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Abstract
In this study, sericin extracted from Bombyx mori silk cocoons was integrated into the well-known Tollens’ method for 
synthesizing Ag-NPs. Sericin successfully acted as a stabilizer while silver amine complex [Ag(NH3)2]+ was reduced by 
maltose. As a result, silver nanoparticles with high stability are formed. Possible functional groups related to the stabilization 
of NPs were investigated by Fourier-transforms infrared spectroscopy (FT-IR). Ag-Ser NPs were characterized using particle 
size measurements based on dynamic light scattering (DLS) and transmission electron microscopy (TEM). According to the 
characterization investigations, Ag-Ser NPs have characteristic (111) face-centered cubic (FFC) plane and were spherical 
in shape with a narrow size distribution of 20.23 ± 6.25 nm. Overall, the sericin-modified Tollens’ method for synthesizing 
Ag-NPs offers a simple and non-toxic production method to form nanoparticles. Colloidal stability of nanoparticles dis-
plays an essential role since their enhanced nano-properties can be diminished by an increase in size due to aggregation and 
agglomeration. Therefore, the effect of pH and electrolyte concentration on particle stability was investigated through the 
surface charge of Ag-Ser NPs using a Zeta-potential analyzer and change in absorption spectra by UV–Vis Spectroscopy. 
Results obtained from this study propose a potential synthesis route for Ag NP synthesis and may extend the applicability 
of silver nanoparticles in biotechnological researches as aseptic and therapeutic usages.

Keywords Silver nanoparticles · Surface functionalization · Sericin · Tollens · Method · Characterization · Colloidal 
stability · Agglomeration

Abbreviations
Ag-Ser NPs  Sericin stabilized silver 

nanoparticles
FT-IR spectroscopy  Fourier-transforms infrared 

spectroscopy
DLS  Dynamic light scattering
TEM  Transmission electron microscope
HRTEM  High-resolution transmission elec-

tron microscope image
SAED  Selected area (electron) diffraction

1 Introduction

Materials with at least one dimension in nanometer scale 
such as; nanofibers, nanocapsules, nanorods, nanotubes, 
and nanostructured surfaces are considered as nano-mate-
rials thus, synthesizing and controlling the nanometer 
scale materials are the main interest of nanotechnology [1, 
2]. Nanomaterials other than their bulk forms, show supe-
rior mechanical, electrical, chemical, optical, magnetic, 
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thermal, or biological properties due to their high sur-
face area [3, 4]. Among them, silver based nanoparticles 
are considered as the most researched nanomaterial due 
to their broad biocidal effect [5]. Dissolution of  Ag0 to 
 Ag1+ leads to random formation of silver complexes hence 
inhibiting the responsible proteins for RNA–DNA replica-
tion and increase the permeability of the membrane [6]. 
Consequently, silver nanoparticles shows outstanding anti-
fungal, antibacterial and antiviral properties [7]. There-
fore, silver nanoparticles are extensively used in various 
biomedical applications including drug-delivery, wound 
dressings and disinfectants [7–9].

Chemical reduction of silver ions is the most commonly 
used nanoparticle production method due to its simplicity 
and being cheaper than the physical and mechanical produc-
tion techniques [10]. However, using reductants and stabi-
lizers in reduction protocols can be highly toxic for both 
environment and health. These chemicals hinder Ag NPs 
further usage in biomedical applications. To avoid such com-
plications, green synthesis of nanoparticles is required [3].

Furthermore, the usage of silver NPs is also limited due 
to their instability against aggregation, where antimicrobial 
and catalytic activities are diminished by the aggregates that 
reduce the surface area of particles [11]. To benefit from 
enhanced properties of silver NPs, particles required to be 
stabilized. Stabilization occurs mainly by two mechanisms: 
electrostatic repulsion by charged molecules and steric 
repulsion by adsorption of complex polymers on the parti-
cle surface [10]. For this reason, complex biopolymers with 
ability to stabilize in both mechanisms, shows an excellent 
opportunity for green, large-scale silver nanoparticle produc-
tion. In literature, natural polymers such as polysaccharides, 
chitosan, and gelatin have proven to stabilize nanoparticles 
and natural reductants, such as ascorbic acid and sugars, 
successfully reduce silver ion [12–16].

Sericin is also a bio-complex polymer that constitutes 
20–30% of silk cocoon and preserves structure unity [17]. 
Over the years, the interest in sericin protein in bio-nano-
technology has been increased due to its biomedical applica-
tions because of its unique properties such as UV-protection, 
anti-oxidative ability and bio-compatibility [11, 18]. Sericin 
is selected as a stabilizing agent due to its electrostatic and 
steric protection thus aggregation and degradation of parti-
cles can be prevented [11].

In this study, sericin extracted from silk cocoons was 
used to synthesize sericin-coated silver nanoparticles (Ag-
Ser NPs) based on the Tollens’ process. Traditional Tollens’ 
process was used for mirror making by depositing silver 
particles on a glass surface [19]. Formerly, colloidal silver 
nanoparticles were successfully synthesized by the Tollens’ 
process based on pH, concentration of reaction components, 
and stabilizer media [20]. Additionally, particle stability was 
measured according to biologically relevant conditions (such 

as pH and %NaCl) to enable integration of NPs in biomedi-
cal uses.

This study presents the incorporation of natural ingredi-
ents in industrially adaptable Tollens’ method and determi-
nation of Ag-Ser NPs' stability limits. We believe informa-
tion gathered in this article could define the adaptability of 
Ag-NPs in biomedical applications.

2  Experimental section

2.1  Materials

Bombyx Mori silk cocoons were obtained from Kozabirlik 
(Bursa, Turkey) as a sericin source. Silver nitrate  (AgNO3, 
Merck™, 99.99%), ammonium hydroxide  (NH4OH, 
Merck™, 25% w/w), sodium hydroxide (NaOH, Merck™), 
d-(+)-maltose monohydrate (Merck™) were used as initial 
materials. Bovine Serum Albumin (BSA, Sigma-Aldrich™) 
and Bradford reagent (Bio Basic™) were used in experi-
ments as raw materials. Hydrochloric acid (HCl, Merck™, 
37% w/w) was used to adjust pH. Distilled water was used 
in all steps of the experimental procedures. All glassware 
equipment was immersed in 30% nitric acid (v/v) and rinsed 
with deionized water prior to use.

2.2  Sericin extraction

Initially, Bombyx Mori silk cocoons were cut into smaller 
pieces. Then, freshly sheared 4.5 g cocoon into 300 mL 
distilled water was autoclaved under the 1 atm pressure at 
121 °C for 1 h. After that, Sericin solution was vacuum fil-
tered through 2 µm filtering paper to remove any impurities 
[21].

2.3  Protein quantification analysis by Bradford 
Assay

1 mL of BSA solutions were prepared in various concentra-
tions of 0.0, 0.125, 0.25, 0.5, 0.75, 1.0 and 1.25 (mg/mL). 
Each cuvette contained 1200 μL of Bradford Reagent and 
20 μL of the protein samples. 3 cuvettes for each concentra-
tion were measured and the mean absorbance values were 
taken. Every cuvette was incubated 5 min before measuring 
absorbance at 595 nm. After quantifying all of the BSA solu-
tions, the isolated sericin samples were measured in unit of 
mg/mL.

2.4  Synthesis of silver nanoparticles via modified 
Tollens method

For synthesis, the modified Tollens method was employed 
by addition of sericin as a stabilizer [10]. Initially,  AgNO3 
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solution was mixed with necessary amount of NaOH (based 
on the pH) to obtain  Ag2O. Then, stoichiometric amount of 
 NH4OH was titrated to the mixture to obtain silver amine 
complex ([Ag(NH3)2]+). Extracted sericin solutions were 
added into the mixture containing silver amine complex, 
with concentration ranging from 10 to 25 µg/mL. Finally, 
maltose monohydrate solution was added to the mixture as a 
reducing agent. Final concentrations of reactants were: 1mM 
 AgNO3, (pH 11.5–11.8–12) NaOH, stoichiometric amount 
of  NH3(aq) (10–15–20–25 µg/mL) sericin and 10 mM malt-
ose in 200 mL solution Reaction components were added to 
the mixture in the mentioned order with vigorous stirring. 
Ag-Ser NPs were stored at + 4 °C under light-sensitive con-
ditions to avoid further agglomeration of particles.

2.5  ATR‑FTIR spectroscopy analysis.

FTIR spectra of the specimens were recorded at room tem-
perature in the mid-IR range (400–4000  cm−1) on a Bruker 
Alpha-p FTIR spectrometer equipped with a Bruker Plati-
num ATR accessory. Sample measurements were conducted 
on dry, lyophilized sericin powder. Each spectrum was taken 
over 12 scans with a resolution of 1  cm−1. Obtained results 
were analyzed using OPUS Software (Bruker Optics). For 
all experiments, Ag-Ser NPs synthesized with 1 mM  AgNO3 
and 25 µg/mL sericin at pH of 11.5 were used.

2.6  Nanoparticle characterization

The mean particle size of Ag-Ser NPs was recorded using 
particle size analyzer NanoFlex™ particle measurement 
device, based on the dynamic light scattering (DLS). All 
experiments were repeated three times prior to measure-
ment. JEOL JEM 2100 transmission electron microscope 
(TEM) operating at 200 kV, was used for morphological 
analysis of the synthesized Ag-Ser nanoparticles. Nano-
particle diameters were calculated using ImageJ processing 
and analysis software (version v1.52a) by measuring 100 
diameters of the particle from 3 different TEM images at 
15.000× magnification. Additionally, selected area diffrac-
tion patterns (SADP) were taken from TEM images to help 
the phase identification of the silver nanoparticles.

2.7  UV–Vis spectroscopy analysis

For investigate the stability of the NPs, the pH of NP sam-
ples was adjusted either by NaOH or HCl. Ag NP samples 
were mixed with different NaCl concentrations to prepare 
NaCl-NP suspensions ranging from 0 to 3% and 4 to 12% 
w/w. UV–Vis spectrums of pH and salt suspensions were 
recorded between 380 and 550 nm on BIO-RAD, Bench-
Mark™ Plus microplate reader, for 3 cycles with a resolution 

of 2  nm−1. All suspensions were left standing overnight in 
dark at 25 °C before measurements.

2.8  Zeta‑potential measurements

Zeta potential of nanoparticle solutions was measured 
using Litesizer™ 500 apparatus (Anton Paar). The zeta-
potential cuvette has a Ω-shaped capillary tube with an 
applied potential of 200 V at 25 °C. pH suspensions were 
prepared either by NaOH or HCL and shaken for 30 min 
before measurement.

3  Results and discussion

3.1  Extraction and analysis of sericin protein

Sericin was extracted from silk cocoons for further usage 
in Ag-Ser NP synthesis. Sericin protein can be extracted by 
heat, acids, and bases. The biological and physical properties 
of sericin can be affected by different extraction methods 
[21]. In this work, sericin has extracted by autoclaving for 
60 min at 0.1 MPa with a degumming rate of 18–25% of 
total cocoon mass. This process is selected among others 
due to its simplicity and not contain any further purification 
steps [22].

Sericin molecules show characteristic amide (I-II-III) 
peaks in the IR spectrum. Amide I peak generally corre-
sponds 1630–1650  cm−1 due to C=O stretching vibration 
whereas, N–H bending and C–N stretching vibration at 
1520–1540  cm−1 for amide II and C–N stretching vibration 
together with N–H in-plane bending at 1270–1230  cm−1 
for amide III [17, 23]. From FTIR measurements (Fig. 1) 

Fig. 1  FTIR spectra of freeze dried sericin powder
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amide (I–II–III) peaks were detected at 1652.8, 1530.7, and 
1249.4  cm−1, respectively. It is worth to mention that the 
amide I and amide II presents the major peaks in the spectra 
corresponding to C=O stretching. Thus, relative intensity of 
C=O peaks indicates extracted sericin structure abundantly 
contains highly hydrophilic carboxylate groups [17]. Moreo-
ver, absorptions at 1050 and 1391  cm−1 arise from C–H and 
O–H bending vibration and C–OH stretching vibration also 
indicates structure rich in hydroxyl chains [23].

Furthermore, amide bonds are the backbone of poly-
peptide chains thus, their absorptions in IR spectra could 
indicate molecular conformations and secondary structures 
of the proteins [23]. In a previous study, random coil struc-
tures were assigned to 1650  cm−1 for amide I, 1540  cm−1 for 
amide II and 1230  cm−1 for amide III [17]. As mentioned 
before, peaks that found at 1652.8, 1530.7 and 1249.4  cm−1 
may show, sericin protein consist of a high degree of random 
coils [24]. This molecular conformation may suggest that the 
sericin molecules have denatured and degraded due to high 
temperature-high pressure extraction method. Thus, abun-
dance of highly electronegative functional groups appeared 
on IR spectra, may produce an electrostatic barrier while, 
complex polymer structure provides a physical barrier to 
particle aggregation. Therefore, denatured sericin may be a 
promising stabilizing agent for nanoparticle synthesis.

3.2  (Ag‑Ser) nanoparticle preparation 
and evaluation of synthesis parameters

Silver nanoparticle synthesis by Tollens process involves 
three reactions; formation of silver oxide by dissolution of 
 AgNO3 in presence of NaOH (Eq. 1), alteration of silver 
oxide to silver amine complex (Eq. 2) and reduction of sil-
ver amine complex cation in alkaline media by a reducing 
sugar (Eq. 3).

In nanoparticle synthesis, size distribution, morphology 
and stability are dependent on concentration of reaction 
components, type of reducing and stabilizing agents [25]. 
During the reduction of silver complex, ammonium concen-
tration was remained same in all experiments since, excess 
 NH3 ions in solution surround the amine complexes where, 
fewer silver nuclei can be formed due to slower reaction 
kinetics. Consequently, the particle size prone to be larger 
[26].

(1)2AgNO3 + 2NaOH → Ag2O(s) + 2NaNO3 + H2O

(2)Ag2O(s) + 4NH3 + H2O → 2
[

Ag
(

NH3

)

2

]

OH

(3)
R − CHO + 2

[

Ag
(

NH3

)

2

]

OH → 2Ag(s) + 4NH3 + H2O + R − COOH

In addition to ammonium concentration, pH value of the 
solution is also a crucial parameter for the Tollens process. 
As the pH of the reaction environment increased above 12, 
thick silver layer forms on the glass surface. (see Supp. 
data) Consequently, particle production yield decreases. 
This phenomenon was also reported by S. Sangsuk [27]. 
In their work, sonication was applied in reaction system 
to avoid mirror formation. On the other hand, at pH val-
ues lower than 11.5 prolong reaction time from minutes 
to hours. Therefore, optimum pH values were determined 
between 11.5 and 12.

Particle size measurement results (Table  1) show 
that size distribution of Ag-Ser NPs was increased from 
20.23 ± 6.25 to 51.8 ± 23.01 nm from pH 11.5 to pH 12. 
Results are consistent with previous studies, in which 
at pH of 11.5, both mean particle size and distribution 
become narrower [26]. Remarkably, adjusting pH of syn-
thesis media to 11.5, provide both smaller average particle 
size and narrower standard deviation.

As for the sericin concentration (Table 2), the lowest 
particle size value (18.04 ± 6.03) were enabled via 25 µg/
mL sericin concentration. Results suggest that reaction 
time can be affected by stabilizer concentration together 
with pH of the solution. Moreover, controlling both param-
eters has a crucial role in synthesizing nanoparticles with 
optimum anti-bacterial activity since silver nanoparticles' 
anti-bacterial efficiency depends on their size [28].

3.3  TEM results and estimation of sericin coating 
on Ag‑Ser NPs

According to our TEM results (Fig. 2A,B), Ag-Ser NPs 
were consisted spherical particles with no indication of 
aggregation and each equiaxed spherical shaped particles 
have relatively same length. Additionally, on a single nan-
oparticle (Fig. 2B) orientation of different crystal planes 
are observed. Particle size histogram (Fig. 2D) of synthe-
sized nanoparticles present a relatively narrow distribution 
compared to other green synthesis methods and stabilizers 
[29, 30]. HRTEM image (Fig. 2C) presents Ag-Ser NPs 
have periodic lattice spacing of 0.23 nm, which consistent 

Table 1  Average particle sizes of synthesized Ag-Ser NPs at different 
pH conditions measured by Dynamic Light Scattering (DLS)

a  pH of solutions was measured before addition of maltose solution
b Concentration of sericin was kept same in all pH experiments 
(20 µg/mL)

pHa 11.5 11.8 12

Average particle  sizeb (nm) 20.23 ± 6.25 38.7 ± 14.5 51.8 ± 23.01
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with the characteristic plane of (111) for face-centered 
cubic (FCC) structure [31, 32].

SAED patterns (Fig. 3A,B) present a ring and spot dif-
fraction pattern which also indicates polycrystalline nature 
of Ag-Ser NPs [33]. However, we detected some highly crys-
talline particles which further prove the ripening of particles 
at the growth stage. Interplanar distances (dcalculated) of pat-
terns were found to be 2.33, 1.95, 1.37, 1.08, 0.85 and 1.04 Å 
which corresponds to (111), (200), (220), (222), (422) and 
(400) planes of face centered cubic structure (FCC) which 
is specific for Ag crystal structure [34, 35].

To investigate that the extracted sericin can encapsulate 
synthesized particles and stabilize the growth stage, TEM 
analyses were used. Transmission electron spectroscopy only 

provides particle images without the organic component due 
to the proteins' electron transparency [4]. Apart from the 
previous TEM images, Ag-Ser NPs synthesized at 50 µg/mL 
(Fig. 4) clearly shows that the presence of polymer which 
became visible with increasing sericin concentration. This 
phenomena was also seen in the collagen coated gold NPs 
where collagen seen as transparent of the TEM image [36].

3.4  Stability measurements of (Ag‑Ser) 
nanoparticles for biological platforms

UV–Vis spectroscopy provides significant information to 
determine particle properties by the collective electron oscil-
lations, known as surface plasmons, can be excited by the 

Table 2  Average particle sizes of Ag-Ser NPs at different sericin concentrations measured by dynamic light scattering (DLS)

a pH of the solution were kept at 11.5 for all experiments

Sericin conc. (µg/mL) 10 15 20 25

Average particle  sizea (nm) 30.86 ± 7.8  28.9 ± 7.41  20.23 ± 6.25  18.04 ± 6.03 

Fig. 2  A TEM image of synthesized Ag-Ser NPs synthesized at pH 
11.5, with 25 µg/mL sericin concentration (×40,000). B correspond-
ing HRTEM image of single nanoparticle (× 500,000). C At 500 nm 

range (×15,000). D Corresponding particle size distribution of 
Fig. 3C (16.03 ± 2.3 nm)
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incoming light. The oscillation frequency is strongly affected 
by the media's dielectric properties and the metal, particle 
size, and shape. Therefore, this technique displays distinctive 
absorption features in the spectrum according to change in 
particle properties [37, 38]. During the synthesis, the color-
less solution was changed to yellow then brownish-yellow. 
The color change indicates the formation of silver NPs. This 
phenomenon arises from absorption of wavelengths between 
380 and 450 by the silver NPs due to surface plasmon reso-
nance [12].

The stability of particles is strongly affected by surround-
ing environmental conditions such as pH and ionic strength 
[39]. Therefore, preserving the stability between the parti-
cles in different situations have crucial importance for the 
applicability of silver nanoparticles in biological systems 

where bio-availability, mobility, and anti-biocidal activity 
can be altered by aggregation of particles [40].

To evaluate the effect of pH on the stability of Ag-Ser 
NPs, the absorption spectra were analyzed for the detec-
tion of possible destabilization at biologically relevant pHs, 
from 8.5 to 4. In spectrums, absorbance at full maxima 
was significantly reduced at pH of 4.5 (Fig. 5). In litera-
ture, agglomeration mainly attributed by the occurrence of 
a second peak at the band between 500 and 600 nm [41]. 
Therefore, decrease in absorbance may be the consequence 
of either dissolution or precipitation.

To further investigate the behavior of nanoparticles at 
different pHs, Zeta-potential of Ag-Ser NPs were measured. 
Zeta potential is a quantitative parameter, which shows the 
charge difference between the nanoparticle surface and 
the surrounding medium [4]. At high ζ-values, the surface 
charge of particles is strong enough to overcome attraction 
forces (in this case, Van der Waals forces) [42]. Therefore, 

Fig. 3  SAED patterns of Ag-Ser NPs synthesized at pH 11.5, with 25 µg/mL sericin concentration. Patterns obtained from different particles 
showing crystallization degree of each individual particle (A, B). The inset of each pattern presents the respective pattern region

Fig. 4  TEM image of Ag-Ser NPs synthesized at pH 11.5, with 
50 µg/mL sericin concentration in 200 nm range, the inset shows the 
encapsulated nanoparticles

Fig. 5  A UV–Vis absorption spectrums of Ag-Ser NPs at different 
pH values and B enlargement of absorption spectrum at λmax for pH 
values between 8 and 4 (Ag-Ser NPs synthesized at pH 11.5, 25 µg/
mL sericin concentration)
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evaluating the surface potential could be a useful tool to 
understand the electrostatic stability of Ag-Ser NPs.

When synthesized nanoparticles have considerable 
positive or negative ζ-value (> ± 30 mV), repulsion forces 
between particles are supposed to be high. Thus, particles 
will not intent to be agglomerated [43]. In the nanoparti-
cle–sericin system, charge difference emerges from negative 
-oxo, -hydroxo, sulfide, and carbonyl groups from sericin 
coating and free  OH− ions in the solution environment [42].

At the start, synthesized particles have a ζ-value 
of  −  29.8 mV at a pH of 10 (Table 3). Besides, at a pH of 
7, ζ-value was − 27.7 mV. Such a high potential value at a 
pH of 7 indicates that the sericin alone can provide a nega-
tive charged electrostatic barrier to nanoparticles. Although 
no significant change was observed at alkaline conditions, 
ζ-values were decreased at acidic pHs, from − 27.7 to 
− 15.3 mV, approached zero. This hypothesis agrees with 
the isoelectronic point of sericin (3.6–4), where the protein's 
net charge becomes zero at pH of 7 [44].

Agglomeration is a reversible process, which can be 
defined as the formation of bigger precipitates by weak 
physical interactions [45]. In this case, agglomeration 
occurs rather than aggregation because sericin coating acts 

as a physical barrier even though the protective poten-
tial layer was decreased. Therefore, in alkaline pH values, 
when enough concentration of hydroxyl ion is present in 
the solution, particles can re-disperse (Fig. 6). These phe-
nomena also could be seen when a complex polymer with 
electronegativity such as casein [46] is used in nanopar-
ticle synthesis. Based on our experiments, it can be con-
cluded that the agglomeration and later precipitation of NP 
agglomerates is the main reason of decrease in absorption 
in pH spectrums (Fig. 6). Thus, pH 4.5 (ζ value =  − 15.3) 
is determined as a critical limit for the overwhelming elec-
trostatic forces between particles by attraction forces.

As for the comparison, synthesized NPs have higher 
surface potential than citrate stabilized nanoparticles 
(− 21.17  mV at pH 7) [47]. Besides, sodium dodecyl 
sulfate [48] (SDS) and cetyltrimethylammonium bro-
mide [49] (CTAB) coated NPs have the zeta potential 
of − 40 mV and + 34 mV, respectively. However, their 
active stabilization mechanism is only limited by electro-
static repulsion forces due to their amphiphilic structure. 
Results demonstrate that the Ag-Ser NPs have electro-
static stability between pH range of 5 and 9 with having 
ζ-value of − 27.7 mV at pH 7. Furthermore, Ag-Ser NPs 

Table 3  Zeta potential values of Ag-Ser NPs at different pHs varied from 4.5 to 10 (Ag-Ser NPs synthesized at pH 11.5, 25 µg/mL sericin con-
centration)

pH 4.5 5 6 7 8 9 10

ζ values (mV) − 15.3 − 21.3 − 24.5 − 27.7 − 26.9 − 28 − 29.8
Σ  ± 0.3  ± 0.2  ± 1  ± 0.5  ± 0.3  ± 0.8  ± 1.5

Fig. 6  A schematic illustration showing previously agglomerated Ag-Ser NPs at acidic pHs can electrostatically re-stabilize due to protection of 
steric forces
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are sterically protected since particles are agglomerated at 
a pH of 4.5 rather than aggregated.

3.5  Effect of NaCl concentration on colloidal 
stability of Ag‑Ser NPs

The stability of Ag-Ser NPs was assessed by mimicking the 
isotonic conditions at the addition of different NaCl concen-
trations. The absorbance of NP solutions with NaCl con-
centrations varying between 0 and 15% was measured. At 
concentrations between 0 and 3% NaCl (Fig. 7), Ag-Ser NPs 
show excellent stability with an initial blue shift from 418 to 
414 nm at 6% NaCl were observed.

Initial blue shifting by the addition of NaCl solution was 
explained by Li et al. [50]. In oxygenated conditions nano-
particle surface oxidizes hence, a  Ag2O surface forms. Later, 
the oxidized silver surface dissolves and releases silver ions. 
In electrolyte free NP suspensions, adsorption of  Ag+ ions 
on nanoparticle surface hinders the dissolution of the  Ag2O 
surface. In our case, the initial addition of NaCl (0.6%) 
quickly breaks the  Ag+ adsorption layer by the formation 
of AgCl. Thus, particles start to dissolve until the  Ag+ layer 
reforms. However, no change was observed between concen-
trations of 0.6 to 4% NaCl.

At higher NaCl concentrations (Fig. 8), the Ag-Ser NP 
spectrum 500–600 nm were extended, suggesting the for-
mation of aggregates [51], while the spectrum continued to 

blue shifting. In the light of these facts, our results indicate 
that when the salt concentration in solution is high enough, 
 Cl− ions with dissolved  Ag+ ions precipitate as AgCl 
between particles and promote the bridges that produce hard 
aggregates [42]. In short, a constant blue shifting occurs 
by the addition of NaCl can be explained by a decrease in 
the size of NPs, which nanoparticles start to dissolve in the 
presence of  Cl− ions. Moreover, based on our experiments, 
an NaCl concentration of 7% is critical for the aggregation 
of Ag-Ser NPs.

4  Conclusions

In this work, sericin was successfully integrated into Ag 
nanoparticle synthesis, and production parameters were 
optimized. Due to complex structure and high percent-
age of hydrophilic groups, sericin molecule provided both 
electrostatic and steric barrier for nanoparticles. Synthe-
sized Ag-Ser NPs have average particle size distribution of 
20.23 ± 6.25 nm at pH 11.5, 20 µg/mL sericin concentration. 
TEM results indicate that formed particles have spherical 
morphology and show characteristic (111) face-centered 
cubic (FCC) plane of silver. Colloidal stability of Ag-Ser 
NPs did not alter at pH range between 4.5 and 10 and 7% 
NaCl concentration. In contrast, synthesized nanoparticles 
were agglomerated when pH of the solution decreased to 

Fig. 7  A Normalized absorp-
tion spectrum of Ag-Ser 
NPs at NaCl concentrations 
varied from 0 to 3% after 
24 h and B representation of 
absorption spectrum at λmax 
(400 nm–430 nm) an initial 
blue shift was detected at NaCl 
concentrations between 0 and 
0.6% (Ag-Ser NPs synthesized 
at pH 11.5, 25 µg/mL sericin 
concentration)

Fig. 8  Normalized absorption 
spectrums of A Ag-Ser NPs at 
different NaCl amounts from 4 
to 12% after 24 h and B enlarge-
ment of absorption spectrum at 
λmax showing the constant blue 
shifting accompanied increase 
in absorbance at wavelengths 
between 450 and 600 nm (Ag-
Ser NPs synthesized at pH 11.5, 
25 µg/mL sericin concentration)
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4.5, which can be restored to previous state by increasing pH 
to higher values indicate that the steric stabilization between 
particles continue to act even though electrostatic stabiliza-
tion was decreased. From the results it can be concluded that 
the stable Ag-Ser NPs, synthesized with non-toxic ingredi-
ents can be a promising candidate for aseptic and therapeutic 
use.
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tary material available at https:// doi. org/ 10. 1007/ s00339- 022- 05568-z.
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