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Abstract
Among multiple engineered nanoparticles that have been used in the bactericidal application, silver nanoparticles (Ag NPs) 
are the most explored bactericidal functional materials with their high efficiency and broad-spectrum bactericidal properties. 
However, environmental toxicology and lack of modifiability restrict their further development. In this study, a simple and 
economic method was established to fabricate lignin and silver hybrid nanoparticles (Lig-Ag NPs) with bactericidal ability. 
Afterwards, material characterization, bactericidal evaluation, and mechanism exploration were implemented to explore the 
properties of Lig-Ag NPs. The results indicated that Lig-Ag NPs not only demonstrated remarkable dispersity, uniformity, 
and encapsulation efficiency but also possessed approximated bactericidal ability on Escherichia coli and better durability 
compared with the same concentration of Ag NPs on E. coli. On the other hand, flow cytometry and transcriptomic analysis 
were used to further explore the bactericidal mechanism of Lig-Ag NPs. The results showed that oxidative stress was the 
possible leading bactericidal mechanism of Lig-Ag NPs. The formation approaches of reactive oxygen species production 
were various including the slow release of silver ion and generation of quinone/semi-quinone radicals on account of the 
combined effect of lignin and silver.
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1 Introduction

The public panic about the widespread of COVID-19 has 
triggered recently a proliferated use of bactericidal products 
[1, 2]. In recent years, nanoparticles are heavily used to dis-
infect microorganisms due to their toxicological effect and 
small size effect [3–9]. Among multiple engineered nanopar-
ticles that have been used in bactericidal application, silver 

nanoparticles (Ag NPs) are the most explored bactericidal 
functional materials with their high efficiency and broad-
spectrum bactericidal properties [10–14]. However, the 
waste Ag NPs cannot recover or deactivate in refuse pro-
cessing plants or sewage treatment plant [11]. As time goes 
on, the continuous exposure of Ag nanocore may lead to 
several ecological problems, such as the change of microbial 
community composition [15] and horizontal transfer of anti-
biotic resistance genes [16–18]. On the other hand, unmodi-
fied Ag NPs are hard to directly form applicable bactericidal 
products blaming on lack of an active group to chemical 
graft [19, 20]. Core–shell structure is an ideal solution to 
construct a more stable composition of Ag NPs materials. 
Khan et al. [21] established a novel bactericidal composite 
that was synthesized by coating ZnO on the surface of bio-
genic Ag nanoparticles which had been formed using the 
leaf extracts of Hibiscus sabdariffa. Guo et al. [22] syn-
thesized core–shell Ag@ZIF-8 nanowires with bactericidal 
activity tested against Bacillus subtilis and Escherichia coli 
BL21, while these reported [23, 24] shell structures mostly 
acted as a protective layer of Ag NPs with mass transfer 
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resistance and theoretically had an obviously negative influ-
ence on bactericidal efficiency.

Lignin, a cheap, abundant, and green material, is the second-
largest natural biopolymers on the earth and the main waste 
product from agro-waste and papermaking industries [25–31]. 
Nature lignin is known to possess many advanced properties, 
such as good bactericidal activity and antioxidant properties 
[32–35]. Therefore, in the area of antibacteria, lignin has been 
widely used as a potential matrix material. Chen et al. [36] used 
kraft lignin to prepare an aminated lignin-silver complex, which 
was proved as an ideal alternative bactericidal agent against 
gram-positive (Bacillus cereus, Staphylococcus aureus) and 
gram-negative (Salmonella enterica) bacteria. Li et al. [37] 
designed a lignin-based bactericidal hydrogel for antimicro-
bial application. The biocompatible hydrogel has good broad-
spectrum bactericidal properties due to the enhanced bacteri-
cidal effect of both the hydrogel and silver nanoparticles. Wang 
et al. synthesized silver nanoparticles incorporated quaternized 
lignin (QAL) composites with the assistance of microwave 
radiation. Owing to the electrostatic effect of QAL on bacteria, 
Ag@QAL exhibits the highest antibacterial activity with 3.72 
log10(> 99.9%) and 5.29 log10(> 99.999%) CFU/mL reduc-
tion against E. coli and S. aureus, respectively. But for all this, 
above synthesized composites had yet to verify those antibac-
terial abilities versus equivalent Ag NPs simple substance. On 
the other hand, the bactericidal mechanism needed to be further 
explored at a molecular level.

In this study, complex lignin-silver nanoparticles (Lig-Ag 
NPs) were synthesized with a core–shell structure. Industrial 
alkaline lignin was used to reduce silver ions  (Ag+) to Ag 
NPs in situ. The phenolic hydroxyls or methoxy groups on the 
lignin can reduce  Ag+ to metallic Ag NPs and then convert 
them to dynamically stable semi-quinone radicals. Lignin pro-
duced free radicals through REDOX, and silver ions released 
from Lig-Ag NPs played a positive role in the killing of 
Escherichia coli (E. coli), which achieved the bactericidal 
effect by inducing oxidative stress reaction and damage to the 
bacterial cell membrane. The shell structure helped to reduce 
the toxic effect of silver nanoparticles, and the bactericidal 
effect on E. coli was more durable than Ag NPs. Our results 
demonstrated that the application of green and facile design 
strategy may allow the synthesis of bactericidal agents with 
higher bactericidal activity and less environmental impact.

2  Experimental section

2.1  Chemicals and reagents

Alkaline lignin was kindly supplied by Shan Dong Sun 
Paper Industry Joint Stock Co., Ltd. Silver nitrate  (AgNO3) 
was obtained from Sinopharm Chemical Reagent CO., 
Ltd. (Shanghai, China). Ag NPs were purchased from 

Sigma-Aldrich, Co., Ltd. (< 100 nm particle size, 99.5% 
trace metals basis). Ammonium hydroxide  (NH3·H2O, AR) 
and sodium hydroxide (NaOH, AR) were purchased from the 
Damao Chemical Reagent Factory (Tianjin, China).

2.2  Preparation of bacteria

Escherichia coli K12-MG1655 (ATCC 700,926) were inocu-
lated in Luria–Bertani broth (LB, Sangon Biotech, China) 
and cultured at 37 ℃ constant temperature shaker (THZ-82A, 
Tianjin Sateris Experimental Analysis Instrument Company, 
China), at 150 rpm for 12 h. The bacterial suspensions were 
centrifuged at 4629 g for 5 min (5804R, Eppendorf, Ger-
many) and washed with phosphate-buffered saline (PBS, pH 
7.2 ~ 7.4) 3 times to remove any broth medium residuals. In 
the end, bacterial cells were resuspended in PBS and stored 
at 4 ℃ for reserve.

2.3  Synthesis of Lig‑Ag NPs

Lig-Ag NPs were fabricated by the nanoprecipitation method 
in an alkaline system with a reduction process. 0.2 g of alka-
line lignin was fully dissolved in 4 mL of NaOH solution (5% 
w/v) by ultrasonic treatment for getting solution A. Subse-
quently, 5 mL of  AgNO3 solution (10 g/L  Ag+) was slowly 
added into 2.5 mL  NH3·H2O (7.6% w/v) under magnetic stir-
ring for getting solution B. Finally, solution A was dropwise 
added to solution B under magnetic stirring. The product 
was dialyzed in freshly deionized water for 3 days and made 
up to 100 mL with deionized water for getting Lig-Ag NPs 
stock solution.

2.4  Characterization

The microstructures of the samples were observed by field-
emission scanning electron microscope (FE-SEM). The 
diluted and dispersed Lig-Ag NPs solution was dropped onto 
a silicon slice to prepare samples. After air-drying, in order 
to avoid charging effects, the samples were coated with plati-
num prior to FE-SEM analysis (Sigma 300, Zeiss, Germany) 
at an accelerating voltage of 5.00 kV. Element mapping anal-
ysis was carried out by an energy disperse spectroscopy [38] 
(EDS, Ultim Extreme, Oxford Instrument, UK).

For the bacterial suspension, the samples were dehydrated 
using graded ethanol and freeze-dried (FDU-1200, EYELA, 
Japan). Subsequently, platinum was used to coat samples for 
FE-SEM analysis. The particle size was analyzed by DLS 
(Malvern Nano-ZS Zeta Sizer, Malvern Instruments, UK). 
Lig-AP NPs were diluted with deionized water and ultra-
sonically dispersed for 3 min before analysis.

The wettability of Lig-Ag NPs and Ag NPs was investi-
gated by determining the static water contact angel (WCA) 
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by a sessile drop method [39], employing an automated 
WCA apparatus (ZR-SDJ-B3, defnuo, China). For each 
measurement, 10 mL specific concentration Lig-Ag NPs or 
Ag NPs was dispersed over a piece of polyamide membrane. 
After airing, a deionized water droplet (~ 6.5 μL) was depos-
ited onto the surface, and images were recorded to analyze 
WCA.

The chemical structures were confirmed by Fourier trans-
form infrared (FT-IR), ultraviolet–visible (UV–vis), and 
X-ray photoelectron spectroscopy (XPS). Samples (Lig-Ag 
NPs and Lignin) were incorporated into KBr and pressed to 
formulate a 3-mm tablet by a table press (HY-12, Tianjin 
optical instrument factory, China). The infrared spectrum 
from 2000 to 400 cm was acquired from an FT-IR spectros-
copy (Nicolet iS5, Thermo Scientific Co. Ltd., USA) operat-
ing at a resolution ratio of 2  cm−1. Second-derivative spectra 
were obtained with the use of the Nicolet software (DR2, 
Thermo Scientific Co. Ltd., USA). For the UV–vis spec-
troscopy, lignin and Lig-Ag NPs suspension were diluted 
over the wavelength range from 200 to 800 nm using a 
UV–vis spectrometer (UV-2600, SHIMADZU, Japan). 
NaOH solution was used as a blank control group. XPS of 
samples (Lignin, Lig-Ag NPs, and Ag NPs) was detected 
by a photoelectron spectrometer (EscaLab Xi + , Thermo 
Scientific Co. Ltd., USA) with Al Kα radiation (1486.6 eV) 
and hemispherical electron energy analyzer. The radiation 
source operated at 14.4 kV and 13.6 mA. The vacuum pres-
sure was kept around 8 ×  10–10 pa all along. The binding 
energy scale was corrected by referring to the C1s spectrum 
as being 284.80 eV.

2.5  Evaluation the bactericidal ability of Lig‑Ag NPs

0.2 ml of Lig-Ag NPs stock solution was added to 9.8 mL of 
bacterial suspension (about 1 ×  107 CFU/mL), diluted from 
the bacterial stock solution with PBS to derive a final sliver 
concentration of 0, 0.5, 1, 5, and 10 mg/L. Meanwhile, Ag 
NPs and lignin experimental groups were prepared simi-
larly, but with equal concentration Ag NPs or lignin instead 
of Lig-Ag NPs. All the bacterial suspensions were exposed 
to experimental materials on a constant temperature shak-
ing table (HNYC-203 T, Honour Co. Ltd., China). After 
the designed exposure time, the live bacteria numbers were 
determined by counting the numbers of CFUs on solid LB 
agar plates, which were incubated at 37 ℃ for 16–18 h. The 
bacterial survival rate was expressed as N/N0 (× 100%), in 
which N and N0 represent the remaining and initial numbers 
of live bacteria, respectively. In the performance attenuation 
experiments, the Lig-Ag NPs and Ag NPs were respectively 
placed in freshly deionized water for 3 months. Afterwards, 
the bactericidal materials were dialyzed for 3 days and ultra-
sonically dispersed for 3 min as well to test the bactericidal 

ability. In addition, ROS scavenger (N-acetyl-L-cysteine, 
100 μM) to quantitatively analyze whether Lig-Ag NPs 
could inhibit E.coli growth or not via ROS generation.

2.6  Measurement of cell membrane permeability

Cell membrane permeability of E. coli was determined by 
using Syto-9 and propidium iodide (PI) dyes [40] (live/dead 
biofilm viability kit, Thermo Scientific Co. Ltd., USA). 
Briefly, E. coli suspensions were exposed to designed con-
centrations of bactericidal materials (Lig-Ag NPs and Ag 
NPs) for 2 h. Two milliliter of bacterial cells was stained 
with Syto-9/PI (100 μM) combination of dyes. Samples 
were kept at room temperature in the dark and incubated for 
10 min and then immediately analyzed by flow cytometry. 
One hundred thousand events were analyzed. Forward scat-
ter (FSC), green fluorescence (FL1 515–565 nm), and red 
fluorescence (FL3 > 605 nm) were measured using a flow 
cytometer (FCM, S3 cell sorter, Bio-rad Inc., USA). The 
FCM was equipped with 100 mW, 488 nm, solid laser. FSC 
characteristics were used as a trigger signal. Finally, data 
analysis was accomplished with FlowJo 10 (FLOWJO, LLC 
and BD Biosciences, USA). All samples were sorted by the 
same oval gate in scatter plots with FL1 X-coordinate and 
FL3 Y-coordinate.

2.7  RNA extraction, genome‑wide sequencing, 
and transcriptomic analysis

The bactericidal systems were established as described above, 
with dosages of 5 mg/L Ag element within Lig-Ag NPs and 
Ag NPs. After 2 h of exposure, the samples were submit-
ted to omics laboratory (Novogene Co., Ltd., China) for 
genome-wide RNA sequencing. The RNA samples were ana-
lyzed and subjected to quality control. After this, the cDNA 
libraries were constructed and sequenced on the Illumina 
NovaSeq6000 Platform (Illumina Inc., San Diego, CA). The 
fragments per kilobase of a gene per million mapped reads 
(FPKM) were measured to quantify the gene expression. Dif-
ferences in the gene expression between the control and the 
Lig-Ag NPs and Ag NPs were presented as  log2 fold changes 
of the averaged FPKM values.

2.8  Statistical analysis

All experiments were conducted independently at least in 
biological triplicate. Phenotypic data statistical analysis was 
performed using SPSS 25.0 (Chicago, USA) with analysis of 
variance (ANOVA) and independent-sample t-test methods 
and expressed as mean ± standard deviation (SD). The cor-
rected p values of < 0.05 were considered to indicate statisti-
cal significance.
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3  Result and discussion

3.1  Synthesis of Lig‑Ag NPs

The environmentally friendly synthesis steps and theoretically 
bactericidal process of Lig-Ag NPs are shown in Fig. 1. Alka-
line lignin was dissolved by NaOH and added into [Ag(NH3)2]+ 
solution by dripping slowly. During mixture and blend, the 
methoxy (-OCH3) and phenolic hydroxyl (-OH) were oxidized 
into quinone or semi-quinone free radicals. In the meantime, 
 Ag+ was reduced to form several Ag cores inside a lignin com-
pact shell. The core–shell structure has some possible path-
ways to carry out bactericidal functions. Obviously, the Ag 
core could continually release silver ions and cross the lignin 
shell to influence the bacterial cells. On the other hand, the oxi-
dized active groups (quinone and semi-quinone free radicals) 
dispersed on the surface of the shell might generate a mass of 
oxidative stress, which was an important approach to accelerate 
the death of bacterial. Hereinafter, a series of characterization, 

evaluation, and mechanism analysis experiments were accom-
plished to prove and discuss the above hypothesis.

3.2  Characterization of Lig‑Ag NPs

The morphology characterization results of Lig-Ag NPs are 
demonstrated in Fig. 2. FE-SEM images (Fig. 2a, e) showed 
that Lig-Ag NPs possessed a regular spherical structure and 
uniform particle size. According to the result of DLS (Fig. 2f 
and Table S1), the effective diameter of Lig-Ag NPs was 
53.2 nm, and the polydispersity was 0.216. Nanodimension 
gave the particles a small size effect, which might destroy the 
bacteria by perforation of the cell membrane in theory. The 
zeta potential of Lig-Ag NPs was − 62.7 mV due to the nega-
tively charged functional groups (such as hydroxyl group) on 
the surface of Lig-Ag NPs, which might prevent them from 
touching bacterial cells on account of electrostatic repul-
sion. As shown in Fig. 2b, c, carbon and silver are densely 
distributed in the whole image. Although the colocalization 

Fig. 1  The preparation and 
possible bactericidal process of 
Lig-Ag NPs

Fig. 2  Morphology charac-
terization of Lig-Ag NPs. (a, e) 
FE-SEM images of Lig-NPs, 
(b) element mapping of (b) 
carbon and (c) silver, (d) EDS 
spectra, and (f) DLS analysis of 
Lig-Ag NPs
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phenomenon was hardly photographed due to the small size, 
the density of the elements presented an ideal encapsula-
tion efficiency. For further quantitative analysis of element 
proportion, the total element content of distribution images 
is shown in Fig. 2d. The proportion of Ag, C, and O was 
27.9%, 54.54%, and 17.57%, respectively, which indicated 
the volume ratio of lignin shell and Ag core. In addition, the 
wettability of Lig-Ag NPs was further investigated via WCA 
measurement. As shown in Fig. S1a, d, WCA are 48.4° and 
55.8° when 1 mg/L Lig-Ag NPs and Ag NPs disperse over 
the surface of the polyamide membrane, respectively. These 
WCAs decreased to 36.7° (Fig. S1b) and 43.0° (Fig. S1e) 
when the concentrations of the materials were adjusted to 
100 mg/L. WCA analysis results demonstrated that Lig-Ag 
NPs possessed well hydrophilicity, which endowed Lig-Ag 
NPs potential application in hydrophilic membrane and anti-
bacterial wipes preparation.

FT-IR analysis was used to identify the oxidation of lignin 
functional groups. As depicted in Fig. 3a, the characteristic 
peaks at ~ 1610, ~ 1215, and ~ 1037  cm−1 correspond to the 
benzene ring bands, the phenolic hydroxyl (-OH) groups, and 
methoxy groups (-OCH3) [41, 42]. The intensity of -OH and 
-OCH3 peaks obviously decreased in the spectrum of Lig-Ag 
NPs compared with that of pure lignin. On the other hand, 
the characteristic peaks at ~ 1610  cm−1 were broadened due 
to the emergence of a new peak at ~ 1628  cm−1, which cor-
responded to the carbanyl group (C = O) of quinone. FT-IR 
results indicated that the synthesis process of Lig-Ag NPs 
made the inherent groups (-OH and -OCH3) of lignin oxi-
dated to C = O along with the reduction of  Ag+ to Ag NPs. 
UV–vis analysis was used to characterize the surface plas-
mon resonance. In the UV–vis spectra (Fig. 3b), the enhance-
ment of the quadrupole plasmon resonance was located in the 
region around 400 nm due to the presence of media interface 
between macromolecule (lignin) and metal (Ag NPs).

The information about the molecular structure of Lig-Ag 
NPs was further developed by XPS. As shown in Fig. 4, 
peak differentiation and fitting are operated in several nar-
rowed ranges (C1s: 292–282 eV; Ag3d: 376–364 eV; O1s: 

538–528 eV) of binding energy to study the valent state 
of carbon, silver, and oxygen [43–45]. The C1s spectra 
(Fig. 4b) showed an obvious decline in contents of C-O 
(286.1 eV) and a corresponding increase in the contents of 
C = O (288.1 eV). Similar variation trend of C-O (532.4 eV) 
and C = O (531.2 eV) contents was presented again in the 
spectra of O1s (Fig. 4d), which described the functional 
group change of lignin during the redox process particu-
larly. On the other hand, Ag–O-Ag (530 eV) could ascribe 
to the hydrogen-bonding interaction between the Ag NPs 
and lignin. According to Fig. 4c, Ag 3d 3/2 and Ag 3d 5/2 
peaks of Lig-Ag NPs arise at 373.2 eV and 367.2 eV, respec-
tively. According to the XPS database (http:// www. lasur face. 
com/), the above peaks were both ascribed to silver oxide 
 (Ag2O) which moved down compared with those of elemen-
tal Ag NPs (373.8 eV and 367.7 eV). These results of Ag3d 
described the changes of chemical environment around Ag 
atoms, which might be attributed to the capping lignin which 
electrostatically grafted to positively charge silver nanoclus-
ters through ionogenic groups.

3.3  Effect of Lig‑Ag NPs on bacterial culturability

Bacterial culturability experiments were carried out in PBS 
buffer, in which the bacteria cannot grow, but were viable. 
Firstly, E. coli were exposed to different concentrations of 
Lig-Ag NPs, and the bacterial survival graph was plotted. 
As depicted in Fig. 5a, a significant dosage effect of Lig-Ag 
NPs is observed. The percentage of bacteria survival was 
decreased as the concentration of Lig-Ag NPs and exposure 
time increased. Of particular note is the concentration of 
5 mg/L and 10 mg/L of Lig-Ag NPs can kill more than 
90% bacterial cells within 4 h (Fig. 5b) and completely 
killed  107 CFU/mL cells within 6 h. To display the bacteri-
cidal effect intuitively, the live bacteria colony on solid LB 
agar plates exposed to different Lig-Ag NPs concentrations 
within 4 h are photographed as shown in Fig. 5c.

Secondly, E. coli were exposed to comparable bactericidal 
materials with the same lignin or silver concentration, and the 

Fig. 3  (a) FT-IR and (b) UV–vis 
spectra of lignin and Lig-Ag 
NPs
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bacterial survival graph was plotted. As depicted in Fig. 5d, 
the bactericidal effect had a significant difference between 
Lig-Ag NPs and Ag NPs within the first 2 h. In this phase, 
5 mg/L Lig-Ag NPs and Ag NPs can kill about 21% and 
46% bacterial cells, respectively. However, these bactericidal 
effects were not invariable over time. In the performance 
attenuation experiments (Fig. 5e), after 3 months of storage, 
the bactericidal effect of Ag NPs suffered a significant decline 
due to the continuous consumption of silver ions. In contrast, 
that of Lig-Ag NPs had no significant change during storage.

The aforesaid sustaining bactericidal activity of Lig-Ag 
NPs might be derived from the core–shell structure. Outer 
lignin shell presented a barrier between inner silver core and 
bacteria, and mass transfer resistance of silver increased. 
Furthermore, a deeper question that needed to be discussed 
was the combined bactericidal mechanism. It was obvious 
that only the release process of silver ion cannot provide 
Lig-Ag NPs a comparable bactericidal effect compared with 
Ag NPs on account of lignin shell structure and electronega-
tivity. Accordingly, cell membrane permeability, ROS scav-
enger experiments, and transcriptomic analysis were carried 
out to explore the combined bactericidal mechanism.

3.4  Effect of Lig‑Ag NPs on membrane permeability 
of E. coli

Although the change of membrane permeability was una-
voidable during cell death, the proportion of cells with a 

change in membrane permeability demonstrated the physi-
cal damage induced by Lig-Ag NPs. In these experiments, E. 
coli exposed to Ag NPs was set as a control group to analyze 
the degree of cell membrane damage. Syto9/PI dyes and flow 
cytometry were used to identify the membrane permeability 
at single-cell resolution. Briefly, the red fluorescent nucleic 
acid stain PI was used for identifying dead cells because it 
is supposed to penetrate only cells with disrupted membrane 
and is generally excluded from viable cells [40]. On the con-
trary, the green fluorescent Syto9 can enter both live and 
dead bacterial cells. Therefore, in the scatter diagram results 
(Fig. 6a–d), X-axis fluorescence intensity (Syto9) can be used 
to identify whether it is a bacterial cell or signal noise. On the 
other hand, Y-axis fluorescence intensity (PI) represented the 
permeability increase degree of the cell membrane. R1 and 
R2 oval regions were drawn artificially by graphical cluster-
ing analysis, in which the cells represented membrane dam-
aged cells and membrane intact cells, respectively.

As shown in Fig. 6a, b, the membrane damaged cell pro-
portions were 4.5% and 6% exposed to 1 mg/L Lig-Ag NPs 
and Ag NPs at 4 h, respectively. These proportions increased 
to 5.6% (Fig. 6c) and 21% (Fig. 6d) when the concentrations 
of the bactericidal materials were adjusted to 5 mg/L. Specifi-
cally, the ratios of R1/R2 were quantitatively analyzed. As 
shown in Fig. 6e, the membrane permeabilities are enhanced 
as the concentration of Lig-Ag NPs increased. However, com-
pared with Ag NPs, the membrane permeability-increasing 
trend of Lig-Ag NPs was significantly slower. The possible 

Fig. 4  XPS of Lig-Ag NPs, 
lignin, and Ag NPs. (a) Wide- 
scan XPS spectra. (b) high-
resolution XPS of C1s for 
Lig-Ag NPs and lignin. (c) 
High-resolution XPS of Ag3d 
for Lig-Ag NPs and Ag NPs. (d) 
High-resolution XPS of O1s for 
Lig-Ag NPs and lignin
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cause for these results was the electronegativity of Lig-Ag NPs 
and bacterial cells which decreased the contact probability. To 

demonstrate the change of membrane permeability intuitively, 
the bacterial cell morphology was photographed exposed to 

Fig. 5  Culturability loss of 
Escherichia coli induced by  
bactericidal materials exposure  
in PBS. (a) Variations in bacteria 
survival with different concen-
trations of Lig-Ag NPs within 
6 h. (b) Variations in bacteria 
survival with different concen-
trations of Lig-Ag NPs for 4 h 
(*p < 0.05). (c) Photos of the live 
bacteria colony on solid LB  
agar plates exposure to different 
Lig-Ag NPs concentrations for 
4 h. (d) Variations in bacteria  
survival with comparable 
concentration of Lig-Ag NPs 
(Ag-5 mg/L), Ag NPs (5 mg/L), 
and lignin (20 mg/L) within 6 h.  
(e) Variations in bacterial  
survival with Lig-Ag NPs and 
Ag NPs for 2 h before and after 
storage for 3 months (*p < 0.05)

Fig. 6  Cell membrane perme-
ability analysis of E.coli after 
4 h exposure to specific concen-
tration Lig-Ag NPs (a 1 mg/L, c 
5 mg/L) and Ag NPs (b 1 mg/L, 
d 5 mg/L) by flow cytometry. 
(e) Variation in cell population 
ratio of R1/R2 with different 
concentration of bactericidal 
materials (*p < 0.05); FE-SEM 
images of E. coli after 4 h expo-
sure to (f) PBS, (g) Ag NPs, and 
(h) Lig-Ag NPs
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PBS (Fig. 6f), Ag NPs (Fig. 6g), and Lig-Ag NPs (Fig. 6h) at 
4 h. PBS group presented E. coli cells with rhabditiform out-
line and unbroken membrane. The cells in the Ag NPs group 
had seriously damaged membrane, and bits of Ag NPs were 
attached to the membranes. The cell membrane morphology 
had also changed in Lig-Ag NPs groups. Different from the 
Ag NPs group, the membranes were atrophic and plicated 
instead of broken, which might be on account of the endog-
enous death process. As reported in our previous studies [16, 
17, 46], it had been proved that nanomaterials could promote 
the transfer of antibiotic resistance genes by conjugation and 
transduction due to the increase of membrane permeability. 
Therefore, the decline in contact frequency and membrane 
broken degree was an ecological friendly characteristic of 
Lig-Ag NPs.

3.5  The combined bactericidal process of lignin 
and silver

It has been previously reported [18, 47, 48] that Ag NPs 
could induce oxidative stress, activate SOS response, and 
increase cell membrane permeability during the bactericidal 
process. In this work, we attempted to analyze the relevant 

bactericidal mechanism of Lig-Ag NPs at the gene expres-
sion level. As depicted in Fig. 7a and Table S2, Lig-Ag 
NPs and Ag NPs treatments result in a 1.3- and 1.8-fold 
increase in the expression of alkyl hydroperoxide reductase 
gene ahpF. The expression of rutB increased by 3.3- and 
4.2-fold, and soxS exhibited a 4.7- and 5.3-fold increase in 
expression upon treatment with Lig-Ag NPs and Ag NPs, 
respectively. Of particular note was that the upregulation 
level of some genes (hemH [18], rutD [49], sufA [18], and 
sufS [18] ) in Lig-Ag NPs group about ROS production 
was higher than that in the Ag NPs group. Moreover, Lig-
Ag NPs and Ag NPs also increased the expression of SOS 
response related genes. These results indicated that Lig-
Ag NPs-induced oxidative stress was a main mechanism in 
the bactericidal process. To further explore the bactericidal 
contribution of ROS production, ROS scavenger experi-
ments were carried out. As shown in Fig. 7b, ROS scaven-
ger blocks the process of oxidative stress and significantly 
weakens the bactericidal effect of Lig-Ag NPs and Ag NPs. 
The Lig-Ag NPs group with ROS scavengers no longer even 
had the bactericidal ability. These results demonstrated that 
oxidative stress was the leading bactericidal mechanism of 
Lig-Ag NPs.

Fig. 7  (a) Fold changes in the expression of core genes related to 
ROS production, SOS response, and cell membrane permeability. (b) 
Variations in bacteria survival with the scavenger- and no scavenger-

treated groups exposed to 5 mg/L Ag NPs and Lig-Ag NPs for 4 h 
(*p < 0.05). (c) Possible combined bactericidal mechanisms underly-
ing E. coli exposed to Lig-Ag NPs
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In addition, the expression of cell membrane permeabil-
ity genes was investigated as well. The results showed that 
Lig-Ag NPs could also alter the transcription level of cell 
membrane related genes. For instance, the expression of 
csgF [49], waaA [18], waaB [18], and yfaZ [49] increased 
by ~ 3.0-fold when exposed to 5 mg/L Lig-Ag NPs. These 
genes are related to lipopolysaccharide synthesis (waaA and 
waaB) and putative outer membrane (csgF and yfaZ). Con-
trary to the ROS production results, the upregulation level of 
most genes about cell membrane in Lig-Ag NPs group was 
lower than that in Ag NPs group, which might be derived 
from the negative feedback of membrane damage being con-
sistent with the results in Chapter 3.4.

Although oxidative stress was the possible leading bacte-
ricidal mechanism of Lig-Ag NPs, the formation approaches 
of ROS production are various on account of the combined 
effect of lignin and silver as depicted in Fig. 7c. Firstly, silver 
ion was slowly released and transferred across the lignin shell. 
This process might be accelerated on account of the negative 
charge surface, and the redox reaction between silver ion and a 
reducing group of lignin continuously proceed during the mass 
transfer process. In the meantime, quinone and semi-quinone 
radicals were consistently generated as intermediate products 
of the redox reaction. Secondly, these radicals could further 
generate reactive oxygen molecules such as hydroxyl radical 
(·OH), superoxide  (O2

−), and hole  (h+). Finally, whether these 
reactive oxygen molecules or silver ions were able to get inside 
the bacterial cells produce oxidative stress and inactivate them.

4  Conclusions

In this study, a simple and economic method was established 
to fabricate Lig-Ag NPs with bactericidal ability. After-
wards, materials characterization, bactericidal evaluation, 
and mechanism exploration were further implemented to 
explore the properties of Lig-Ag NPs. In summary, Lig-Ag 
NPs possessed a series of advantages. Firstly, the prepared 
Lig-Ag NPs demonstrated remarkable dispersity, uniform-
ity, and encapsulation efficiency. Secondly, Lig-Ag NPs had 
approximated bactericidal ability compared with the same 
concentration of Ag NPs. Moreover, Lig-Ag NPs were 
endowed with better durability attributed to the core–shell 
structure and combined bactericidal mechanism. Last but 
not the least, Lig-Ag NPs were environmentally friendly 
which was not just from the green synthesis process, but 
also because theoretically lower ARGs transfer risk and 
environmental hypotoxicity due to lignin shell. In brief, this 
green hybrid nanoparticle would provide a new idea for the 
development of bactericidal materials.
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