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Once released into the natural environment, ecological macromolecules can rapidly form a coronal

architecture on the surface of engineered nanomaterials, altering their intrinsic physicochemical properties

as well as nano–bio interactions. Palladium (Pd)-based nanomaterials attract an increasing attention in the

fields of environmental science, due to their remarkable catalytic activity. However, the current

understanding of the interplay between Pd-based nanomaterials and ecological macromolecules remains

limited. In this study, taking two-dimensional Pd nanosheets (Pd NSs) as a representative, we characterized

the corona formation of four ecological substances (i.e. humic acid, fulvic acid, alginate and Suwannee

River natural organic matter) on the Pd NS surface, and assessed their influence on the peroxidase-like

activity of Pd NSs. Our findings showed that the overcoating of alginate-corona on Pd NS surface could

significantly enhance the peroxidase-like activity of Pd NSs, but not the other three, thus leading to the fast

generation of hydroxyl radicals (˙HO). Moreover, the antibacterial activity of the pristine and alginate-

coronated Pd NSs was respectively examined with both Gram-positive bacteria (Staphylococcus aureus,

Bacillus cereus) and Gram-negative bacteria (Escherichia coli, Pseudomonas aeruginosa). The growth

inhibition assay yielded the half maximal inhibitory concentration (IC50) values of the pristine Pd NSs

ranging from 4.6 to 12.1 μg mL−1 and the alginate-coronated Pd NSs ranging from 2.0 to 6.7 μg mL−1,

respectively. The higher toxicity of the alginate-coronated Pd NSs was demonstrated to be attributed to

the formation of alginate-corona and enhanced ˙HO radical production ability, giving rise to bacterial

membrane damage, oxidative stress, biofilm inhibition and cell death. Our findings may facilitate an in-

depth understanding of the crucial role of environmental corona in the exotoxicological risks and

antibacterial performance of engineered nanomaterials.

Introduction

The formation of a corona on engineered nanomaterials
(ENMs) in the environment, also known as an environmental
corona or ecological corona, has been widely demonstrated
to play a crucial role in their environmental fate and
ecotoxicology.1,2 This newly formed coronal architecture will
enable a new surface identity of pristine ENMs after their
release into the natural environment. For example, natural
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Environmental significance

Engineered nanomaterials (ENMs) have a promising future in water and wastewater treatment, sterilization and disinfection, and cosmetics and personal
care, due to their superior physicochemical properties. Once released into the natural environment, ubiquitous ecological macromolecules will be adsorbed
on the surface of ENMs forming a unique macromolecular corona, which may significantly alter the intrinsic physicochemical properties and toxicity of
pristine ENMs to organisms. This study shows that the overcoating of an alginate-corona on the surface of Pd nanosheets (Pd NSs) could significantly
enhance the peroxidase-like activity of pristine Pd NSs, thus leading to the enhanced generation of hydroxyl radicals (˙HO) and improved antibacterial
performance through elevating oxidative stress, impairing cell membrane, inhibiting biofilm formation and inducing cell death. Thus, our findings support
the crucial role of environmental corona in the ecotoxicological risks of ENMs.
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organic matter (NOM) is ubiquitous in water bodies, and is
composed of heterogeneous substances such as humic acid
(HA) and fulvic acid (FA). A more recent study reported that a
NOM-corona formed on the surface of silver nanoparticles
(Ag NPs) within several minutes, and adsorption, ligand
exchange or overcoating might occur between Ag NPs and HA
depending on the surface modification of Ag NPs.3 As a
consequence of NOM adsorption, the toxicity of NPs will be
altered through affecting the nano–bio interface
interactions.1,4 However, the interaction mechanism between
ENMs and ecological macromolecules is still far from being
fully elucidated.

Thus far, there are plenty of studies showing that the
presence of extracellular polymeric substances (EPSs)
adsorbed on ENMs is universal in real aquatic environments,
which are secreted by microorganisms (i.e., archaea, bacteria,
algae).1 EPSs primarily contain polysaccharides and proteins,
accounting for approximately 70–90% of the total content,
supplemented by lipids, nucleic acids, and other substances.
For instance, as a representative linear polysaccharide,
alginate can be secreted by diverse microorganisms such as
bacteria. A previous study reported that, in aqueous medium,
alginate could bind to the Ag NP surface and form an
“alginate-corona”, which slowed down AgNP dissolution rates
and reduced its toxicity to an ammonia-oxidizing bacterium
Nitrosomonas europaea.5 Moreover, alginate production plays
a central role in bacterial biofilm formation, a gel-like matrix
protecting bacteria from harsh environments and toxicants,
e.g. antibiotics.6–8 All the above indicates that the importance
of EPSs on the interactions between ENMs and bacteria
should not be overlooked.

In order to tackle the challenge of high mutation rates of
pathogens, the development of next-generation nanoagents is
regarded as an effective weapon.9 One promising ENM-based
antibacterial strategy is to locally activate the generation of
reactive oxygen species (ROS) such as hydrogen peroxide
(H2O2), singlet oxygen (1O2), superoxide anions (O2˙

−) or
hydroxyl radicals (˙HO), which can damage DNA, proteins
and lipids to promote cell death.10–12 Representatively, an
increasing number of studies have focused on the
antibacterial properties of palladium (Pd)-based
nanomaterials due to their superior catalytic activity.13–16

Among them, hexagonal two-dimensional Pd nanosheets (Pd
NSs) have attracted much attention in bioapplications due to
their well-defined thickness and size, strong near-infrared
surface plasma resonance properties, high photothermal
conversion efficiency and intrinsic enzyme mimetic
activity.17–19 Furthermore, two-dimensional ENMs can serve
as an ideal object to study the coronal architecture, corona-
mediated nano–bio interface interaction and antibacterial
mechanism, owing to their large surface area and facile
surface functionalization.20–23 Nonetheless, the
environmental or biological corona on Pd NS surface remains
unexplored yet, and it is rational to suspect that there is an
underlying relationship between the corona formation and
intrinsic enzyme mimetic activity of Pd NSs.

Herein, the primary objective of this study is to clarify the
role of EPSs in altering the nano–bio interactions between Pd
NSs and bacteria. Firstly, we examined the corona formation
of a series of ecological substances (i.e. HA, FA, alginate and
Suwannee River NOM (SRNOM)) on Pd NS surface. The
morphological changes and physicochemical properties of Pd
NSs were thoroughly characterized before and after corona
formation. After that, the influence of these substances on
the peroxidase-like activity of pristine Pd NSs was assessed.
Surprisingly, alginate could markedly enhance the
peroxidase-like activity of pristine Pd NSs and promote the
generation of ˙HO, but not the other three. Further, the
antibacterial performance and mechanism of the pristine
and alginate-coronated Pd NSs were investigated with both
Gram-positive and Gram-negative bacteria. To the best of our
knowledge, this is the first study to show that alginate can
enhance the intrinsic enzyme mimetic activity of Pd
nanomaterials, providing more insights into the interactions
between ecological macromolecules and ENMs in the natural
environment.

Experimental section
Chemicals

PalladiumĲII) acetylacetonate (PdĲacac)2) and 3,3′,5,5′-
tetramethylbenzidine (TMB) were purchased from Sigma-
Aldrich (Saint Louis, USA). Sodium bromide (NaBr),
polyĲvinylpyrrolidone) (PVP) and N,N-dimethylacetamide
(DMAC) were purchased from Aladdin (Shanghai, China). 5,5-
Dimethyl-1-pyrroline N-oxide (DMPO) was purchased from
Dojindo (Kumamoto, Japan). 2′,7′-Dichlorodihydrofluorescein
diacetate (DCFH-DA) was purchased from Invitrogen
(Carlsbad, USA). Humic acid was purchased from JSENB
(Hong Kong, China). Fulvic acid was purchased from Nanjing
Duly Biotech (Nanjing, China). Sodium alginate and dimethyl
sulfoxide (DMSO) were purchased from Solarbio (Beijing,
China). Suwannee River natural organic matter was
purchased from the International Humic Substances Society
(Denver, USA). Water (18 MΩ cm) was obtained from a Milli-
Q system (Millipore, Bedford, MA).

Preparation of Pd NSs

Pd NSs were prepared according to a previously reported
protocol.24 Briefly, 10.0 mg PdĲacac)2, 10.0 mg NaBr and 30.0
mg PVP were first dissolved in a mixture of water (4 mL) and
DMAC (2 mL) to form a homogeneous bright yellow solution.
Then, the vessel was pressurized with carbon monoxide (CO)
to 1 bar and heated from room temperature to 60 °C within
30 minutes, and then kept at 60 °C for 2.5 h before being
cooled down to room temperature. After that, 37.5 mg
PdĲacac)2 was added into the obtained dark blue colloidal
product. The mixture was heated to 60 °C within 1 h and
then kept at 60 °C for 2 h under 1 bar CO atmosphere before
being cooled down to room temperature. For further use, Pd
NSs were precipitated with acetone, and the pellet was air-
dried and resuspended in deionized water.
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The insoluble components of HA or SRNOM were removed
through centrifugation with or without 0.22 μm
polyethersulfone filters (Jinteng, China) before use. For
corona formation, Pd NSs were incubated with HA, FA,
alginate or SRNOM with a mass ratio of 1 : 1 at 37 °C for 24
h, respectively. Afterwards, the corona-coated Pd NSs were
ultrafiltered (50 kDa) and washed with deionized water twice
to get rid of excess ecological substances.

Characterization of Pd NSs

The morphology of pristine and corona-coated Pd NSs were
characterized by both high resolution transmission electron
microscopy (HR-TEM, JEM-2100F, JEOL, Japan) and atomic
force microscopy (AFM, FastScan Bio, Bruker, USA). For HR-
TEM, Pd NSs were dropped onto a 300 mesh carbon-coated
copper grid (Zhongjingkeyi Technology Co., Ltd., Beijing,
China). X-ray photoelectron spectroscopy (XPS) was
performed using an Escalab 250Xi X-ray photoelectron
spectrometer (Thermo Fisher Scientific, USA). For AFM, Pd
NSs were dropped onto a newly divided mica plate
(Zhongjingkeyi Technology Co., Ltd., Beijing, China). The
absorption spectra of Pd NSs were recorded using a UV-2800
ultraviolet-visible (UV-vis) spectrometer (UNIC, China).
Surface-enhanced Raman spectroscopy (SERS) was performed
using a LabRAM HR EVOLUTION laser confocal Raman
spectrometer (HORIBA, Japan). The ζ-potential and polymer
dispersity index (PDI) of Pd NSs were measured using a
Malvern NanoZS dynamic light scattering instrument
(Malvern, UK).

Peroxidase-like activity assay

The peroxidase-like activity of Pd NSs was assessed through the
TMB chromogenic reaction. In the presence of H2O2 (4 mM), 1
μg Pd NSs and 10 μL TMB (83 mM in DMSO) were added into
NaAc–HAc buffer at pH 4.0 to a final volume of 1 mL. After
thoroughly mixing, the time-dependent absorbance changes at
652 nm were monitored using a Varioskan Flash microplate
reader (Thermo Fisher Scientific, USA).

The kinetic assay was performed with varying TMB
concentrations (40, 50, 100, 200, 500 and 1000 mM). The
Michaelis–Menten constant was calculated from the
Lineweaver–Burk plot, which is the double reciprocal form of
the Michaelis–Menten equation:

1
v
¼ Km

Vmax

� �
1
S½ � þ

1
Km

� �
(1)

where v is the initial reaction velocity, Km is the Michaelis
constant, Vmax is the maximum reaction velocity and [S] is
the concentration of the substrates. To calculate the initial
reaction velocity, the Beer–Lambert law was used to back-
calculate the absorbance data to concentration. The molar
absorption coefficient of the TMB oxidized products was
39 000 M−1 cm−1 according to the literature.25

kcat was calculated according to the formula:

kcat ¼ Vmax

E½ � (2)

where [E] refers to the concentration of Pd NSs (moles per L).

Oxidase-like activity assay

The oxidase-like activity was tested through the TMB
chromogenic reaction as well. 1 μg Pd NSs and 10 μL TMB (83
mM in DMSO) were added into NaAc–HAc buffer at pH 4.0 to a
final volume of 1 mL in the absence of H2O2. The time-
dependent absorbance changes at 652 nm were monitored
using the microplate reader after thoroughly mixing.

Electron spin resonance (ESR)

ESR measurements were carried out using an EMX electron
paramagnetic resonance spectrometer (Bruker, USA) at room
temperature. The generation of ˙HO in deionized water was
detected by ESR in the presence of 100 mM DMPO. In brief, 0.2
μg Pd NSs were added into 90 mM H2O2 solution. After 1 min,
50 μL solution was taken in a glass capillary tube for analysis.

Bacterial culture and growth inhibition assay

For bacterial culture, Luria–Bertani (LB) broth was prepared
by dissolving 10.0 g tryptone, 5.0 g yeast extract and 10.0 g
NaCl in deionized water to a final volume of 1.0 L at pH 7.0
before sterilization. Gram-positive bacteria (Staphylococcus
aureus (ATCC 12600), Bacillus cereus (ATCC 14579)) and
Gram-negative bacteria (Escherichia coli (ATCC 25922),
Pseudomonas aeruginosa (ATCC BAA-47)) were respectively
cultured in LB broth with a 37 °C shaker overnight (200
rpm). After reaching the logarithmic-growth phase, the
bacteria were centrifuged and washed with saline (0.85%
NaCl) twice to remove the excretion. The bacterial suspension
was then diluted with saline to 1.0 × 108 colony forming unit
(CFU mL−1). Subsequently, different amounts of Pd NSs were
added into the bacterial suspension to the final
concentration of 2, 4, 8, 12 or 20 μg mL−1. After culture for 2
h at 37 °C, a volume of 10 μL bacterial suspension was added
into 200 μL LB broth in each well of a 96-well plate. After
shaking at 200 rpm for 6 h at 37 °C, the optical density value
at 600 nm (OD600) was measured. For the plate counting
method, the bacterial suspension was first diluted to 1.0 ×
103 CFU mL−1. Then, a volume of 100 μL bacterial suspension
was placed on an agar plate and cultured at 37 °C for 24 h
before counting.

Live/dead staining

After treatments with or without Pd NSs, bacteria were
stained with a commercial LIVE/DEAD BacLight bacterial
viability kit (Invitrogen, USA). According to the
manufacturer's protocol, bacteria were incubated with SYTO
9 and propidium iodide in the dark for 15 min at room
temperature. Afterwards, the stained bacterial suspension
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was dropped on a microscope slide and covered with a
coverslip. Bacterial cells were imaged using a TCS SP5
confocal laser microscope (Leica, Germany).

Scanning electron microscopy (SEM)

For SEM, bacteria were collected through centrifugation at
12 000g for 10 min and fixed with 2.5% glutaraldehyde
overnight. Then, after washing with phosphate buffered
saline (PBS) three times, bacteria were dehydrated in a
gradient of ethanol solutions and dried. Finally, cell
morphology was imaged using an SU-8020 field-emission
scanning electron microscope (Hitachi, Japan).

ICP-MS

After Pd NS treatments, bacteria were washed and collected
through centrifugation at 7000g for 5 min twice. Afterwards,
the bacterial pellet was digested with concentrated HNO3

(GR, 65.0%, Millipore) and H2O2 (GR, 30%, Sinopharm
Chemical Reagent) with a volume ratio of 3 : 1 at room
temperature overnight. Finally, the digested samples were
diluted with deionized water to reach a final concentration of
2% HNO3 before Pd analysis using a 2030 inductively coupled
plasma mass spectrometry (ICP-MS, Shimadzu, Japan). The
isotope of 105Pd was monitored by ICP-MS.

ROS assay

DCFH-DA was used to probe the intracellular ROS of bacteria.
In brief, bacterial cells were stained with DCFH-DA (10 μM)
in the dark at 37 °C for 30 min. Then, bacterial cells were
washed with PBS twice and collected by centrifugation at
12 000g for 10 min. After resuspension with PBS, the
fluorescence intensity was acquired using a microplate reader
with an excitation wavelength of 488 nm and an emission
wavelength of 525 nm, respectively.

Biofilm assay

Biofilm formation was determined through the polyvinyl
chloride (PVC) adherence assay.26 Briefly, bacterial cells were
collected through centrifugation and resuspended in LB broth.
Afterwards, 100 μL bacterial suspension was added into each
well of a 96-well plate. After culture at 37 °C for 6 h, the culture
medium was carefully removed and the attached bacterial cells
were stained with 0.1% crystal violet before washing with
deionized water. The bonded crystal violet was then redissolved
using 100 μL of 33% acetic acid, and the optical intensity was
recorded at 590 nm using the microplate reader.

Statistical analysis

The difference of treated groups relative to the control group
was determined using an independent t-test. The significance
of the mean difference for two or more treated groups
relative to the control group was analysed by a one-way
ANOVA test. Data were shown as mean ± standard deviation.
P < 0.05 was regarded as statistically significant.

Results and discussion
Characterization of Pd NSs

Pd NSs were synthesized with the capping agent PVP according
to the previously reported methods.17,19,24 As shown in Fig. 1a,
a blue colloidal product was successfully prepared, showing a
good dispersibility in aqueous solution. The HR-TEM images
show that pristine Pd NSs had a uniform ultrathin hexagonal
morphology with an average edge length of 15.7 ± 2.2 nm
(Fig. 1a, S1† and Table 1). The thickness of pristine Pd NSs was
determined to be 1.96 ± 0.26 nm by AFM (Fig. 1b and Table 1),
which is less than 10 atomic layers. In deionized water, pristine
Pd NSs were negatively charged with a ζ-potential value of −22.5
± 0.2 mV due to the PVP modification (Table 1), and an
absorption peak in the near-infrared (NIR) region could be
detected using a UV-vis spectrometer (Fig. S2†). Overall, the
two-dimensional Pd NSs with a well-definedmorphology are an
ideal object to study the coronal architecture and nano–bio
interface interactions.

Subsequently, the corona formation on Pd NSs in four
ecological substances (i.e. alginate, HA, FA and SRNOM) was
examined. The former one is a representative EPS model,
whereas the latter three are the most frequently used NOM
models. After 24 h incubation with alginate, HA, FA or SRNOM,
the HR-TEM images show that alginate more significantly
altered the morphology of pristine Pd NSs than the other three,
with a condensed size and rolled edge (Fig. 1a). The shrinkage
of Pd NSs induced by alginate was further evidenced by the
disappearance of characteristic absorption peak (λmax = 982 nm)
in the NIR region (Fig. S2†). Comparatively, three NOM
substances only slightly affected the morphology and plasmonic
properties of Pd NSs. Meanwhile, AFM analysis revealed that
the surface adsorption of alginate, HA, FA and SRNOM
increased the thickness of Pd NSs from 1.96 ± 0.26 nm to 5.07 ±
1.74, 4.60 ± 0.89, 5.93 ± 0.98 and 5.34 ± 1.50 nm, respectively
(Table 1 and Fig. 1b). In deionized water, alginate and HA
respectively decreased the ζ-potential of pristine Pd NSs from
−22.5 mV to −36.6 mV and −23.8 mV, while FA and SRNOM
respectively increased their ζ-potential to −9.3 mV and −16.2 mV
(Table 1). During these experimental processes, no
agglomeration phenomenon was observed by the naked eye,
and the colloidal Pd solutions showed a good stability which
could also be reflected by their similar PDI values (Table 1).
Collectively, these findings indicate that all four ecological
substances could form corona structures on the Pd NS surface,
but the formation of alginate-corona resulted in more
significant changes in the morphology and physicochemical
properties of Pd NSs.

Alginate enhanced the peroxidase-like activity of pristine Pd NSs

A previous study reported that Pd NSs exhibited intrinsic
peroxidase-, oxidase- and catalase-like activities, which are
highly structure- and composition-dependent.18 Up to now,
there have been rarely reported studies concerning the
impact of EPSs on the enzyme mimetic activity of
antibacterial nanomaterials. To this end, the peroxidase- and
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oxidase-like activities of Pd NSs with a NOM- or EPS-corona
were first assessed through the TMB chromogenic reaction.
As expected, the pristine Pd NSs could catalyze the oxidation
of colorless TMB substrate by H2O2 into a blue-green colored
product (λmax = 652 nm), but not any other used ecological
substances (Fig. 2a and S3†). Unexpectedly, the coexistence of
Pd NSs with alginate rather than NOM generated a 3.6 times
higher absorbance than pristine Pd NSs, indicating that the
formation of alginate-corona boosted the peroxidase-like

activity of pristine Pd NSs (Fig. 2b). As expected, in the
absence of H2O2, the pristine Pd NSs exhibited the oxidase-
like activity through oxidizing TMB by dissolved oxygen as
well (Fig. S4†). Compared with pristine Pd NSs, the alginate-
coronated Pd NSs generated a 1.6 times higher absorbance,
indicating the enhancement of oxidase-like activity of Pd NSs
by alginate. Subsequently, these findings were validated by
ESR with DMPO used as a radical trapping agent. In Fig. 2c,
a quartet with an intensity ratio of 1 : 2 : 2 : 1 can be observed
for pristine Pd NSs, suggesting that Pd NSs produced ˙HO
through catalyzing H2O2 decomposition. Notably, the peak
intensity of ˙HO generated by the alginate-coronated Pd NSs
was much higher than those of pristine and NOM-coronated
Pd NSs. Meanwhile, the Michaelis–Menten behaviours of
pristine and coronated Pd NSs were determined at different
TMB concentrations (Fig. 2d and Table S1†). After co-
incubation with alginate, the kcat value of Pd NSs increased
1.28 times as high as before, while the Km value decreased

Fig. 1 Physicochemical characterization of pristine and corona-coated Pd NSs. (a) Representative HR-TEM images of Pd NSs, and the inset figures
are the colloidal Pd NS solutions. (b) Representative AFM images of Pd NSs with height profiles. The height profile of each Pd NS corresponds to
the white dotted lines in the AFM images above. (c) Schematic diagram of corona formation on Pd NSs and the chemical structure of PVP. Scale
bar: 50 nm.

Table 1 Physicochemical parameters of PVP–Pd NSs

Corona
Edge length
(nm)

Thickness
(nm)

ζ-Potential
(mV) PDI

λmax

(nm)

— 15.7 ± 2.2 1.96 ± 0.26 −22.5 ± 0.2 0.4 ± 0.1 982
Alginate 12.1 ± 2.0 5.07 ± 1.74 −36.6 ± 2.6 0.5 ± 0.1 —
HA 14.1 ± 1.9 4.60 ± 0.89 −23.8 ± 2.2 0.6 ± 0.1 975
FA 14.7 ± 1.9 5.93 ± 0.98 −9.3 ± 0.8 0.5 ± 0.1 969
SRNOM 14.7 ± 2.0 5.34 ± 1.50 −16.2 ± 1.3 0.5 ± 0.0 958
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0.67 times that of the original, implying that alginate
reinforced the affinity between Pd NSs and H2O2, and
improved the catalytic efficiency of pristine Pd NSs.
Furthermore, competitive binding experiments for alginate,
HA and FA with Pd NSs were carried out to demonstrate the
above phenomenon. Comparatively, FA significantly
suppressed the enhanced peroxidase-like activity of pristine
Pd NSs by alginate, while HA showed a minimal effect,
illustrating that the presence of FA obstructed the formation
of alginate-corona and weakened its effects on ˙HO
generation (Fig. S5†). Taken together, we found that the
formation of alginate-corona on Pd NS surface could
significantly enhance the peroxidase-like activity of pristine
Pd NSs and facilitate ˙HO production by decomposing H2O2

as a substrate.

Next, the peroxidase-like activity of Pd NSs was examined at
different alginate concentrations (5, 40 and 200 μg mL−1). As
observed in Fig. 2e, the oxidation rate of TMB substrate
reached a maximum when the mass ratio of Pd NSs to alginate
became 1 : 1, and remained nearly unchanged at the mass ratio
of 1 : 5, indicating that more alginate could not further enhance
the catalytic activity of Pd NSs probably because the adsorption
of alginate on Pd NS surface tended to be saturated. On the
other hand, the corona formation on the nanoparticle surface
is strongly influenced by the intrinsic physicochemical
properties of ENMs and surrounding aqueous conditions such
as pH and ionic strength.27,28 Thus, the peroxidase-like activity
of Pd NSs was compared without or with an alginate corona by
varying the pH value from 3 to 11. Results in Fig. 2f show that
both pristine and alginate-coronated Pd NSs exhibited the

Fig. 2 Peroxidase-like activity of pristine and corona-coated Pd NSs. (a) Time-dependent absorbance change at 652 nm of the mixture containing
TMB and H2O2 in the presence of Pd NSs without or with a corona. (b) The color changes at 10 min and absorbance at 652 nm of the mixture
containing TMB and H2O2 in the presence of Pd NSs without or with a corona. (c) ESR spectra for detecting ˙HO in the presence of Pd NSs, H2O2

and DMPO. (d) The velocity of TMB oxidation was monitored for 5 min after adding Pd NSs into the mixtures of TMB (50, 100, 200, 500 and 1000
μM) and H2O2 at pH 4.0. (e) Time-dependent absorbance change at 652 nm of the mixture containing TMB and H2O2 in the presence of Pd NSs
and alginate at the mass ratios of 8 : 1, 1 : 1 and 1 : 5. (f) Relative peroxidase-like activity of pristine and alginate-coronated Pd NSs under different
pH conditions. The TMB absorbance at 652 nm after pristine Pd NS treatment for 24 h at pH 6.9 was regarded as 100%. (g) Schematic
representation of ˙HO generation through catalyzing H2O2 decomposition by pristine and alginate-coronated Pd NSs.
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peroxidase-like activity under acidic and neutral conditions, in
accordance with reported studies.18,29 The catalytic activity
enhancement of Pd NSs by the alginate-corona seems to be pH-
independent from 3 to 7. Under basic conditions, Pd NSs
mainly act as a catalase-like catalyst to decompose H2O2 into
H2O and O2, and thus no difference was observed between
pristine and alginate-coronated Pd NSs.30 Accordingly, the
mechanism of ˙HO generation by Pd NSs without or with an
alginate-corona via decomposing H2O2 is shown in Fig. 2g.

Alginate-corona formation on Pd NSs through an overcoating
mechanism

For an in-depth understanding of the alginate-corona
formation on Pd NSs, the surface compositions of Pd NSs
were first characterized by XPS. The XPS survey scan shows

that the signals of C, N, O and Pd could be detected for Pd
NSs before or after alginate-corona formation (Fig. 3a–c). The
C : Pd ratio increased from 7.7 to 27.0, indicating the
formation of alginate-corona on Pd NS surface. In C 1s
spectrum (Fig. 3b), the characteristic peaks of C–N (285.7 eV)
and OC–O (288.4 eV) can be found in pure PVP and
alginate, respectively (Fig. S6†). Compared with pristine PVP–
Pd NSs, the percentage of C–C (284.8 eV), CO (287.6 eV)
and C–N (285.7 eV) in the alginate-coronated Pd NSs
decreased to 80.3%, 63.8% and 50.7%, respectively (Fig. 3d).
Besides, the characteristic C–O (286.1 eV) and OC–O (288.4
eV) peaks appeared in the alginate-coronated Pd NSs, which
were assigned to the alginate coating. In Pd 3d spectrum
(Fig. 3c), both metallic Pd (Pd0, 335.6 eV for Pd 3d5/2 and
340.8 eV for Pd 3d3/2) and PdII (336.7 eV for Pd 3d5/2 and
342.1 eV for Pd 3d3/2) doublets were determined for pristine

Fig. 3 Alginate-corona formation on Pd NSs. (a) XPS spectra and (b) C 1s and (c) Pd 3d bands of PVP, alginate, and pristine and alginate-
coronated Pd NSs. Atomic content analysis of (d) C% and (e) Pd% from the XPS survey spectra of pristine and alginate-coronated Pd NSs. (f) SERS
spectra of PVP and pristine and alginate-coronated Pd NSs. (g) Raman intensity change of peaks at 769 and 839 cm−1 for Pd NSs in the presence
of alginate at 0, 5, 10, 15, 20, 30 and 40 μg mL−1.
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and alginate-coronated Pd NSs. However, the negative shift
(0.3 eV) of both Pd0 and PdII peaks for the alginate-coronated
Pd NSs implies that the surface binding between alginate
and Pd NSs modified the electronic structure of Pd atoms.
Interestingly, a distinctive PdIV (338.9 eV for Pd 3d5/2 and
344.3 eV for Pd 3d3/2) doublet appeared for the alginate-
coronated Pd NSs, which may be attributed to the increasing
catalytic activity.31 Moreover, to quantitatively describe the
changes in the valence state of Pd, the Pd atomic distribution
was calculated. As shown in Fig. 3e, the percentage of

unbonded Pd0 atoms in the alginate-coronated Pd NSs was
only 0.29 times as high as that in pristine Pd NSs, implying
that more Pd atoms were coordinated by alginate. Similarly,
alginate coating was recently found to be able to modulate
the valence state of cerium atoms in cerium oxide
nanoparticles via alginate–cerium coordination because of
the high content of carboxyl groups in alginate, which was
tightly correlated with the catalase-mimetic activity of cerium
oxide nanoparticles.32 Taken together, although the
underlying mechanism remains not fully understood, our

Fig. 4 Antibacterial activity of pristine and alginate-coronated Pd NSs. (a) Representative images of bacterial colonies formed by Gram-positive (S.
aureus, B. cereus) and Gram-negative (E. coli, P. aeruginosa) bacteria treated without or with pristine Pd NSs at 2, 4, 8, 12 and 20 μg mL−1 for 2 h.
(b) Growth inhibition of Gram-positive or Gram-negative bacteria after 2 h pristine or alginate-coronated Pd NS treatment (n = 5 independent
experiments). *P < 0.05, **P < 0.01.
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findings suggest that the surface binding of alginate
modified the electronic structure and changed the valence
state of coordinated Pd atoms on Pd NS surface, which are
probably responsible for the enhanced peroxidase-like activity
of alginate-coronated Pd NSs.

In order to probe the surface chemistry of Pd NSs, SERS
was applied to determine the coordination between Pd NSs
and PVP or alginate. However, SERS detection was interfered
by the noise of fluorescence signals arising from alginate.
Consequently, for both pristine and alginate-coronated Pd
NSs, only two characteristic SERS peaks of PVP at 769 cm−1

and 839 cm−1 were detected (Fig. 3f), which were assigned to
the symmetric stretching mode of C–N–C and the vibrational
mode of C–C in the penta-heterocyclic ring, respectively.
Thus, the stability of PVP ligand on Pd NS surface was
assessed during the formation of alginate-corona. As shown
in Fig. 3g, the intensity of both peaks at 769 cm−1 and 839
cm−1 was nearly unaffected, showing that alginate bound to
Pd NS surface through an overcoating mechanism, rather
than ligand exchange.3

Alginate improved the antibacterial activity of pristine Pd NSs

Development of Pd-based antibacterial agents is an emerging
field and has drawn special attention recently.14,15,33,34

However, the antibacterial activity and underlying
mechanism of Pd NSs still lack sufficient investigations. As a
pilot study, four bacterial species (Gram-positive: S. aureus, B.

cereus; Gram-negative: E. coli, P. aeruginosa) were chosen to
investigate the antibacterial performance of pristine Pd NSs
and alginate-coronated Pd NSs, due to their different cell
envelope structures. After 2 h treatments with pristine or
alginate-coronated Pd NSs, bacterial growth was assessed by
both plate counting method and OD600 method. The results
showed that pristine Pd NSs inhibited the bacterial growth in
a dose-dependent manner without a significant difference
between Gram-positive and Gram-negative bacteria
(Fig. 4a and b and S7†). After the alginate-coronated Pd NS
treatment, E. coli and S. aureus even failed to form any colony
(Fig. 4a and S8†). In parallel, based on OD600 method, the
half maximal inhibitory concentration (IC50) values of
pristine Pd NSs were determined to be 6.7, 12.1, 4.6 and 6.1
μg mL−1 for S. aureus, B. cereus, P. aeruginosa and E. coli,
respectively. For the alginate-coronated Pd NS treatment, the
IC50 values dramatically decreased to 2.0, 6.7, 2.4 and 2.0 μg
mL−1 (Fig. 4b). It is worth noting that the enhanced
antibacterial activity of Pd NSs should be attributed to the
formation of alginate-corona on Pd NS surface, as alginate
exhibited nontoxicity even at an extremely high concentration
of 200 μg mL−1 (Fig. S9†).

Next, to confirm the enhanced antibacterial activity of Pd
NSs by alginate, we investigated whether the supplement of
exogenous H2O2 could further improve the antibacterial
performance of Pd NSs due to their intrinsic peroxidase-like
activity as shown in Fig. 5a. Independent H2O2 treatment
(≤400 μg mL−1) hardly inhibited the growth of E. coli (Fig.

Fig. 5 (a) Schematic representation of experimental procedures. Briefly, Pd NSs were first pre-incubated without or with alginate at 37 °C for 24
h. Subsequently, the pristine and alginate-coronated Pd NSs were mixed with H2O2 in 0.85% NaCl solution, respectively. Then, bacteria were added
into the prepared solutions to 1.0 × 108 CFU mL−1 for a 2 h Pd NS treatment at 4 μg mL−1. Afterwards, 10 μL bacterial suspension was added into
200 μL LB broth in each well of a 96-well plate and the bacterial growth inhibition was assessed by OD600 method. (b) Growth inhibition of E. coli
and S. aureus by pristine or alginate-coronated Pd NSs in the presence of H2O2 (n = 4 independent experiments). *P < 0.05, ** P < 0.01.
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S9†). Meanwhile, when the pristine Pd NSs or alginate-
coronated Pd NSs were added, their growth inhibition
reached 63.9% or 8.6% for E. coli, and 40.6% or 23.9% for S.
aureus, respectively (Fig. 5b). Collectively, these findings
demonstrate that both pristine and alginate-coronated Pd
NSs exhibited a promising antibacterial activity, and the
presence of alginate-corona could promote the
decomposition of exogenous H2O2 by Pd NSs and produce
more ˙HO to kill bacterial cells.

Antibacterial mechanisms of Pd NSs without or with an
alginate-corona

To uncover the underlying antibacterial mechanisms of Pd
NSs, E. coli was employed due to its widely studied metabolic

profile and potential pathogenicity. First, a live/dead staining
assay was performed to determine cell death induced by Pd
NSs. As shown in Fig. 6a, significant red fluorescence can be
observed in the bacteria treated with the alginate-coronated
Pd NSs, suggesting that the alginate-coronated Pd NSs
induced more bacterial cell death.

Concerning the different cell envelope types between
Gram-positive and Gram-negative bacteria, the toxicity of
pristine Pd NSs and alginate-coronated Pd NSs was probably
not induced by their physical damage to the bacterial cell
walls and membranes. Besides, ICP-MS analysis revealed that
no significant difference existed in the cell uptake between
pristine and alginate-coronated Pd NSs by E. coli (Fig. S10†).
Hence, inspired by the above findings, we suspected that Pd
NSs could induce toxicity to bacteria as a ROS generator. A

Fig. 6 Antibacterial mechanism of pristine and alginate-coronated Pd NSs. (a) Representative fluorescence images for the live/dead assay of E. coli
without or with the treatments of alginate and pristine and alginate-coronated Pd NSs at 8 μg mL−1 for 2 h, respectively. Green and red colors
represent living and dead cells, respectively. Scale bar: 1 μm. (b) ROS generation in E. coli cells without or with the treatments of alginate and
pristine and alginate-coronated Pd NSs at 4 μg mL−1 for 2 h, respectively (n = 3 independent experiments). H2O2 treatment was used as the positive
control. (c) Growth inhibition of E. coli without or with the treatments of pristine or alginate-Pd NSs in the presence of 140 mM DMSO (n = 3
independent experiments). (d) Representative SEM images of E. coli cells without or with the treatments of alginate and pristine and alginate-
coronated Pd NSs at 8 μg mL−1 for 2 h, respectively. Red and yellow arrows denote EPSs secreted by E. coli and membrane damage induced by Pd
NSs, respectively. Scale bar: 20 μm. (e) Crystal violet staining of E. coli without or with the treatments of pristine and alginate-coronated Pd NSs at
2 and 4 μg mL−1 for 6 h (n = 3 independent experiments). E. coli cells were stained with crystal violet solution for 5 min, and the absorbance was
measured at 590 nm following dissolution of the dye. *P < 0.05, **P < 0.01.
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quantitative ROS assay showed that, in both Gram-negative
(E. coli) and Gram-positive bacteria (S. aureus), the alginate-
coronated Pd NSs could more effectively elevate the
intracellular ROS level (Fig. 6b and S11†). Compared with the
control, the ROS level respectively increased about 1.48 or
6.81 times in E. coli and 6.18 or 12.13 times for S. aureus after
the pristine or alginate-coronated Pd NS treatments, which
might stem from their different membrane structures.
Moreover, we examined the growth of Pd NS-treated E. coli in
the presence of DMSO, which can eliminate ROS in bacterial
cells as a ˙HO scavenger.35 As shown in Fig. 6c, the
cytotoxicity induced by both pristine and alginate-coronated
Pd NSs could be mitigated by the supplement of DMSO,
indicating that the antibacterial activity of Pd NSs is indeed
attributed to the ROS generation ability.

As it is well known that ROS are the major cause of lipid
peroxidation and can induce direct damage to the cell
membrane, we examined the morphological changes of E.
coli cells by SEM. As shown in Fig. 6d, compared with
untreated cells, small hollows and membrane collapses
appeared on the cell surface after both pristine and alginate-
coronated Pd NS treatments, indicating that Pd NSs led to
severe damage to the bacterial cell membrane. In particular,
the treatment of Pd NSs resulted in the decrease of EPSs
secreted by bacteria, evidenced by the disappearance of the
wire-like structure on the surface of bacterial cells.

Biofilms are considered as a primary cause of performance
loss of conventional antibiotics, which is a clinical knotty
problem.36 It is reported that ROS accumulation could inhibit
the biofilm formation of E. coli.37 To demonstrate whether Pd
NSs could inhibit biofilm formation as observed above, the
adherence assay was performed. In Fig. 6e, the images show
that the decrease of biofilm formation for E. coli was quite
similar to the tendency of growth inhibition by Pd NSs (Fig. 4).
Consistently, the alginate-coronated Pd NSs exhibited much
higher efficiency in inhibiting the biofilm formation of E. coli.
Taken together, all these findings indicate that the primary
antibacterial activity of Pd NSs is derived from their ROS
production, membrane damage and biofilm inhibition abilities.

Conclusions

In this study, the corona formation of four representative
ecological substances (alginate, HA, FA and SRNOM) on PVP-
coated Pd NSs was thoroughly examined. We found that the
alginate-corona could markedly enhance the peroxidase-like
activity of pristine Pd NSs, leading to a higher efficiency in
catalyzing the decomposition of H2O2 and generating highly
reactive ˙HO. Furthermore, the antibacterial activity of
pristine Pd NSs towards both Gram-positive and Gram-
negative bacterial strains was significantly improved by the
alginate-corona. As a result, the alginate-coronated Pd NSs
elevated intracellular ROS level, damaged bacterial cell
membrane, inhibited biofilm formation and induced
bacterial death. To the best of our knowledge, this study is
the first to report that the alginate-corona can enhance the

enzyme-like activity of Pd-based nanomaterials, which will be
beneficial for an in-depth understanding of the crucial role
of environmental corona in the ecological risks of ENMs.
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