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Abstract
Lignin is the second most abundant biopolymer available whose functional groups make it a natural antioxidant. Pine 
residual sawdust is a lignocellulosic waste largely produced in sawmills by wood processing. Thus, this study aimed to 
evaluate the lignin from pine residual sawdust (PRSL) as an environmental-friendly antioxidant, and in the green synthesis 
of silver nanoparticles (LAgNPs), which were then tested against Gram-positive and Gram-negative bacteria. Three PRSL, 
previously obtained by sequential acid-alkaline treatment at 130, 150, and 170 °C, were assessed. The total phenolic content 
(TPC) and antioxidant activity of PRSL were also evaluated. PRSL showed strong potential as a natural antioxidant. LAgNPs 
were characterized by Fourier-transform infrared spectroscopy (FTIR), dynamic light scattering (DLS), and transmission 
electron microscopy (TEM). LAgNPs presented a polydispersed mixture with an average diameter of 54.18 nm and efficient 
antibacterial properties. Therefore, this study demonstrated the great capability of PRSL as a natural antioxidant agent and 
for green synthesis of silver nanoparticles.
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1  Introduction

Cellulose and hemicellulose comprise the main fractions of 
biomass along with lignin, which is the second most abun-
dant biopolymer [1]. Lignin is available either as trans-
formed lignin through industrial separation processes or 
as native lignin in plants, presenting great potential as raw 
material for the production of chemicals [2, 3]. It presents 
organic functional groups, such as phenolic, alcoholic, car-
bonyl, carboxyl, and methoxyl, which play an important role 

in the stabilization of reactions induced by oxygen radicals 
and their derived species, making lignin a promising anti-
oxidant agent [4, 5]. Therewithal, there are large markets for 
antioxidant applications, such as biodiesel, rubber, and plas-
tic industries [6–9]. These opportunities foster researches 
regarding lignin as a natural and environment-friendly 
antioxidant.

The antioxidant properties of lignin are influenced by its 
source as well as the recovery method used [10, 11]. Many 
studies about the antioxidant activity of lignin from differ-
ent sources, such as rice straw, apple tree pruning residues, 
sugarcane bagasse, oil palm empty fruit bunches, and wheat 
straw, have been reported [12–16]. However, little atten-
tion has been paid to the antioxidant properties of lignin 
extracted from pine residual sawdust.

The use of lignocellulosic wastes as source of lignin is 
considerably advantageous because it contributes adding 
value to the residues and promoting environmental-friendly 
processes [17]. For instance, pine residual sawdust  is a 
waste generated in large quantities in the pine (Pinus spp.) 
industry [18]. At sawmills, only approximately 45–65% of 
the raw material is recovered during the wood mechanical 
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processing [19, 20]. Brazilian timber industry annually pro-
duces around 48.1 million m3 of wastes from mechanical 
processes, comprising of bark, slabs, chips, and sawdust 
[21]. The European Organization of the Sawmill Industry, 
where softwood is the main feedstock used, revealed that the 
sawdust production in 2020 was 12.8 million m3, and it esti-
mates that the production in 2021 will be almost 13.2 million 
m3 [22]. Hence, that amount of residual sawdust might be 
an environmental concern if disposed of improperly [23].

Lignin has also been investigated in the nanotechnology 
field for the synthesis of metallic nanoparticles. These nano-
structures have received plenty attention in diverse fields, 
such as environment [24], catalysis [25], dermatology and 
cosmetology [26], food packaging [27], and biomedical 
applications [28], among others [29]. Synthesis of silver 
nanoparticles can be performed by physical methods, such 
as laser ablation and evaporation–condensation, chemical 
methods that make use of organic and inorganic reducing 
agents, and biological methods, which use natural reducing 
agents [29, 30]. However, although physical and chemical 
methods are able to effectively synthesize pure and well-
defined nanoparticles, the former produces lower amounts of 
silver nanoparticles, while the latter consumes a lot of energy 
and employs toxic reagents [30]. Therefore, the develop-
ment of processes free of harmful reagents, to expand the 
nanotechnology field in an environmentally friendly way, is 
necessary. As an alternative, biological methods consist of 
applying molecules obtained from living organisms, such as 
microorganisms [31], plants [32–34], agricultural wastes, 
enzymes, and pigments [35, 36], as reducing and stabilizing 
agents [37].

Recently, the combination of different biomasses (pine 
sawdust, bagasse, lignin, and cellulose) and their cor-
responding biochars were tested in the synthesis of sil-
ver nanoparticles due to the redox reactive –OH groups 
of biomass and biochar [38]. Regarding lignin, the green 
synthesis of silver nanoparticles using this biopolymer has 
been proved to be convenient [2, 39, 40]. Lignin presents 
multiple functional groups with the potential to reduce sil-
ver ions into silver nanoparticles [2, 36]. As a natural and 
abundant resource, lignin can serve not only as reducing 
but also as stabilizing agent for synthesizing silver nano-
particles [39]. Moreover, silver nanoparticles have been 
suggested for important applications, such as antibacterial, 
larvicidal, pupicidal, antioxidant, and anticoagulant [34, 
41–43]. Additionally, lignin-mediated silver nanoparticles 
have also shown antimicrobial capacities attributed to the 
presence of silver, which is known for its antiseptic effect 
on microorganisms [44, 45].

Accordingly, this study aimed to assess the antioxidant 
activity of lignin extracted from pine residual sawdust as 
well as its application in the green synthesis of lignin-
mediated silver nanoparticles (LAgNPs). Furthermore, the 

antibacterial properties of LAgNPs were evaluated against 
Gram-positive and Gram-negative bacteria.

2 � Material and methods

Pine residual sawdust lignin (PRSL) was extracted and 
recovered from Pinus spp. as described in another research 
[17] by sequential acid-alkaline treatment at different tem-
peratures (130, 150, and 170 °C). Three different recovered 
lignins, named PRSL-130, PRSL-150, and PRSL-170, were 
used in the following experiments. Previously, the lignin 
samples were washed with ultrapure water and subsequently 
dried in an air-circulating oven. The antioxidant and anti-
bacterial activities of lignin were assessed using aqueous 
solutions of lignin samples. The lignin solutions were pre-
pared as described elsewhere with some modifications [15]. 
Briefly, PRSL-130, PRSL-150, and PRSL-170 were solu-
bilized in alkaline deionized water (pH = 12) at 60 °C with 
magnetic stirring. The lignin solutions were then neutralized 
(pH = 7) using 5% (v·v−1) H2SO4 to be used in all of the 
following tests.

2.1 � Total phenolic content of PRSL

The total phenolic content (TPC) of PRSL was evaluated 
by the Folin-Ciocalteu method [15]. Briefly, 500 µL of 
lignin solution (200 µg·ml−1) was mixed with 2.5 mL of 
1:10 (wt·v−1) Folin-Ciocalteu solution. After 5 min, 2 mL of 
7.5% (wt·v−1) Na2CO3 was added. The final solution rested 
for 1 h in the dark at room temperature. Subsequently, the 
solution was analyzed at 740 nm in a spectrophotometer 
(Spectrumlab 22PC). Deionized water was used as blank, 
and a standard calibration curve was prepared using gallic 
acid (C7H6O5) in the range of 0–100 µg·mL−1. TPC test was 
carried out in triplicate for each PRSL, and the results were 
analyzed by analysis of variance (ANOVA). The TPC values 
were expressed in milligrams (mg) of gallic acid equivalent 
(GAE) per gram (g) of lignin.

2.2 � Antioxidant activity of PRSL

The DPPH (1,1-diphenyl-2-picrylhydrazyl) assay was car-
ried out by mixing 0.2 mL of lignin solution with 0.8 mL 
of DPPH∙ radical solution (0.1 mmol∙L−1 — dissolved in 
methanol). After vigorous agitation, the mixture was placed 
in the dark for 30 min, and the absorbance at 517 nm was 
recorded (SP-2000 Spectrophotometer). For the control solu-
tion, 0.2 mL of water was mixed with 0.8 mL of DPPH∙ radi-
cal solution. The assessed concentrations of lignin were 50, 
100, 150, 200, 250, and 300 µg·mL−1, and the scavenging 
ability was determined as already reported in literature [15].
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The ABTS (2,2′-azino-bis (3-ethylbenzothiazoline-
6-sulfonic acid)) assay was performed in microplate [12]. 
Briefly, 2.0 mL of potassium persulfate (K2S2O8) solu-
tion (2.45 mmol∙L−1) was mixed with 2.0 mL of ABTS 
solution (7 mmol∙L−1) to generate the radical ABTS∙ and 
stored in the dark for 6 h. Then, 50 µL of ABTS∙ radical 
solution was added to 200 µL of lignin solutions (5, 7.5, 
12.5, 15, 20, 25, 30, 40, and 50 µg·ml−1). After resting for 
30 min in the dark, the absorbance was recorded at 734 nm 
(Power Wave XS). A solution with 50 µL of ABTS∙ and 
200 µL of deionized water was used as control sample. 
The scavenging ability was calculated as described by the 
aforementioned studies [12, 15].

The lignin concentration capable of inhibiting 50% 
of DPPH∙ and ABTS∙ radicals (IC50) was estimated. 
The IC50 of both tests were then compared to the IC50 
of the Trolox® (6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid), an analog of the vitamin E with high 
antioxidant properties. All tests were carried out in tripli-
cate, and the results were analyzed by analysis of variance 
(ANOVA).

2.3 � Synthesis of LAgNPs

The synthesis of the LAgNPs was performed as described 
in other studies [2, 36]. Briefly, PRSL-170 (200 µg·ml−1) 
and AgNO3 (20 mmol∙L−1) solutions were prepared and 
mixed to obtain final concentrations of 40 µg·ml−1 and 
2 mmol∙L−1 for PRSL-170 and AgNO3, respectively. The 
synthesis reaction was performed at 80 °C for 5 h without 
agitation and protected from light. Control samples con-
taining only PRSL-170 or AgNO3 solutions were carried 
out as well. The kinetics of the synthesis reaction was 
monitored measuring the absorbance every hour in the 
range of 200 to 800 nm with a resolution of 1 nm (UV–Vis 
spectrophotometer – Shimadzu, UV-1601 PC). A quartz 
cuvette was used in the procedure, and deionized water 
was used as blank.

2.4 � Fourier‑transform infrared spectroscopy 
of LAgNPs

Fourier-transform infrared spectroscopy (FTIR) was carried 
out in α-ALPHA-R equipment (Bruker), with attenuated 
total reflectance (ATR) accessory, a resolution of 4 cm−1, 
64 scans, and transmittance mode without the elimination 
of atmospheric compensation. The samples were previously 
dried overnight at 60 °C, and they were then grounded and 
mixed with potassium bromide (KBr) in a mortar. Finally, 
the samples were placed in the ATR accessory for acquisi-
tion of the corresponding spectra.

2.5 � Average size and transmission electron 
microscopy analysis of LAgNPs

The average size of the LAgNPs was measured by dynamic 
light scattering (DLS) (Brookhaven, NanoDLS). LAgNPs 
were also analyzed by a transmission electron microscope 
(TEM) (JEOL, JEM 1200EX-II) operated at 120 kV to 
observe their morphology. A drop of the synthesized sus-
pension of LAgNPs was deposited on carbon-coated copper 
grids, and water was evaporated at room temperature. The 
selected area electron diffraction (SAED) pattern was ana-
lyzed in order to calculate the lattice plane spacings (d-spac-
ings), which were compared to other silver nanoparticles 
synthesized from plant extracts [33, 46] to verify the silver 
crystal planes of LAgNPs.

2.6 � Antibacterial activity of PRSL and LAgNPs

The antibacterial activity of the PRSL-170 and LAgNPs 
were evaluated by the broth microdilution method [47] with 
some modifications. LAgNPs and AgNO3 solutions were 
diluted in ultrapure water to the desired initial concentra-
tion. The microorganisms used in the test were two Gram-
positive (Staphylococcus aureus ATCC 29737 and Bacillus 
subtilis) and two Gram-negative (Escherichia coli ATCC 
25922 and Salmonella typhimurium ATCC 14028) strains 
obtained from the cell bank of the Laboratory of Bioprocess 
Engineering and Biotechnology of the Federal University of 
Paraná. Two-fold dilutions of the antibacterial agent were 
prepared in a Mueller Hinton Broth (MHB) in a 96-well 
microdilution plate, as depicted in Fig. 1. Initially, 50 µL of 
MHB (a) was added in every well of the microdilution plate 
with exception of those on the second row, in which 100 
µL of the tested antibacterial solution (b) was added. From 
each well of the second row, 50 µL was taken and added 
in the next rows to make serial two-fold dilutions until ten 
wells were prepared for assessing ten final concentrations 
of the tested agent. Then, each well was inoculated with 50 
µL of the bacterial inoculum (c) that was previously diluted 
in MHB from a standardized suspension of peptone water 
(0.1%) adjusted to 0.5 on the McFarland scale.

The AgNO3 was used in the same concentrations as 
LAgNPs. Positive and negative growing controls were per-
formed; the former was composed of bacterial inoculum 
and MHB, and the latter contained only PRSL, LAgNPs, 
or AgNO3 solutions mixed with MHB. The microplate was 
then incubated at 37 °C. After 16 h, 30 μL of resazurin 
(150 μg·mL−1) was added to each well, and the microplate 
was incubated again for 1 h. Within the viable, metabolic, 
and active cells, the blue dye resazurin is reduced by oxi-
doreductase enzymes to resorufin, a pink and fluorescent 
substance. For that reason, the presence of dark blue color 
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indicates the inhibitory activity of the antibacterial agent on 
bacteria at the concentration tested [48–50].

3 � Results and discussion

3.1 � Total phenolic content

The TPC values, presented in Fig. 2, of PRSL-130, PRSL-
150, and PRSL-170, were 226.01 ± 15.60, 270.16 ± 8.96, 
and 247.21 ± 4.03 mgGAE∙g−1, respectively. The TPC of 
PRSL-150 was higher than that of PRSL-130, indicating 
that the increase in the extraction temperature had a propor-
tional effect on the phenolic functional groups of the lignin. 
However, at higher temperatures (PRSL-170), a reduction of 
the TPC was observed. This reduction in the TPC at 170 °C 
might be due to the formation of more condensed struc-
tures in lignin that reduces the amount of phenolic hydroxyl 
groups [51].

According to ANOVA, there were significant differences 
(Pvalue < 0.05) among the TPC of lignin samples, which were 
attributed to the extraction temperature applied. Treatments 
performed at high temperatures, strong alkaline conditions, 
and long reaction times dissolve more components from 
the lignocellulosic material, producing lignins with higher 
content of impurities and lower phenolic amounts [5, 52]. 
The results obtained are in agreement with other studies that 

evaluated the TPC of different lignins whose conclusions 
indicated the content of phenolic hydroxyl groups in lignin 
was an important factor influencing its antioxidant capacity 
[5, 10].

3.2 � Antioxidant activity of PRSL

The antioxidant activity of PRSL was assessed by evalu-
ating its scavenging potential on DPPH∙ and ABTS∙ radi-
cals. Figure 3 shows the antioxidant activity results. It was 
observed that 250 µg·mL−1 of lignin was necessary to scav-
enge almost 80% of the DPPH∙ radicals. In the range of 
100 to 300 µg·mL−1, the scavenging activity of PRSL-130, 
PRSL-150, and PRSL-170 were similar in each concentra-
tion tested.

The IC50 for the DPPH test was estimated according 
to logarithm models (R2 > 0.96). The IC50 (µg·mL−1) of 
PRSL-130, PRSL-150, and PRSL-170 were 109.91 ± 2.48, 
92.72 ± 6.16, and 109.40 ± 2.34, respectively. PRSL-150 
exhibited the lowest IC50 among all lignin samples assessed. 
This result goes in accordance with the TPC test, which 
revealed that PRSL-150 possessed the highest phenolic 
hydroxyl content. As stated in other study [10], phenolic 
hydroxyl groups greatly affect the antioxidant activity of 
lignin. Besides, lignins with higher quantity of phenolic 
hydroxyl and methoxy groups present better antioxida-
tive efficiencies [11, 14]. The lignin structure remarkably 

Fig. 1   Schematic antibacte-
rial evaluation of PRSL and 
LAgNPs
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influences on its antioxidant activity, as structural modifi-
cations promoted by extraction method alter its bioactivity 
[12]. Moreover, the presence of non-lignin components such 
as hemicelluloses could decrease the antioxidant capacity 
because carbohydrates generate hydrogen bonding with 
lignin phenolic groups [5]. In a previous study [17], PRSL-
150 presented the lowest carbohydrate content on its compo-
sition, which explains its slight superior antioxidant capac-
ity, considering the aforementioned effect of carbohydrates 
on antioxidant properties.

The IC50 for PRSL-130 (109.91 ± 2.48 µg·mL−1) and 
PRSL-170 (109.40 ± 2.34 µg·mL−1), obtained from DPPH 
test, did not present significant difference between them 
(Pvalue > 0.05). However, the yield of the PRSL-170 was 
higher than PRSL-130 in the lignin recovery process, as 
previously reported [17]. The specific yields (% — mass 
of lignin to mass of lignin available in the pretreated pine 
residual sawdust) achieved at 130, 150, and 170 °C were, 
respectively, 21.75 ± 0.09, 44.75 ± 0.52, and 93.97 ± 0.99 
[17]. Additionally, the global yields (% — mass of lignin 
to mass of pine residual sawdust) were 6.43 ± 0.03, 
13.43 ± 0.16, and 28.46 ± 0.30 for PRSL-130, PRSL-150, 
and PRSL-170, respectively. Therefore, only PRSL-170 
and PRSL-150 were evaluated in the ABTS test. It was 
observed that 30 µg·mL−1 of PRSL-150 and 40 µg·mL−1 
of PRSL-170 were necessary to scavenge almost 100% 
of the ABTS∙ radicals, which also indicated the superior 
inhibitory effect of PRSL-150. Indeed, in the range of 5 

to 30 µg·mL−1, PRSL-150 presented a slightly higher anti-
oxidant activity than PRSL-170. The IC50 of the ABTS 
test also followed a logarithm model (R2 > 0.98), and the 
IC50 values (µg·mL−1) were 7.45 ± 0.08 and 8.62 ± 0.14 
for PRSL-150 and PRSL-170, respectively, which were 
significantly different according to ANOVA (Pvalue < 0.05).

For comparison purposes, the IC50 of Trolox® 
in DPPH and ABTS tests were 21.83 ± 0.66 and 
3.03 ± 0.04 µg·mL−1, respectively. Although the IC50 val-
ues of the PRSLs were higher than that of Trolox®, it is 
important to highlight that Trolox® is a synthetic water-
soluble derivative of vitamin E with strong antioxidant 
properties [53]. Differently, PRSL is a natural molecule 
that was not submitted to purification or structure modi-
fication steps to improve its antioxidant performance. 
However, compared to IC50 of other lignins, such as those 
from sugarcane bagasse (380 µg·mL−1 – DPPH) [14], soft-
wood Kraft process (166 µg·mL−1 – DPPH) [53], corncob 
(170 to 910 µg·mL−1 – DPPH; 16 to 92 µg·mL−1 – ABTS) 
[54], and wheat straw (70 to 210 µg·mL−1 – DPPH) [55], 
PRSL presented better antioxidant activity (92.72 to 
109.91 µg·mL−1 – DPPH; 7.84 to 8.50 µg·mL−1 – ABTS). 
The lower the IC50, the higher the antioxidant power. Com-
paring to the lowest IC50 values of corncob lignin obtained 
in the aforementioned study [54], which performed both 
DPPH and ABTS tests, the lowest IC50 values of PRSL 
were 54.5% and 49.0% of those from corncob lignin 
for DPPH and ABTS tests, respectively. Therefore, it is 

Fig. 2   Total phenolic content 
of PRSL-130, PRSL-150, and 
PRSL-170, expressed as mg 
gallic acid equivalent (GAE) per 
g of lignin
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possible to affirm that the PRSL has great potential as 
natural antioxidant for future applications.

3.3 � Synthesis of the LAgNPs

During the last years, some works have proposed lignin for 
synthesis of silver nanoparticles [2, 36, 39, 40, 45, 56–58]. 
However, PRSL has not yet been reported for this applica-
tion, which might be an efficient way of adding value to 
pine residual sawdust. Therefore, considering the specific 
and global yields mentioned in the previous section, only 
PRSL-170 was utilized as reducing and stabilizing agents 
for LAgNPs synthesis. The metallic nanoparticles require 
two substances in addition to the metal precursor: a com-
pound able to reduce the metal ions to zero-valent state, 
and a stabilizing agent to avoid the agglomeration of the 
nanoparticles, although some compounds might suffice both 
purposes [39, 56, 58]. In this study, the bio-reduction of 
LAgNPs was monitored for 5 h, as shown in Fig. 4. Another 
study reported that lignin-mediated silver nanoparticles 
synthesized at 80 °C for 4.5 h and using lignin extracted 

from oil palm empty fruit bunches presented high stability 
in aqueous solution [36].

Lignin acted as reducing agent of silver ions producing 
silver nanoparticles. The reduced Ag+ ions aggregated into 
silver nanoparticles whose formation was confirmed with 
UV–Vis by the peak around 406 nm [45]. The presence of 
the surface plasmon peak between 350 and 550 nm denotes 
the successful synthesis of silver nanoparticles, as reported 
in other works [36, 42, 58]. Unlike, the control sample con-
taining only AgNO3 showed a spectrum with no surface 
plasmon peak, meaning that lignin was necessary for the 
bio-reduction of silver ions [2]. The intensity of the surface 
plasmon peak of the lignin-mediated silver nanoparticles 
reported in this study increased with the reaction time, indi-
cating higher amount of LAgNPs after 5 h. Additionally, 
the reaction solution exhibited a color change, as shown in 
Fig. 4, which also confirms the synthesis of silver nanopar-
ticles [36, 42].

The FTIR spectrum of PRSL-170 is in accordance with 
other works [17, 40, 45, 59], as well as the LAgNPs spec-
trum [40, 45]. The spectra of PRSL-170 and LAgNPs are 

Fig. 3   Antioxidant activ-
ity of PRSL according to (a) 
1,1-diphenyl-2-picrylhydrazyl 
(DPPH) and (b) 2,2′-Azino-bis 
(3-ethylbenzothiazoline-6-sul-
fonic acid) (ABTS) tests
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presented in Fig. 5a and b, and the spectrum of LAgNPs did 
not present some bands that were noticed in the PRSL-170, 
indicating the reduction of Ag+ ions due to lignin functional 
groups [40]. The band at 2952 cm−1 for PRSL-170, assigned 
to methyl and methylene groups, decreased after LAgNPs 
synthesis probably participating in the reduction of Ag+ ions 
[40]. Both bands at 1124.89 and 1388.90 cm−1 might be due 
to C–O deformation in ester bond and symmetric bending 
deformation of methyl groups in the lignin structure [59, 
60], caused possibly by either lignin recovery method or 
synthesis of LAgNPs.

Accordingly, the method for synthesizing LAgNPs in this 
study is in agreement with the principles of green synthesis 
[61]. Water was used as an eco-friendly solvent, while PRSL 
was proposed as a natural reducing agent and stabilizer.

3.4 � Average size and transmission electron 
microscopy analysis of LAgNPs

The size of the LAgNPs was analyzed by DLS. LAgNPs 
were a polydisperse mixture ranging in size from 7 to 
100 nm and showing an average particle size of 54.18 nm. 
Other work also reported the synthesis of a polydisperse 
mixture (1 to 40 nm) of LAgNPs synthesized using lignin 
from oil palm empty fruit bunches [36]. The range size 
reported was smaller than that achieved with PRSL-170 in 
this study. It might be related to the type of lignin and reac-
tion time, since that study performed the synthesis during 
4.5 h, while in this study, the LAgNPs synthesis was carried 
out using the same concentration of reagents but for 5 h. 
Commercial alkali lignin from spruce was used for synthe-
sizing LAgNPs, and their size ranged from 3 to 20 nm when 

reaction time was 1 h, while narrower ranges were obtained 
in shorter times [2].

The TEM images are shown in Fig. 6a, b, and c, where 
both bright (Fig. 6a and c) and dark (Fig. 6b) field modes 
confirmed the formation of LAgNPs. The average particle 
size was 25.30 nm, and the nanoparticles exhibited a quasi-
spherical morphology, as observed in Fig. 6c. The differ-
ence in the average diameter size obtained with TEM and 
DLS (54.18 nm) can be attributed to the fact that the meas-
ured size using DLS includes the bio-organic compounds 
enveloping the metallic core of nanoparticles. It is known 
that different techniques can report different average sizes, 
depending on the response of the instrument to particle num-
ber, mass, volume, or optical property [62]. Additionally, 
since the particle size distribution of LAgNPs is wide, in 
DLS, the presence of bigger particles may contribute to an 
increase light scattering, shifting the measured particle size 
towards larger values [63]. From Fig. 6a, b, and c, it can be 
observed that there was agglomeration of some LAgNPs, 
which might be related to reaction time; longer reaction 
times produces bigger nanoparticles [2, 56]. The synthesis 
of the silver nanoparticles comprises two steps: atom forma-
tion and their polymerization. The atoms in a solution are 
primarily reduced by the reducing agent, and then they act 
as nucleation centers to catalyze the reduction of the remain-
ing metal ions. Thus, these atoms coalesce and result in 
metal clusters, which have their surface ions reduced again, 
continuing the aggregation process until high nuclearity is 
reached and producing larger particles [64]. Furthermore, 
larger particles can also be formed due to aggregation of 
the silver nanoparticles [39], suggesting lack of lignin either 
to stabilize those already formed or to reduce the Ag+ ions 

Fig. 4   Kinetics of the LAgNPs 
green synthesis
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in short reaction times [2]. The methodology (chemical, 
physical, and biological) and conditions of the synthesis are 
quite related to size and shape of the nanoparticles as well 
[37, 65]. Other work reported the synthesis of more spheri-
cal shaped LAgNPs (diameters lower than 20 nm) at pH 
= 10.01, whereas LAgNPs with different shapes and sizes 
(diameters from 20 to 300 nm) were obtained at pH = 5.98 
[2]. Furthermore, the size of the silver nanoparticles strongly 
influences their stability; smaller particles remain stable for 
months, while larger particles are more prone to sediment 
in a short time [58].

The SAED pattern of LAgNPs is presented in Fig. 6d. 
The diffraction rings, from inner to out, correspond to 

(111), (200), and (222) planes according to the calculated 
d-spacing values [32, 33, 46]. These lattice planes suggest 
the face-centered-cubic (fcc) structure of silver nanoparti-
cles, since the results are in agreement with other studies 
using different natural reducing agents, such as lignin from 
oil palm empty fruit bunches [36], Kleinia grandiflora leaf 
extract [41], Chrysanthemum indicum floral extract [34], 
Paederia foetida leaf extract [32], cocoa pod husk extract 
[42], and Petiveria alliacea leaf extract [43].

Fig. 5   Fourier-transform infra-
red (FTIR) spectroscopy spectra 
(a) before and (b) after LAgNPs 
green synthesis
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3.5 � Antibacterial activity of PRSL and LAgNPs

PRSL-170 and LAgNPs were evaluated and compared as 
potential antibacterial agents against Gram-positive (Staphy-
lococcus aureus and Bacillus subtilis) and Gram-negative 
(Escherichia coli and Salmonella typhimurium) bacteria. 
As shown in Fig. 7, PRSL-170 did not exhibit a visible 
inhibitory effect on both Gram-positive and Gram-negative 
microorganisms due to the absence of dark blue color, indi-
cating that the growth of bacteria was possible even in a 
medium containing 5,000 µg·mL−1 of lignin. However, this 

result does not suggest that lignin did not exert any inhibi-
tory effect on the growth of the bacteria, and further studies 
would be required to determine the exact inhibitory percent-
age obtained at the concentrations evaluated.

Concerning the antimicrobial activity of lignin-mediated 
silver nanoparticles on bacteria, there are four well-defined 
mechanisms: adhesion onto the surface of cell wall and 
membrane, damaging these structures; penetration inside 
the cell, deteriorating intracellular biomolecules (proteins 
and DNA) and organelles (ribosomes and mitochondria); 
generation of reactive species and free radicals, leading to 

Fig. 6   Transmission electronic 
microscopic (TEM) images (a, 
b, and c) of bright and dark 
fields of the LAgNPs and (d) 
selected area electron diffraction 
(SAED)

Fig. 7   Antibacterial activity of PRSL and LAgNPs against Gram-positive (Staphylococcus aureus and Bacillus subtilis) and Gram-negative 
(Escherichia coli and Salmonella typhimurium) bacteria
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oxidative stress and cellular toxicity; and modulation of sig-
nal transduction pathway [66–68]. Therefore, silver nanopar-
ticles with smaller size have greater antibacterial activity by 
easily permeating the cell wall, in addition to present larger 
surface area per mass, which allows higher quantities of sil-
ver atoms to reach the intracellular environment enhancing 
the biocidal effect [69].

The inhibition of S. aureus and B. subtilis was achieved 
when LAgNPs were added into the media at concentrations 
of 15.63 and 31.25 µg·mL−1, respectively. In this study, these 
values were named as minimum inhibitory concentration 
(MIC). The MIC for LAgNPs against B. subtilis was the 
same as for AgNO3 (31.25 µg·mL−1), whereas against S. 
aureus, the MIC for AgNO3 (3.91 µg·mL−1) was lower than 
that using LAgNPs (15.63 µg·mL−1). Silver nanoparticles 
are thought to interact with the cell wall of Gram-positive 
(S. aureus) bacteria and release Ag+ cations, generating 
“pits” on it. Thus, those nanoparticles accumulate and start 
attacking the underlying layers, and the “pits” become larger, 
while building blocks of peptidoglycan are released [70].

The MIC for LAgNPs against E. coli was the same as that 
achieved with S. aureus (15.63 µg·mL−1). In the same way, 
the MIC for LAgNPs against S. typhimurium was equal to 
that obtained with B. subtilis (31.25 µg·mL−1). The MIC 
for AgNO3 against both Gram-negative microorganisms 
was lower than the MIC of LAgNPs. A similar trend was 
observed in another study that also applied LAgNPs against 
E. coli, although the MIC was higher (62 µg·mL−1) [36]. Li 
and co-workers reported a higher MIC against E. coli using 
commercial silver nanoparticles (10 µg·mL−1) than that 
obtained in this study (7.81 µg·mL−1), which indicates that 
the LAgNPs produced in this study achieved better results 
[71]. The outer membrane of Gram-negative bacteria is a 
lipid bilayer whose inner leaflet mostly contains phospho-
lipid chains, whereas the outer leaflet has lipopolysaccharide 
molecules. In E. coli, silver nanoparticles cause the leakage 
of reducing sugars and proteins, and inside the cell, they 
disturb the activity of respiratory chain dehydrogenases 
[71, 72]. By way of comparison with commercial antibiot-
ics, the MIC of ampicillin and kanamycin against S. aureus 
is 0.25 µg·mL−1 and 8 µg·mL−1, respectively, whereas the 
MIC against E. coli is 32 µg·mL−1 for both mentioned anti-
biotics [73].

The results indicated that LAgNPs and AgNO3 presented 
almost the same antibacterial effect, since LAgNPs did not 
show lower MIC values than AgNO3. It might be related to 
the aggregation of the LAgNPs as previously mentioned. The 
smaller the nanoparticle, the higher its surface to volume ratio, 
which would allow it to interact with bacteria as compared to 
the same concentration of larger counterparts. Small-size silver 
nanoparticles present higher solubility, which improves their 
oxidation to easily release Ag+ cations, enhancing their anti-
bacterial effect. However, when aggregation occurs, the effect 

will probably be the same as the larger silver particles [67]. 
Furthermore, it must be pointed out that most of the AgNO3 
is in ionic or soluble complex form in the MHB medium, read-
ily available for interacting with microorganisms and causing 
faster effects on them [36, 74]. Conversely, silver nanoparticles 
are well-known slow-release devices of silver ions over time, 
which presents the advantage of prolonging the antibacterial 
effect [75, 76]. Accordingly, there is a difference in the action 
mechanisms of silver ions and silver nanoparticles [77, 78]. 
Factors such as size, shape, and surface charge of silver nano-
particles, in addition to ionic strength and composition of the 
medium, influence their stability and biological activities [79]. 
LAgNPs might present negative charge as well as bacteria cell 
wall, hindering the interaction between them. Differently, the 
available Ag+ cations from AgNO3 easily interact with bacte-
ria by strong ionic attraction, producing the antibacterial effect 
faster [80]. In order to enhance the antibacterial activity of 
LAgNPs, a positive capping agent might have been used, since 
it would avoid agglomeration of the LAgNPs [67] and facili-
tate the electrostatic attraction between the negatively charged 
bacterial cell wall and LAgNPs [81].

Conclusively, the tests performed in this study were able 
to show that PRSL is capable of synthesizing LAgNPs with 
promising antibacterial properties, since lignin alone did 
not visibly inhibit the growth of Gram-positive and Gram-
negative bacteria. Possibly, higher antibacterial activity of 
LAgNPs would have been achieved if a capping agent was 
used or the surface of the particles was modified. Besides, it 
is worth noting that PRSL utilization in this green synthesis 
also contributed producing silver nanoparticles with fewer 
impacts on the environment than traditional chemical meth-
ods. Moreover, the use of PRSL for value-added applications 
such as silver nanoparticles can contribute to increase the 
feasibility of a biorefinery. In that regard, it is also important 
to keep in mind that these nanoparticles have the potential 
to be applied in other different fields [37]. Currently, silver 
nanoparticles are used due to their antiseptic properties in 
coatings, keyboards, washing machines, air conditioners, 
wound dressings, and biomedical devices [29, 82, 83]. Fur-
thermore, the utilization of lignin in the synthesis of silver 
nanoparticles presents advantages compared to other green 
approaches, such as plant extracts and microorganisms. Plant 
extracts are less resistant to higher temperatures than lignin, 
which is also easier to recover than microorganisms that 
require proper procedures during their manipulation [36].

4 � Conclusions

The wood processing in sawmills produces large amounts 
of pine residual sawdust, a byproduct considered waste. In 
this study, three lignins obtained from pine residual saw-
dust (PRSL-130, PRSL-150, and PRSL-170) had their 
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antioxidant activity evaluated by DPPH and ABTS tests. 
The great capacity of PRSL as a natural antioxidant was 
proved by both methods, and it is intrinsically related to the 
total phenolic content. PRSL-170 was chosen to be used in 
the green synthesis of silver nanoparticles. Although it was 
not possible to determine a MIC for PRSL, LAgNPs dem-
onstrated antibacterial effect against Gram-positive (Staphy-
lococcus aureus and Bacillus subtilis) and Gram-negative 
(Escherichia coli and Salmonella typhimurium) bacteria. 
The results suggested that the LAgNPs can be an efficient 
antibacterial agent. Aggregation of LAgNPs was observed; 
however, other methodologies can be performed in future 
researches to circumvent this drawback. Nevertheless, the 
results showed the potential of PRSL as an antioxidant 
agent as well as for green synthesis of silver nanoparticles 
with high potential for antibacterial applications. Further-
more, the utilization of pine residual sawdust, a renewable 
resource, contributes to its valorization and stimulates the 
feasibility of a biorefinery in the wood industry, avoiding 
environmental problems for improper disposal of wastes.
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