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In this work, a novel bactericidal agent based on two-dimensional Pd@Ag nanosheets (Pd@Ag NSs) that is responsive to 

near-infrared (NIR) light has been developed. These Pd@Ag NSs were prepared by reducing silver ion on the surface of Pd 

nanosheets (Pd NSs) seeds by formaldehyde, and displayed excellent NIR absorption and photothermal conversion 

properties. In addition, the NIR irradiation triggers the release of more Ag
+
 from the Pd@Ag NSs. Upon exposure to NIR 

laser at a low power density (0.5 W cm
-2

), Pd@Ag NSs kill both gram-negative (Escherichia coli, E.coli) and gram-positive 

(Staphylococcus aureus, S.aureus) bacteria effectively by the synergistic effect of plasmonic heating and Ag
+
 release, which 

is much higher than either plasmonic heating or Ag
+
 alone. Such a novel nanomaterial is promising as an adjuvant 

therapeutic method for the treatment of patients suffering from severe bacterial infections. 

1  Introduction 

Antibiotics, which serve human beings for decades and save 

millions people’s lives, are widely used to treat the disease 

caused by bacterial pathogens.
1
 However, the general overuse 

of antibiotics has led to the emergence of antibiotic-resistant 

bacterial strains,
2
 which have become a pressing threat to 

public health.
3
 Therefore, it is highly desirable to develop novel 

antibacterial materials and/or new methods for effective 

killing these pathogenic bacteria.
4-12

  

Recently, photothermal therapy (PTT) has been proposed as 

a promising approach for killing bacteria.
10, 13-22

 In the 

technique, photoabsorbing agents are delivered to target 

bacteria and irradiated with a proper light. The absorbed 

optical energy is then converted into heat, which results in 

irreparable physical damage and subsequent bacterial death. 

In general, near-infrared (NIR, 700-1100 nm) light is preferred 

for such an application owing to its capability of deeper 

penetration into biological tissues.
20

 To date, several types of 

NIR-absorbing nanomaterials, including gold-based 

nanostructures,
21, 22

 carbon-based nanomaterials
13, 19, 20

 (e.g. 

carbon nanotubes and graphene), silver hybrid nanoparticles
16, 

17
 as well as silica-coated polypyrrole nanoparticles

18 
have 

been developed for the treatment of pathogenic bacteria upon 

NIR laser irradiation. It was also reported that NIR irradiation 

triggered the release of Ag
+
 ions from some Ag-containing 

nanostructures such as polymer-silver hybrid core-shell  

 

nanoparticles
17

 and Au@Ag nanorods,
21

 which provides a 

synergetic antibacterial effects of plasmonic heating and silver 

release.  

Two-dimensional palladium nanosheets (Pd NSs) have 

recently attracted increasing attention in biomedical 

applications due to their fascinating physical and chemical 

properties, such as well-defined thicknesses, sizes and tunable 

surface plasmon resonance (SPR) peak in the NIR region, high 

photothermal conversion efficiency, excellent photothermal 

stability and biocompatibility.
23, 24

 Our group has successfully 

used them as NIR absorbing agents for the photothermal 

treatment of cancer both in vitro and in vivo.
23-28

 Moreover, by 

the epitaxial growth method, bimetal Pd@Ag or Pd@Au 

nanosheets with well-defined sizes and morphology can be 

facilely prepared, providing us with great opportunities to 

explore their biological application.
29-31

 

Herein, we demonstrate for the first time that Pd@Ag 

nanosheets (Pd@Ag NSs) can be used as an efficient 

antibacterial agent for killing pathogenic bacteria. Pd@Ag NSs 

with a surface plasmon resonance peak at ∼830 nm in the NIR 

region can be easily prepared by reducing silver ion on the 

surface of Pd nanosheets (Pd NSs) seeds by formaldehyde, and 

can kill bacteria through photothermal lysis. Moreover, NIR 

irradiation triggers the release of more Ag
+
 from the Pd@Ag 

NSs, creating enhanced antibacterial ability. In the presence of 

NIR irradiation with a low power density (0.5 W cm
-2

), both 

gram-negative and gram-positive bacteria can be effectively 

killed by Pd@Ag NSs due to the synergistic antibacterial effect 

of plasmonic heating and Ag
+
 release, which could not be 

simply achieved by either plasmonic heating or Ag
+
 alone. 
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2  Experimental Section 

Materials 

Pd(acac)2 and AgNO3 were purchased from Alfa Aesar. 

Poly(vinylpyrrolidone) (PVP, MW = 30000), N, N-

dimethylformamide (DMF), methanal (HCHO) solution (40%), 

and tetrabutylammonium bromide (TBAB) were purchased 

from Sinopharm Chemical Reagent Co. Ltd (China). Propidium 

iodide (PI) was ordered from Sigma-Aldrich. HeLa cells were 

obtained from the cell storeroom of Chinese Academy of 

Sciences. All of the reagents were used as received without 

further purification. 

 

Synthesis of Pd nanosheets (Pd NSs) 

Pd NSs were synthesized according to the reported procedure 

previously.
23

 In brief, 50.0 mg of Pd(acac)2, 160.0 mg of PVP 

and 160 mg of TBAB were mixed together with 10 mL of DMF 

and 2 mL of water. The obtained yellow solution was 

transferred to a glass pressure vessel. The vessel was then 

charged with CO to 1 bar and heated at 60℃ for 2.5 h before 

naturally cooling to room temperature. 

 

Synthesis of Pd@Ag nanosheets (Pd@Ag NSs) 

0.2 mL of the above synthesized Pd NSs solution was mixed 

with the appropriate amount of AgNO3 solution (0.025 mol L
-1

), 

followed by adding 0.9 mL of HCHO solution (40%). The 

mixture was stirred for 10 min to obtain homogeneous 

solution, and stayed undisturbed at room temperature 

overnight. The obtained Pd@Ag NSs were washed three times 

by acetone and ethanol to remove the unreacted silver ions 

and stored at 4 °C for future use.  

 

Measurement of photothermal effect  

To examine the photothermal effect induced by the NIR 

irradiation, 1.5 mL of 15 µg mL
-1

 Pd NSs and 7.1 µg mL
-1

 

Pd@Ag NSs solutions were irradiated for 10 min by a NIR laser 

(808 nm, 0.5 W cm
-2

), respectively. The temperature changes 

of the solutions were monitored using a submerged 

thermocouple microprobe. 

 

Ag
+
 release from Pd@Ag NSs 

The Pd@Ag NSs suspensions placed in a 96-well plate were 

subjected to NIR laser irradiation (0.5 W cm
-2

) for 10 min. The 

irradiated solutions were then collected and centrifuged to 

obtain the supernatant. Another Pd@Ag NSs suspensions 

without NIR laser irradiation were used as the negative control. 

The released Ag
+
 concentration was determined by ICP-MS 

(7500CE, Agilent). 

 

Bacterial cultivation 

Before each experiment, all samples and glassware were 

sterilized by autoclaving at 121 °C for 30 min. The 

Luria−Bertani (LB) medium was prepared by mixing 10 g of 

tryptone, 5 g of yeast extract, and 10 g of NaCl in 1000 mL of 

deionized water. S. aureus and E. coli strains were cultured in 

LB nutrient broth at 37℃ overnight. The bacteria were diluted 

to 10
7
 CFU mL

-1
 by PBS, then incubated with Pd@Ag NSs in 96-

well plates for 30 min before NIR laser irradiation.  

Photothermal killing of bacterials  

For photothermal treatment of bacterials, diluted S.aureus and 

E.coli in 96-well plate vortexed for 30 min with 9.5 µg mL
-1

 and 

5.9 µg mL
-1

 of Pd@Ag NSs in which the Ag concentrations 

reached to 8 and 5 µg mL
-1

, respectively. Then photothermal 

therapy was carried out for 10 min by using a continuous 

wavelength laser (0.5W cm
-2

 operating at 808 nm) as an 

excitation light source. After irradiation, the bacteria (30 µL) 

were transferred to tryptic agar plates and incubated for 24 h 

at 37℃  and taken pictures by camera. The numbers of 

surviving colonies for each plate were counted by diluting to 

appropriate concentration and incubation for 48 h at 37℃. 

The bacteria with or without exposure to 808 nm light were 

also stained by PI and taken photos by confocal fluorescence 

microscope.  

 

The cytotoxicity of Pd and Pd@Ag NSs to HeLa cells 

Different concentrations of Pd and Pd@Ag NSs were incubated 

with HeLa cells for 24 h, respectively. A stock solution of MTT 

(25 μL, 5 mg mL
-1

) was added into each well. After 4 h 

incubation at 37 °C, the MTT solution was replaced with 150 μL 

DMSO in each well. The plates were gently shaken for 10 min 

at room temperature before measuring the absorbance at 490 

nm by microplate reader. 

 

Characterization 

The transmission electron microscope (TEM) images were 

obtained using a JEOL 1400 TEM at 100 kV. UV-VIS-NIR 

absorption spectra were obtained by a Cary 5000 scan UV-Vis-

NIR spectrophotometer.  

 

3  Results and discussion 

Synthesis and characterization of Pd@Ag NSs  

 

Scheme 1 illustrates our Pd@Ag NSs-based strategy for killing 

bacteria by the synergetic effect of plasmonic heating and Ag
+
 

release. After incubating Pd@Ag NSs with bacteria, the Pd@Ag 

NSs can attach to the surface of bacteria. Under irradiation 

with NIR laser, both the heat produced from the photothermal 

transducing capacity of Pd@Ag NSs and Ag
+
 release triggered 

by illumination can effectively kill the bacteria. 

The Pd@Ag NSs were synthesized by reduction of AgNO3 

with formaldehyde on the surface of Pd nanosheets (Pd NSs) 

according to our previously reported procedure with slight 

modification.
29

 As shown in Figure 1b, the prepared Pd@Ag 

NSs have hexagonal plate-like shapes with an average 

diameter of about 85 nm, which are similar with that of the 

original Pd NSs seeds (Figure 1a). By careful adjusting the 

feeding amount of AgNO3, a series of Pd@Ag NSs with 
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different surface-plasmon-resonance (SPR) absorption peaks 

were obtained (Figure 1c). As shown in Figure 1c, the 

maximum optical absorptions were gradually blue-shifted as 

the Ag/Pd ratio increased. While the SPR peak of the parental 

Pd NSs was centered at ∼1050 nm, the absorption peaks of the 

Pd@Ag nanosheets prepared with the Ag/Pd molar ratio of 4.5, 

6.3 and 8.2 were shifted to ∼950, 830, and 710 nm, 

respectively. Considering that the NIR laser (808 nm) will be 

used for our photothermal studies, Pd@Ag NSs with ∼830 nm 

SPR peak were used in the following experiments.  

The Pd@Ag NSs demonstrated good dispersity in water, PBS 

and cell medium containing 10% fetal bovine serum (FBS) 

(Figure S1), respectively. As shown in Figure S1, the mean 

hydrodynamic diameters for Pd@Ag NSs dispersed in water, 

PBS and cell medium kept almost unchangeable within three 

days. In addition, when the NSs stored in these solutions for 

three days (Figure S2), no significant decrease of absorption 

intensity has been observed. These results indicated that 

Pd@Ag NSs had good dispersion stability in physiological 

solutions.  

 

Scheme 1. Schematic illustration of the Pd@Ag NSs for synergetic 

treatment of bacteria. “Ag
+
”stands for silver ions released from 

Pd@Ag NSs. 

 

 

Figure 1. TEM images of Pd NSs (a), Pd@Ag NSs (b) and UV-Vis-NIR 

absorption spectra of parental Pd NSs and different Pd@Ag NSs 

with the feeding Ag/Pd molar ratio of 4.5 (Pd@Ag-1, 950 nm), 6.3 

(Pd@Ag-2, 830 nm) and 8.2 (Pd@Ag-3, 710 nm). The scale bar = 0.2 

µm. 

 

 

 

Photothermal effects and NIR-triggered Ag
+
 release 

The strong NIR absorption property and good dispersion 

stability of Pd@Ag NSs stimulate us to further explore their 

photothermal transfer capability. To perform this, both Pd@Ag 

NSs (7.1 µg mL
-1

) and Pd NSs (15 µg mL
-1

) solutions were 

exposed to the 808 nm laser at a power density of 0.5 W cm
-2

 

for 10 min. As illustrated in Figure 2a, upon the 10-min 

irradiation Pd@Ag NSs showed a temperature increase up to 

19 °C. In comparison, the temperature elevation for the 15 µg 

mL
-1

 of Pd NSs, whose concentration was twice of Pd@Ag NSs, 

was only 17 °C under the same irradiation condition. Since the 

maximum absorption of Pd@Ag NSs at ∼ 830 nm matches 

better with the 808 nm laser than that of Pd NSs with a wide 

absorption near 1100 nm, the laser energy of 808 nm can be 

more efficiently transformed to heat by Pd@Ag NSs than Pd 

NSs. It should be noted that water under the same irradiation 

condition displayed a negligible change. In addition, compared 

to other two-dimensional (2D) pure Ag nanostructures, such as 

Ag nanoprisms,
32

 the prepared Pd@Ag NSs display better 

photothermal stability (Figure S3). These data clearly 

demonstrated that the as-prepared Pd@Ag NSs had excellent 

photothermal capability and be expected as novel 

photothermal agent for inhibiting the cell growth of bacteria. 

Considering that Ag
+
 itself has been well-documented as an 

efficient antibacterial agent, the silver release from the Pd@Ag NSs 

upon NIR irradiation was characterized by ICP-MS as well. As shown 

in Figure 2b, the release amounts of silver
 
from Pd@Ag NSs were 

highly dependent on whether the samples were subjected to NIR 

irradiation. At both concentrations of 5.9 and 9.5 ppm, the 10-min 

NIR irradiation on Pd@Ag NSs (0.5 W cm
-2

, 808 nm) led to an 

increment in the amount of silver released from Pd@Ag NSs by 3-4 

times, compared to non-irradiated controls.  

 

 

 

Figure 2. a) The temperature versus time plots were recorded for 

Pd and Pd@Ag NSs suspensions upon irradiation by a 0.5 W cm
-2

 

808 nm laser. b) Silver released from 5.9 and 9.5 ppm of Pd@Ag 

NSs (containing 5 and 8 µg mL
-1

Ag, respectively) with and without 

light irradiation (0.5 W cm
-2

 for 10 min). 

 

It was reported that ion release from nanosilver (nAg) colloids 

was a cooperative oxidation process requiring both dissolved 

dioxygen and protons.
33 We infer that the release of silver from the 
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Pd@Ag NSs might follow the similar mechanism. Under aerobic 

conditions, the zero-valent silver on the surface of Pd@Ag NSs can 

be oxidized to Ag (I), which reacts with protons in weak acid 

medium to generate Ag
+
. Besides, when illuminated with NIR, the 

Pd@Ag NSs converted the light to heat, giving rise to a rapid 

increase in the surface temperature of the metal, triggering the fast 

release of silver from the Pd@Ag NSs. We conducted a control 

experiment under N2 atmosphere. It was found that there was 

some silver released (Figure S4), but it was lower than that in 

aerobic condition with the same irradiation (Figure 2b). The primary 

results indicated that the oxygen placed an important role for both 

the oxidation of Ag (0) on the surface of Pd@Ag NSs and the silver 

released from the Pd@Ag NSs. Of course, more work would be 

needed to elucidate the detailed oxidation and release mechanism. 

 
In vitro cytotoxicity study of Pd and Pd@Ag NSs 

 

 
 

Figure 3. The cytotoxicity of different concentrations of Pd NSs (a) 

and Pd@Ag NSs (b) on HeLa cells. 

 

Before any nanomaterial used for in vivo therapy, its potential 

toxicity to host cells is a concern. We first performed standard 

MTT (methyl thiazolyl tetrazolium) assay to examine the 

cytotoxicity of both Pd and Pd@Ag NSs to HeLa cells. Different 

amounts of Pd and Pd@Ag NSs were added to wells containing 

HeLa cells. After incubation for 24 h, the cell viability was 

quantified by the MTT assay. As observed from Figure 3b, 

Pd@Ag NSs exhibited higher cytotoxicity to HeLa cells 

compared to Pd NSs (Figure 3a). However, when the 

concentration of Pd@Ag NSs was in the range of 0-12 µg mL
-1 

(containing ≤ 10 µg mL
-1

Ag), the cells still had more than 75% 

survival rate. All subsequent experiments were performed at 

this condition unless indicated. 

 

Antibaterial Performances of Pd@Ag NSs 

In our study, the gram-negative bacteria of Escherichia coli 

(E.coli) and the gram-positive bacteria of Staphylococcus 

aureus (S.aureus) were selected as the models to test the 

feasibility of using Pd@Ag NSs as the bactericidal agent. Both 

bacteria were first incubated with Pd@Ag NSs for 30 min, 

respectively. Then, 808 nm NIR laser (0.5 W cm
-2

) was utilized 

to irradiate the bacterial solutions for 10 min. It should be 

noted that since the wall thickness of E.coli is thinner than 

S.aureus,
34

 the E.coli was more sensitive to treatments. In our 

experiments, 5.9 and 9.5 µg mL
-1

 of Pd@Ag NSs were used to 

treat E.coli and S.aureus respectively, resulting in the 

temperatures increased to 45℃ for E.coli (Figure S5a) and 50 

℃ for S.aureus (Figure S5b), respectively. Figure 4 shows the 

TEM images of E.coli and S.aureus before and after incubation 

with Pd@Ag NSs with or without NIR irradiation. The E.coli and 

S.aureus bacteria alone have an integrated and smooth surface 

(Figure 4a and 4d), whereas those bacteria incubated with 

Pd@Ag NSs were partially covered by Pd@Ag NSs (Figure 4b 

and 4e). The NIR irradiation had significant impact to bacteria, 

and the cell walls of both bacteria were observed to damage 

apparently (Figure 4c and 4f). After irradiation, in order to 

determine the bacterial viability, the treated bacteria were 

incubated on the tryptic agar plates (Figure 5a-h) and then 

diluted to appropriate concentration to count the colonies of 

the bacteria (Figure 5i and 5j). As shown in Figure 5, NIR laser 

alone did not kill bacteria effectively, and the viability of both 

E.coli and S.aureus were >93% (Figure 5b, 5f, 5i(b) and 5j(f)). 

After incubated with Pd@Ag NSs without irradiation, the 

bacterial viability reached 71% for E.coli and 82% for S.aureus, 

respectively (Figure 5c, 5g, 5i(c) and 5j(g)). Interestingly, when 

both bacteria were treated with Pd@Ag NSs upon NIR light 

irradiation, a high antibacterial activity was observed. After 10 

min of irradiation, almost 100% of bacteria were killed (Figure 

5d, 5h, 5i(d) and 5j(h)). 

 

 
 

Figure 4. TEM images of a) E.coli, b) E.coli incubated with Pd@Ag 

NSs,c) E. coli incubated with Pd@Ag NSs under NIR irradiation, d) 

S.aureus, e) S.aureus incubated with Pd@Ag NSs, f) S.aureus 

incubated with Pd@Ag NSs under NIR irradiation. Scale bars = 200 

nm. 

 

In order to further confirm the therapeutic effect of Pd@Ag 

NSs to E.coli and S.aureus, an activity assay based on non-

fluorescent dye propidium iodide (PI) was also carried out. PI 

can only enter through damaged bacteria membranes and be 

converted to a strongly red fluorescent dye through 

intercalating into DNA. Fluorescence images of E.coli and 

S.aureus incubated with Pd@Ag NSs with or without NIR 

irradiation were shown in Figure 6. Without NIR irradiation, 

the bacteria were mostly alive (Figure 6a and 6c). Extensive 

red fluorescence was observed after NIR irradiation (Figure 6b 

and 6d), indicating that a large number of bacteria were killed. 
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The maximal bacterial killing can be attributed to the two 

following aspects: plasmonic heating and silver release from 

Pd@Ag NSs under NIR irradiation. On the one hand, the 

Pd@Ag NSs can absorb the NIR light energy and transform it 

into heat, leading to irreversible bacteria membrane 

destruction (as demonstrated in Figure 4c and 4f). On the 

other hand, the irradiation also induced more Ag
+
 released 

from Pd@Ag NSs (Figure 2b). 

 

 
Figure 5. Images of bacteria colony and histogram of bacterial 

viability. a) E.coli, b) E.coli with NIR irradiation only, c) E.coli treated 

with Pd@Ag NSs without NIR irradiation and d) E.coli treated with 

Pd@Ag NSs with NIR irradiation. e) S.aureus, f) S.aureus with NIR 

irradiation only, g) S.aureus treated with Pd@Ag NSs without NIR 

irradiation and h) S.aureus treated with Pd@Ag NSs with NIR 

irradiation. Histograms of i) E.coli and j) S.aureus viability. The 

concentrations of Pd@Ag NSs are 5.9 µg mL
-1

 for E.coli and 9.5 µg 

mL
-1

for S.aureus, respectively. 

 

To illustrate the contribution of each factor on the death of 

bacteria, we performed the following experiments. First, the 

effects of heat on the bacterial viability were investigated by 

incubating E.coli at 45℃and S.aureus at 50℃, respectively. 

These temperatures were in accord with the temperature 

changes caused by laser irradiation (Figure S5). Within the 

same treatment time, the viability was reduced to 58% for 

E.coli and 61% for S.aureus respectively (Figure S6), indicating 

heat had an important impact on the bacterial viability. The 

bacteria-killing efficacies of Ag
+
 released from Pd@Ag NSs 

were also investigated by first irradiating the Pd@Ag NSs for 

10 min. After cooled to room temperature, the irradiated 

Pd@Ag NSs were then incubated with bacteria. As displayed in 

Figure S2, the released Ag
+
 decrease the viability of E.coli and 

S.aureus to 42.0% and 56% respectively.  

Under NIR irradiation, Pd@Ag NSs killed bacteria more 

effectively than photothermal effect or released Ag
+
 alone, 

suggesting a significant synergic effect in the antibacterial 

activity in Pd@Ag NSs. According to the literature,
35

 Ag
+
 can be 

more toxic to bacteria and human cells compared to Ag NPs. 

After irradiated with NIR, the permeability of bacteria wall 

changed, allowing the released Ag
+
 to enter bacteria and killing 

them more effectively. In addition, compared with S.aureus, 

E.coli was killed more by the NIR induced Ag
+
 release possibly 

due to its thinner wall thickness. Overall, incubating Gram-

negative and Gram-positive bacteria with Pd@Ag NSs followed 

NIR irradiation provided the best therapeutic response due to 

both the plasmonic heating and Ag
+
 release triggered by NIR 

irradiation. 

 

Figure 6. Confocal fluorescence images of E.coli (a and b) and 

S.aureus (c and d) before (a and c) and irradiated with NIR laser for 

10 min (b and d) 

 

Conclusion 

In summary, we demonstrate for the first time that two-

dimensional Pd@Ag NSs can be used as a novel antibacterial 

agent for killing pathogenic bacteria upon NIR irradiation. The 

Pd@Ag NSs are easily prepared and exhibit an excellent 

photothermal effect to generate heat under the irradiation of 

NIR light with a low power density. While the generated heat 

helps to kill bacteria, NIR light can trigger the release of Ag
+
, 

which enables persistent bactericidal activity against possible 

residual pathogenic virulence factors. Both gram-positive and 

gram-negative bacteria incubated with Pd@Ag NSs can be 

killed effectively by the synergic effect of plasmonic heating 

and Ag
+
 release. Pd@Ag NSs are a class of promising 

antibacterial nanomaterial for killing antibiotic-resistant 

bacteria as well as the treatments of in vivo pathogenic 

bacterial biofilms or infections.  
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TOC graphics 

Two-dimensional Pd@Ag nanosheets kill bacteria effectively by the synergistic effect of plasmonic heating and Ag
+
 

release. 
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