparison with protamine, the FTIR
spectra of PRT-AuNCs revealed an apparent broadening O—
H/N-H stretching vibration and an enhancing peak of C=0
stretching coupled with in-plane N—H bending, accompanied
by some new peaks located at 2359 cm ™', 1788 cm ™', and
1032 cm™! (Fig. 4D (a)). Meanwhile, the asymmetric
stretching of the *N-H"O~ bond shifted for about 8 cm™'.
These results suggest that Au’/Au* on the AuNCs might bind
to the N atoms in amide I regions or the guanidyl group of
arginine residues to form Au—N bond by coordinating

interaction. The formation of Au—N coordinative bond might
facilitate the oxidation of Au’/Au* on the PRT-AuNCs sur-
faces in the presence of Hg”*, which was consistent with the
observation of XPS spectra. When Hg?* was added in the
solution of PRT-AuNC:s, the significant decreases of the per-
cent transmittances for the principal peaks like O—H/N-H and
C=0 were observed (Fig. 4D (b)), accompanied by the broad-
ening of peak width for O-H/N—H, the disappearance of the
peak at 1788 c¢cm ™' and the change of the asymmetric
stretching vibrations of the "N-H*O~ bond. Furthermore,
the some small peaks appeared at 2307-2384 cm '. These
results suggest that the existences of the interactions of mer-
cury ions with both Au’/Au* and protamine, leading to the
change of the coordination bond of Au’”/Au* with O-H/N-H
and C=0O/N-H in PRT-AuNCs. Also, the attachment of Hg2+
onto the surface of the protamine by coordination may facili-
tate Hg?" to be close to the surface of AuNCs, promoting the
interaction between Au’/Au’ with Hg>* to improve the sur-
face properties of the PRT-AuNCs.

Based on the above-mentioned experimental results and
the clues from the literatures [15, 25, 40, 43], we could con-
clude that the specific enhancement of the peroxidase-like
activity of the PRT-AuNCs by Hg®* might involve in two
steps. Firstly, Au’/Au* that bind to protamine by Au-N bond
can easily interact with Hg>* to lead to the generation of the
cationic Au species and the partly oxidized ionic Au species
(Au®") on AuNC surface. Next, such an Au®* and Au™ as the
peroxidase-like active sites of PRT-AuNCs remarkably
change the surface properties of the PRT-AuNCs, thereby sig-
nificantly enhancing their peroxidase-like activity.

Optimization of the sensing conditions

To achieve a better sensing performance, several factors in-
cluding the concentrations of PRT-AuNCs, TMB, H,0,, and
reaction time were investigated. First, the influence of the
amount of PRT-AuNCs on the sensing system was studied.
Figure S6 (see the ESM) displays a maximum AF value upon
the addition of 4045 uL of PRT-AuNC solution. Thereby,
40 puL of PRT-AuNC solution was selected in this assay.

To evaluate the peroxidase-like activity of our designed
PRT-AuNCs, we selected TMB as a chromogenic substrate
in the presence of H,O,. So, TMB concentration was also
optimized. Figure S7 (see the ESM) illustrates that the addi-
tion of 40 uL of 5 mM TMB can be oxidized completely by
H,0,. While the gradual decrease of the absorbance was ob-
served upon adding TMB beyond 50 pL. The reason may be
that the excess TMB might result in incomplete oxidation by
H,0,. Thus, 40 pL of 5 mM TMB was chosen. Figure S8 (see
the ESM) shows when 10 to 60 pL of 0.01 M H,O, was
added, AA values went up quickly, then it declined in the
added volumes ranging from 80 to 100 pL. The likely expla-
nation is that the shortage of H,O, could not oxidize TMB
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Fig. 5 Calibration curves (a) and visual observation (b) for colorimetric
sensing of Hg(Il). Vprrauncs =40 pL, crmp =0.40 mM, cpon =
1.2 mM. a The error bars represent the standard deviations of three
repetitive measurements. b cygar) (1078 M)/(1-9): 0.0, 2.0, 4.0, 8.0,
10.0, 20.0, 40.0, 80.0, 100.0

completely, suggesting that an appropriate amount of H,O, is
necessary for colorimetric detection of Hg?*. Therefore,
60 uL of 0.01 M H,0, was selected in the experiment.
Figure S9 (see the ESM) displays that the AF initially

increased rapidly with increasing reaction time and then
tended to level off at 30 min. Thus, the reaction time of
30 min was selected in this study.

Selectivity and sensitivity of the sensing system

To evaluate the selectivity of the method, other substances
were utilized in the assay based on the likely interference
compositions. The results displayed that 1000 times of Ca**
and Mg®*; 100 times of K*, Fe>*, Zn?*, Na*, UO,**, Mn**,
NH,*, Cu?*, Cd**, and AI’*; 90 times of Ag*; and 5 times of
Pb** do not interfere with detection of Hg** (Fig. S10, see the
ESM). Therefore, the method exhibits very good selectivity.

To validate the feasibility of this strategy, the calibration
graph was described under the optimum conditions. A good
linear correlation was observed within the concentration range
of 4.0 nM-1.0 uM (Fig. 5A). The equations of linear regres-
sion are AA =0.143 +0.017¢ (10 ® mol L") with the correla-
tion coefficients of 0.9910. Based on an equation of LOD =
3Sy/slope (S, represents the standard deviation of the 11 blank
measurements), the detection limit of 1.16 nM was obtained,
which was 3—148 times lower than those of the colorimetric
methods including the use of some enzyme mimics [25,
44-46], 2-5 times for fluorescence detection [47, 48], and
5-13 times for the other methods [18, 49]. Additionally, the
linear range of this strategy is wider than that of the other
methods as well (Table 2), which promotes the application
of this method to determine Hg** in various types of samples.
As shown in Fig. 5B, with increasing concentration of analyte,
the color of the solution changed from light blue to deep blue
gradually (here, H,SO,4 was not added due to blue color giving
more distinguished visual feeling). The color varied obviously
and sensitively, which offered the possibility of visual obser-
vation for Hg** detection.

Table 2 Comparison of this strategy with other methods for the determination of Hg(IT)

Methods Analyte Linearity ranges (nM) LOD (nM) Signal probe Refs.

Flu Hg** 10400 2.5 Dye-labeled oligonucleotide [47]

Flu Hg** 10-5000 MSO-ThT [48]

Col Hg2+ 10-10,000 3 BSA-Au clusters [25]

Col Hg** 50-500 47 G-quadruplex [44]
2000-7500 DNAzyme

Col Hg** 5-400 19 G-quadruplex [45]

DNAzyme

Col Hg** 100-1000 148 T-S-AuNPs [46]

RLS Hg** 25-250 13 AuNPs-S [18]

ECL Hg** 5-250 5 TBR-Probe [49]

This method Hg** 4-1000 1.16 PRT-AuNCs This work

Flu fluorometry, MSO-ThT mercury-specific oligonucleotide-thioflavin T, Col colorimetry, 7-S-AuNPs thymine acetamido-ethanethiol (T-SH) on gold
nanoparticles, RLS resonance light scattering, AuNPs-S sulfur ion (S*~ )-modified gold nanoparticles, ECL electrochemi-luminescence, TBR-Probe tris

(2,2-bipyridine) ruthenium (II)-probe
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Table3  Determination results of mercury ions in water samples (7 = 6)

Sample  Found Added Total found Recovery
107molL" 107molL™" 107 molL" (%)
- 4.00 4.112 102.9

2 - 4.00 3.992 99.81

3° - 4.00 4.044 101.1

3° - 4.00 4.006 100.2

3¢ - 4.00 4.078 101.2

1 laboratory tap water, 2 pond water from the University of South China,
3* Xiangjiang River water, 3° Xiangjiang River water, 3° Xiangjiang
River water

Analysis of Hg>* in real samples

To test the potential of the developed method for Hg2+ analy-
sis, five water samples were collected from the pond water in
the University of South China, Xiangjiang River, and tap wa-
ter. All samples were filtered twice with quantitative filter
paper, heating to boil for 10 min. After cooling to room tem-
perature, the solutions were filtrated by 0.22 um filter mem-
brane. Then these samples were determined by the developed
strategy. Recovery test was performed by the addition of a
known amount of Hg”* ions into samples, and the results are
recorded in Table 3. It is obvious that the established method
could be applied for Hg** assay in environmental samples.

Conclusions

In summary, we for the first time employed protamines as both a
stabilizer and a reducing agent to synthesize gold nanoclusters in
a mild condition. PRT-AuNCs were characterized using UV-vis,
fluorescence, TEM, XPS, and FTIR, showing an efficient
peroxidase-like activity. The catalytic activity of PRT-AuNCs
followed typical Michaelis—-Menten kinetics, exhibiting higher
affinity to TMB as a substrate compared to that of natural HRP.
Hg(II) can stimulate the peroxidase-like activity of PRT-AuNCs
selectively and sensitively, which enables a label-free colorimet-
ric assay of Hg(Il) with a wide linear range and low detection
limit of 1.16 nM. Furthermore, the mechanism for Hg(I)-en-
hanced peroxidase-like activity of PRT-AuNCs was investigated,
finding that the interaction of Hg*" with Au’Au* on AuNCs
surface could generate the cationic Au species and the partly
oxidized Au species (Au®"). The proposed strategy may be help-
ful to develop new applications for AuNCs in varieties of simple,
cost-effective, and easy-to-make sensors in biotechnology, med-
icine, and environmental chemistry.
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