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Further study on particle size, stability, and
complexation of silver nanoparticles under the
composite effect of bovine serum protein and
humic acid
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Silver nanoparticles (AgNPs) are widely used due to their unique antibacterial properties and excellent
photoelectric properties. Wastewater treatment plants form a pool of AgNPs due to the social cycle of
wastewater. During biological treatment processes, the particle size and stability of AgQNPs change. We
studied the particle size changes and stability of silver nanoparticles in the presence of bovine serum
albumin (BSA) and humic acid (HA). The experimental results indicated that silver nanoparticles can
complex with the functional groups in BSA. For AgNP-BSA composites, as the BSA concentration
increases, the size of the silver nanoparticles first decreases and then increases. AQNPs can combine
with the amide, amino, and carboxyl groups in HA. As the concentration of HA increases, the particle
size and large particle size distribution of AgNPs increase. This increasing trend is more obvious when
the HA concentration is lower than 20 mg L™*. When HA and BSA exist at the same time, HA will occupy
the adsorption sites of BSA on the surface of AgNPs, and the AgNP-HA complex will dominate the
system. This study aims to provide key operational control strategies for the process operation of
wastewater treatment plants containing AgNPs and theoretical support for promoting water environment

rsc.li/rsc-advances

1. Introduction

Nanosilver's unique antibacterial properties and excellent
photoelectric properties make it widely used in textile
manufacturing, food production, medical industry, and other
fields.* This also leads to the enrichment of nanosilver in the
atmosphere, soil, and water."”> Water bodies are the final
destination for nanosilver.? Silver nanoparticles (AgNPs) enter
water bodies through sewage discharge, atmospheric dry and
wet deposition, and landfill leachate.* AgNPs that enter the
water environment usually do not exist permanently. They
collide with each other and aggregate under the action of the
Brownian motion of the water column, fluid motion, and
differential sedimentation.” Common surfactants, such as PVP
and citrate, can form a coating on the surface of AgNPs, which
will increase the surface charge of AgNPs and enhance the
stability of nanosilver colloids in water.® Dissolved organic
matter is also an important factor affecting the stability of
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improvement and economic development such as tourism.

AgNPs in water.” The proportion of functional groups in dis-
solved organic matter, such as non-polar aliphatic carbon,
aromatic carbon, and phenolic carbon, and the molecular
weight of dissolved organic matter affect the aggregation of
AgNPs by affecting the size of the nanoparticles.®

The suspended solids in wastewater can provide a large
attachment area for AgNPs, and hence, the AgNPs entering the
wastewater are adsorbed onto the suspended solids or precipi-
tate on the suspended solids in the form of colloids.®*** The
presence of a large amount of organic matter in sewage leads to
more obvious changes in AgNPs in sewage. Soluble microbial
products (SMPs) (mainly composed of humic acid (HA) and
protein) in sludge can capture AgNPs. Due to the complexation
of SMP and AgNPs, a large number of AgNPs accumulates on the
surface of the sludge floc.™* Dasgupta et al.'* have shown that
one or two protein molecules will bind to the sides or ends of
AgNPs. This process is related to the hydrophobic amino acids
in the protein. The larger the size of AgNPs, the larger the
binding constant of bovine serum albumin (BSA)-AgNPs.* Qiu
et al. found that the presence of HA can also enhance the
aggregation of AgNPs, which reduces the toxicity of AgNPs to
microorganisms in activated sludge.* However, HA increases
the sulfidation rate of AgNPs by increasing the surface area
available for vulcanization on the surface of AgNPs, which also
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reduces the toxicity of AgNPs to microorganisms in activated
sludge.™

Most of the existing research focuses on the impact of the
presence of AgNPs on the sewage treatment process, but there is
less research on the changes that occur during the sewage
treatment process. This study uses BSA and HA as simulants of
dissolved organic matter in sewage treatment plants and uses
the concentration levels in sewage treatment as a reference to
explore the changes in particle size and stability of AgNPs under
the individual and combined effects of the two situations,
summarize the complexation mechanism, and provide theo-
retical support and key operation control strategies for the
process operation of sewage treatment plants containing
nanosilver.

2. Materials and methods

2.1 Preparation of silver nanoparticles

Silver nitrate (AgNO;, CAS: 7761-88-8), trisodium citrate
(C¢HsNaz0,, CAS: 6132-04-3), sodium borohydride (NaBH,,
CAS: 16940-66-2), sodium phosphate monobasic (NaH,POy,,
=99%) and sodium phosphate dibasic (Na,HPO,;, =99.0%)
were obtained from Tianjin Kemiou Chemical Reagent Co., Ltd
(Tianjin, China). Bovine serum albumin (BSA, 96%, CAS: 9048-
46-8) and humic acid (HA, =90%, CAS: 1415-93-6) were
procured from Shanghai McLean Biochemical Technology Co.,
Ltd (Shanghai, China).

A certain amount of BSA was dissolved in 0.01 M phosphate
buffer solution (PB, pH 7.4), from which the BSA stock solution
of 2 g L' was prepared. There was 1.0 g of HA added to the
10 mM NaOH solution after continuous stirring on the
magnetic stirring apparatus for 30 min at a constant volume to
obtain 1 g L™" of HA stock solution. All the stock solutions were
kept in a refrigerator at 0-4 °C.

In the test, citrate-coated AgNPs were synthesized by
a chemical reduction method."® First, 0.5 mL of AgNO; (50 mM)
and 0.75 mL of CgH;Naz;0; (50 mM) were added to 100 mL of
distilled water at 45 °C, respectively. After thoroughly stirring,
10 mL of NaBH, (5 mM) was added dropwise to the mixture and
stirred at high speed for 30 min. A bright yellow and brown
solution was obtained, which suggested the formation of AgNPs
and was stored as the stock solution. The prepared AgNP colloid
from the water bath heating pot was ultrasonically oscillated for
20 min to prevent oxidation and aggregation.

2.2 Instruments and characterization

Transmission electron microscopy (TEM) was performed using
a JEOL-2010 (LaB6 filament) electron microscope at an accel-
erating voltage of 120 kV. Absorption spectral analysis was
performed using a UV-2501PC Shimadzu spectrophotometer
with 1 cm path length quartz cuvettes and a scanning range of
200-800 nm. The hydrodynamic diameter and zeta potential of
AgNPs were measured using a Malvern Zetasizer Nano S90 and
a ZETA-check instrument, respectively. The Fourier transform
infrared (FTIR) spectra were recorded using a Bruker TENSOR

37 in the 500-4000 cm™ ' range. Three-dimensional
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fluorescence spectra were measured and analyzed using an
RF-6000 machine.

2.2.1 Transmission electron microscope (TEM) imaging.
TEM samples were prepared by dropping a AgNP sol
(3.774 mg L") onto carbon-coated copper grids. The suspended
material on the TEM grid was allowed to dry before measure-
ment. The TEM images can explain the shape and dispersion
degree of AgNPs prepared in the solution."”

2.2.2 UV-vis spectrum wavelength scanning. The plas-
monic resonance effect of the electron cloud on the surface of
AgNPs leads to its unique characteristic absorption peak in UV-
vis wavelength scanning, and the peak type and absorption
intensity of the absorption peak are closely related to the
particle size, shape, and dispersion of AgNPs in the system.
Therefore, UV-vis spectroscopy is commonly used to determine
whether AgNPs exist in the system and to speculate on the shape
and structure characteristics of AgNPs. The variable BSA or HA
solution was added to the fixed amount of AgNP sol
(3.774 mg L"), and the content of BSA in the system was 0, 50,
100, 150, 300, 600, and 1000 mg L *, and the HA content was 0,
10, 20, 50, 100, and 150 mg L. The influence of BSA and HA on
the existence state of AgNPs was determined by studying the
change in the plasma resonance peak of AgNPs before and after
the addition of BSA and HA. Deionized water was used as
a blank control in all experiments.

2.2.3 Hydrodynamic diameter and zeta potential
measurements. For the charged amount of AgNPs at different
pH values (1-10), a value was measured every 30 s using a zeta
potentiometer, and the same sample was measured three times
and the average value was taken. At the same time, the zeta
potentials of the AgNPs were measured at different concentra-
tions of BSA and HA. Before the measurement, the pH values of
AgNP-BSA and AgNP-HA mixtures were adjusted to 4, 6, 9, and
2, 4, and 6, respectively, to study the charged amounts of the
mixtures under different pH conditions.

The size distribution of nanomaterials in the solution can be
determined using dynamic light scattering (DLS), which
provides the hydrodynamic diameter of nanoparticles and the
size distribution based on numbers. For each sample, five
measurements were performed using DLS at a laser wavelength
of 633 nm with an acquisition time of 20 seconds to obtain the
average hydraulic particle size and particle size distribution of
the AgNPs.

2.2.4 Fourier transform infrared (FTIR) spectroscopy. FTIR
spectroscopy of proteins helps study the changes in protein
secondary structure based on spectral shifts and changes in
protein amide bands.*® Fourier transform infrared spectroscopy
was performed to analyze the composition and content of the
main functional groups before and after adding BSA or HA. The
samples were freeze-dried for 48 hours in advance and then
fully ground with KBr in a ratio of 1:100.

2.2.5 Three-dimensional fluorescence spectroscopy (3D-
EEM). In this work, 3D-EEM is the most commonly used tech-
nique to study the conformational changes of proteins. It can
display the fluorescence information of samples more
comprehensively and analyze the conformational changes and
the composition of samples. It is a highly sensitive and selective

© 2024 The Author(s). Published by the Royal Society of Chemistry
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measurement method. The excitation wavelength (Ag,) of the
3D-EEM was set at 200-500 nm, the emission wavelength (Agn,)
was set at 200-550 nm, the scanning speed was 600 nm min~ ",

and the scanning gap was 5.0 nm.

3. Results and discussion
3.1 Characterization and analysis of AgNPs

The UV-vis wavelength scanning diagram is shown in Fig. 1(a),
in which it can be clearly seen that a strong absorption band is
formed at A,.x = 393 nm, which is consistent with the
absorption peak of the resonance of AgNPs at Ay = 390-
420 nm obtained in the literature. Meanwhile, the research
shows that the smaller the particle size of AgNPs, the more the
position of the outgoing peak of the absorption peak moves in
the direction of the decreasing wavelength, indicating that
AgNPs with a smaller particle size are prepared by the system.*’
As can be seen from the figure, the absorption peak of AgNPs
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prepared in this study is sharp and symmetrical, and the half-
peak width is small. According to the small half-peak width of
the maximum absorption peak and the symmetrical and strong
peak shape, the size distribution range of the prepared AgNPs is
more concentrated, and the uniformity is better. The results
indicated that the prepared AgNPs belonged to monodisperse
spherical AgNPs with a narrow and focused size distribution
range.*® By recording the TEM images of AgNPs coated with
citric acid (Fig. 1(b)), it can be found that the prepared AgNPs
are nearly spherical or elliptical, with a size between 5 and
25 nm, and have good dispersion stability among nanoparticles.
This is consistent with the form and dispersion of AgNPs
described by Pillai.**

DLS is the most common analytical method used for nano-
particle size estimation. The DLS analysis of synthesized AgNPs
is shown in Fig. 1(c). The hydrodynamic diameter of AgNPs is
20.5 nm, and the obtained value is well supported by the value
already reported in the literature.”
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(a) UV-vis absorption spectra of AgNPs. (b) TEM images of AgNPs. (c) Size distribution map of AgNPs. (d) Zeta potential of AgQNPs as
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It can determine the stability and zero-point potential of
nanoparticles with the help of the zeta potential, and the
measured charge on the surface of nanoparticles judges the
magnitude of interparticle repulsion. The variation in zeta
potential of AgNPs sols at different pH values was determined
experimentally. As shown in Fig. 1(d), when pH = 3.0, the AgNPs
had a |{| > 30 mV, indicating that the AgNPs at this time had
good stability performance in the system and a large number of
negative charges were gathered on the surface of the nano-
particles.”® With the increase in the pH of the solution, the zeta
potential value of AgNPs keeps decreasing, and AgNPs are
becoming increasingly stable in the system. When pH = 1.0-2.0,
the surface charge of AgNPs changes from positive to negative,
and the isoelectric point of AgNPs is presumed to be pH = 1.05;
at this pH, the surface positive and negative charges of AgNPs
are precisely equal, the morphology of AgNPs is the most
unstable, and the solubility is the smallest, the particles are
elementary to combine into larger aggregates because of van der
Waals. This conclusion is also consistent with the findings of
He et al.** The positive charge on the surface of AgNPs when pH
< 1.0 mainly due to the increasing concentration of H' in the
solution under a strongly acidic environment makes the AgNPs
adsorb a large amount of H' on the surface. The negative
surface charge is neutralized, which leads to a decrease in the
absolute value of the potential on the AgNP surface, and AgNPs
agglomerate in the solution.”

The characterization and analysis studies of the prepared
AgNPs using UV-vis spectroscopy, TEM analysis, DLS, and the
zeta potential method showed that the chemical reduction
method with NaBH, as the reducing agent and C¢HsNaz;O; as
the protecting agent could prepare AgNPs with a spherical
structure and a particle size of 20.5 nm. The AgNPs had good
interparticle stability. At the same time, the zeta potential
analysis of AgNPs showed that the environment more obviously
changes the existence state of the prepared AgNPs. The inter-
particle became extremely unstable and easily agglomerated in
a strongly acidic environment. Still, with the increase in the pH
of the solution, AgNPs were subsequently stabilized in the
solution, indicating that the prepared AgNPs were more suit-
able for maintaining good particle stability in weakly acidic and
alkaline environments.

3.2 Characterization and analysis of AgNP interaction with
BSA

Fig. 2(a) shows the evolution of the binding to the AgNPs in the
presence of BSA by variation in the spectral band and the
absorption intensity using UV-vis absorption spectra. As can be
seen in Fig. 2(a), the addition of BSA molecules led to the
formation of a new absorption band at 280 nm, which is the
absorption peak caused by the aromatic amino acid residues
(tryptophan and tyrosine) in BSA.>* With the increase in the
concentration of BSA solution, the absorption peaks of AgNPs
showed a red shift followed by a blue shift, a phenomenon
consistent with the UV results of Mbeta,” indicating that the
interaction between AgNPs and BSA both occurred and the
formed substances existed in solution as AgNPs-BSA complexes;*®
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moreover, the absorption intensity of AgNPs with the increase in
the BSA concentration showed a trend of increasing and then
decreasing, and the color-enhancing effect of the absorption peak
could be due to the addition of a low concentration of BSA
molecules, which induced Ag’ to form AgNPs with a smaller
particle size.” The main reason for the color reduction effect of
the plasmon resonance absorption peak of AgNPs may be that the
addition of a high concentration of BSA replaces the sodium
citrate molecules on the surface of AgNPs to some extent and
mosaics them on the surface of AgNPs in the form of inclusions,
forming AgNP-BSA complexes and making the AgNP content in
solution lower. This substitution of BSA molecules for sodium
citrate molecules on the surface of nanoparticles is also known as
the substitution hypothesis.*

To further determine the structural changes of the AgNPs by
adding BSA, we measured the pattern of electrophoretic
mobility with pH for different concentrations of BSA added to
AgNPs. Fig. 2(b) shows the zeta potential of AgNPs with varying
concentrations of BSA under other pH conditions. The zeta
potential is positive at lower pH and negative at higher pH. This
is because when pH = 4.0, the BSA molecules dissociate into
cations in the acidic environment and adsorb onto the surface
of AgNPs, making the AgNP surface positively charged. At the
same time, with the increase in BSA concentration, the charge
on the surface of AgNPs has a complex high and low variation,
which is due to the concentration of reactants, indicating that
the complex formed by BSA and AgNPs has less electrostatic
repulsion and a higher aggregation probability between the
particles.®® By increasing the solution pH, the effect of the
change in BSA concentration on the surface charge of AgNPs
decreased until the solution pH was increased to 9.0, and it can
be seen from the figure that the stability of AgNPs was negatively
correlated with the BSA concentration at this time, except for
the high concentration of BSA (1000 mg L"), indicating that in
an alkaline environment, the low concentration of BSA is more
favorable for the AgNPs in solution stability. Meanwhile, the
BSA molecules appeared in the alkaline environment.”® With
the increase in BSA concentration in the system, BSA in the
solution aggregated into large molecules that were difficult to
attach to the surface of AgNPs as encapsulants, thus leading to
decreased AgNP stability.

Meanwhile, the isoelectric point of BSA was found to
increase by calculation (from 4.80 to 5.36), indicating that the
complexation between the two after adding BSA to AgNPs led to
a change in protein conformation and a more spreading
structure. However, by changing the solution pH, the isoelectric
point of the AgNP-BSA complex formed after the interaction
between AgNPs and BSA could be calculated at pH = 5.36 & 0.2,
indicating that near the isoelectric point, the AgNP-BSA
complex could be precipitated as a precipitate, laying the
foundation for the subsequent study of AgNP and SMP at
different pH values.

Fig. 2(c) represents the IR spectra of BSA before and after the
interaction with AgNPs, from which it can be seen that the
individual BSA molecules are in the 1655 cm™*, 1540 cm™?,
1398 cm™ ', 1359 cm ™%, 1164 ecm ™Y, and 1072 cm ™ * bands, which
are the amide I band, amide IT band, and amide III band,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (a) Surface plasmon resonance absorption of different concentrations of BSA with AGNPs. [AgNPs] = 3.774 mg L%, a—g: [BSA] = 0, 50, 100,
150, 300, 600, and 1000 mg L™2. (b) Effect of different concentrations of BSA on the zeta potential of AGNPs. (c) Infrared spectra of AGNPs before
and after the interaction with BSA. (d) Effect of different concentrations of BSA on the average particle size of AgNPs.

respectively.®> After adding a certain amount of AgNPs, the
characteristic spectra of some functional groups drifted or
disappeared, and mainly: (i) the peaks of the protein-peptide
bonded amide I band drifted, from which it can be inferred that
-C=0 and C-N bonds are bonded to AgNPs; (ii) the C-H
stretching vibration and N-H bending vibration of the amide II
band drifted, which proved that they were also involved in the
complexation with AgNPs, but were not the functional groups
playing the primary role; (iii) the C-N stretching vibration
spectral peak of the amide III band basically disappeared, while
the C-N bending vibration spectral peak drifted, which showed
that the O and N atoms in the amide were more involved in the
complexation with AgNPs. Besides, the spectral peaks domi-
nated by the primary alcohol and carboxyl groups as well as the
spectral peaks of the amide band were weakened, indicating
that the functional groups that make the main contribution to
the complexation reaction of BSA with AgNPs are the amino
group, amide group, and carboxyl group, and the complexation

© 2024 The Author(s). Published by the Royal Society of Chemistry

of the two directly leads to a reduction in the a-helix content in
the secondary structure of the BSA molecule and induces the
denaturation of the protein molecule, which causes the
conformational change of BSA.*

The change in AgNP particle size after the interaction between
AgNPs and different concentrations of BSA can be seen in the
graph; with the step-by-step increase in BSA concentration, the
AgNP particle size showed a trend of decreasing and then
increasing (as shown in Fig. 2(d)). When the concentration of BSA
rose from 0 to 100 mg L™, the particle size of AgNPs in the system
decreased, and the particle size range increased, especially when
BSA = 100 mg L~ ". The average particle size of AgNPs decreased
from 39.3 nm to 18.9 nm, indicating that the addition of BSA
caused the system to produce more small-sized AgNPs, consistent
with the above-mentioned UV analysis results. The average
particle size of AgNPs in the solution increased to 75.5 nm, as the
concentration of BSA increased to 600 mg L™". Meanwhile, after
the reaction of AgNPs with 600 mg L' of BSA, the DLS

RSC Adv, 2024, 14, 2621-2632 | 2625
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experimental data showed that the particle size distribution of
AgNPs in the system was not uniform. This is because BSA
undergone a chemical reduction reaction with Ag’, forming small
nanoparticles present in the solution. At the same time, high
concentration of BSA promoted the aggregation of AgNPs,
resulting in the formation of micrometer sized particles present in
the solution.

Fig. 3 shows the three-dimensional fluorescence spectra of
BSA in the presence of 300 mg L' BSA and 0, 0.3774, 0.4718,
0.9435, 1.258, 1.887, 4.718, and 9.435 mg L' AgNPs. The three-
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dimensional fluorescence data and information before and
after the combination of BSA and AgNPs are shown in Table 1. It
can be seen from the figure that when there is no presence of
the solution AgNPs, BSA shows strong fluorescence intensity at
Agm = 275-445 nm and Az = 205-305 nm. When only
0.3774 mg L™ of AgNPs were added, the fluorescence intensity
in BSA showed a substantial decrease, indicating that AgNPs
had a burst effect on BSA, and this fluorescence phenomenon
indicated that AgNPs interacted with BSA, making the fluores-
cence intensity of BSA decrease.* Based on the changes in the
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Fig. 3 Three-dimensional fluorescence spectra of AgNPs with BSA at different concentrations. [BSA] = 300 mg L™%, a—h: [AgNPs] = 0, 0.3774,

0.4718, 0.9435, 1.258, 1.887, 4.718, and 9.435 mg L.
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Table 1 Results of 3D-EEM of bovine serum protein and silver nanoparticles

Concentration of AgNPs (mg L")

Peak position (Aex Aem ') (nm)

Stokes shift (nm) Fluorescence intensity (x10?)

0 225/335
0.3774 225/335
0.4718 225/335
0.9435 225/335
1.2580 225/335
1.8870 230/325
4.7180 230/325
9.4350 230/330

UV absorption spectra of BSA before and after the addition of
AgNPs at different concentrations, it indicates that a complex
was generated between AgNPs and BSA, which is a static burst,
and this result is consistent with the study of Xu et al**
However, when the concentration of AgNPs was increased to
0.4718 mg L, the peak fluorescence intensity of BSA suddenly
increased again, indicating that BSA may interact with AgNPs in
solution to form a new AgNP-BSA complex. It is expected that
this synthesized zeta potentials are consistent with the above-
mentioned analysis, indicating that the interaction of BSA
with AgNPs leads to protein conformational changes, causing
protein denaturation.
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3.3 Characterization and analysis of AgNP interaction with
HA

From Fig. 4(a), with the addition of HA, the absorption intensity
of AgNPs at 393 nm increased from 0.443 to 0.708 (HA =
20 mg L"), indicating that the bridging interaction (interpar-
ticle bridging) between HA and AgNPs led to the production of
larger particles;>*** meanwhile, with the increase in HA
concentration, the absorption peak of AgNPs at 400 nm was
gradually asymmetric, and the half-peak width increased, which
shows that the addition of HA has affected the existence of
AgNPs to some extent. The particles of AgNPs are no longer in
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Fig. 4 (a) Surface plasmon resonance absorption of different concentrations of HA with AgNPs. [AgNPs] = 3.774 mg L™, a—g: [HA] = 0, 5, 10, 20,
50,100, and 150 mg L. (b) Effect of different concentrations of HA on the zeta potential of AgNPs. (c) Infrared spectra of AgNPs before and after

the interaction with HA.
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the form of monodisperse spheres in the solution. The particle
size of AgNPs further increases with the increase in HA
concentration, and the particle size distribution of AgNPs
increases.***”

It can be seen in the graph of the zeta potential of AgNPs at
different concentrations of HA that the presence of HA
enhances the electronegativity of AgNPs. The surface potential
of AgNPs decreases from the initial —54.8 mV (pH = 6.0) to
—70.3 mV since HA is negatively charged®® and can attach to the
surface of AgNPs. At the same time, the AgNP-BSA complex is
polymeric, larger than BSA, and may be much smaller than the
incident wavelength, so that under the given conditions, the
fluorescence intensity was enhanced.** When the concentration
of AgNPs was increased to 1.887 mg L™, the excitation wave-
length was red-shifted. The emission wavelength was somewhat
blue-shifted, indicating that AgNPs are present among the
fluorescent groups in the vicinity of BSA. The interaction
changes the microenvironment of the fluorescent group near
BSA, making the protein molecule more inclined to the folded
state and the o-helix content reduced.’* Meanwhile, the UV
spectra of the reaction of different concentrations of AgNPs with
BSA and the presumed changes in HA indicates the presence of
many phenolic hydroxyl and carboxyl groups and other nega-
tively charged functional groups, and hence, the AgNPs exhibit
strong electronegativity. From Fig. 4(b), it can be seen that at the
same pH, a low concentration of HA has a more significant
effect on AgNPs, probably because a small amount of HA can be
adsorbed onto the surface of AgNPs. Still, with the increase in
HA concentration, the adsorption on the surface of AgNPs rea-
ches saturation. At this time, the change in HA concentration
has little effect on the surface potential of AgNPs, which is
consistent with the report of Wu et al.*® At pH = 2.0, after
a small amount of HA was added to AgNPs, the surface of AgNPs
was positively charged at this time, mainly because HA is
insoluble in strong acids. The HA in the solution was easily
precipitated in the form of a suspension and neutralized with
the charge carried by AgNPs; the surface of AgNPs was positively
charged.*®

The FTIR spectra of organic functional groups on the surface
of HA and AgNPs-HA are shown in Fig. 4(c), with different wave
number assignments to the spectral bands.** HA alone offers
a wider absorption band at 3133 cm ™', mainly assigned to the
stretching vibrations of O-H and N-H, while the absorption
bands located at (1) 2828, (2) 2360, (3) 1603, (4) 1398, and (5)
1125 are ascribed to (1) the stretching vibrations of C-H struc-
tures in lipid carbon chains, (2) carboxylic acid-OH stretching
vibrations, (3) stretching vibrations of conjugated C=C or H-
bonded carbonyl C=O0, (4) bending vibrations in the -OH
plane of alcohols or phenols, and (5) stretching vibrations of C—
OH; while the absorption bands located at 880 cm ' and
773 ecm™ " are mainly attributed to the bending vibrations of
C=C in the benzene ring.*> Comparing the FTIR spectrograms
after the interaction with AgNPs, it can be seen that the
composition of HA and AgNP-HA functional groups did not
change significantly, they both contain hydroxyl, phenolic, and
carboxyl groups and alcohol groups, but the difference is that -
OH is located at 3133 cm ™%, and the C=C and C=0 bands at
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1603 cm ' are drifted, and the conjoined ~OH, amino and
spectral peaks of the stretching vibration of -OH in carboxylic
acid weakened, indicating that the main functional groups of
HA-adsorbed AgNPs are hydroxyl, amino, and carboxyl groups,
and the carboxyl group in HA and the hydroxyl group of the
aliphatic group adsorbed on the surface of AgNPs and com-
plexed with AgNPs, which is consistent with the results of Hao
et al.®

3.4 Characterization and analysis of AgNP interaction with
BSA and HA

As shown in Fig. 5(a), the wavelength scan of AgNPs interacting
with BSA at a specific concentration and adding different
concentrations of HA shows that a small amount of HA changes
the reaction state between AgNPs and BSA. With the increase in
HA concentration, the absorption peaks at the positions of
AgNPs and BSA gradually disappear. The peaks at both places
show an increasing trend to produce color enhancement. The
addition of HA changed the presence of AgNPs and BSA in the
solution: (i) there was competition between HA and BSA, and
the addition of HA robbed the adsorption position of BSA on the
surface of AgNPs, so the summit of BSA increased with the
increase in HA concentration; (ii) a complex was formed
between HA and BSA, and HA wrapped around the surface of
BSA, masking the interaction of BSA with AgNPs in the solution,
thus making the absorption summit of BSA gradually
disappear.*

A comparison of Fig. 5(b) shows that the zeta potential of
AgNPs at different pH values changes to a large extent after the
addition of different concentrations of HA. At pH = 4.0, the zeta
potential on the surface of AgNPs decreased to a certain extent
after the simultaneous addition of BSA and HA compared to the
AgNP-BSA solution without the addition of HA. The degree of
zeta potential decrease was more significant with the increase in
HA concentration, and the potential on the surface of AgNPs
decreased from 18.3 mV to —4.2 mV when the HA concentration
was 150 mg L. The reason was that the excess addition of HA
neutralized most of the positive charges on the surface of
AgNPs; at this time, HA dominated in the solution, indicating
that HA replaced the BSA molecules on the surface of AgNPs as
a stabilizer wrapped around the surface of AgNPs.* It was found
through experimental studies that with the gradual increase in
solution pH, when pH = 6.0, the continued addition of HA in
the AgNP-BSA solution increased the |{| of AgNPs with the
increase in HA concentration, which stabilized the AgNPs in the
solution. When the solution pH is alkaline, it can be seen by
comparison that a small amount of HA addition could make the
AgNPs in the solution more stable, and the stability of AgNPs
does not fluctuate with the increase in HA concentration,
indicating that the surface charge of AgNPs was little affected by
the change in HA concentration.

The reason for the appearance of a significant difference in
the surface charge and stability of AgNPs is the change in HA
concentration in different solution environments. This is
because in acidic environments, most of the BSA in solution is
positively charged, and it adheres to the surface of AgNPs.** At

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 (a) UV-vis spectra of AQNP—BSA complexes with different concentrations of HA. [AgNPs] = 3.774 mg L2, [BSA] = 300 mg L%, a—g: [HA] =
5,10, 20, 50, 100, and 150 mg L. (b) Effects of different concentrations of HA on the zeta potential of AQNP—BSA complexes. (c) Infrared spectra

of AgNP-BSA before and after HA addition.

the same time, HA enters the solution with a large amount of
negative charge, partly neutralized with BSA and partially
adsorbed on the surface of AgNPs, thus changing the change-
ability of AgNPs to some extent and maintaining the system's
stability. With the increase in solution pH, when the solution is
neutral, at this time the solution pH is close to the solution pH
of the prepared and obtained AgNPs, while HA can still be
adsorbed on the modified nanoparticles via hydrophobic
interactions, so the concentration of HA addition is positively
correlated with the stability and surface charge of the AgNP
amount.*® The concentration of HA does not have a significant
effect on the stability of AgNPs in an alkaline environment
mainly because the prepared AgNP solution has excellent
stability in an alkaline environment. A large amount of BSA will
aggregate into macromolecules and reduce the stability of the
system, but the addition of HA will limit the dissolution and
aggregation of AgNPs by improving the charge on the particle
surface in the solution,* thereby improving the stability of the
system.*®

The FTIR spectra of AgNPs with BSA or HA and AgNPs under
the dual action of BSA and HA are shown in Fig. 5(c), where the

© 2024 The Author(s). Published by the Royal Society of Chemistry

concentration of BSA is 300 mg L', and the concentration of
HA is 100 mg L *. The comparison of the FTIR spectra of AgNPs
under the dual action of BSA and HA and with the movement of
BSA and HA alone shows that the absorption peak at 1398 ecm ™,
while the absorption intensity of the C-O stretching vibration
spectral peak at 1398 cm™' decreases, and the spectral peak
caused by the stretching vibration of O-H and N-H at
3133 cm ' disappears, which proves that the joining-OH and
C-O bonds are involved in the complex reaction between HA
and BSA and dominate the response.”” The comparison of the IR
spectra of the interaction with AgNPs and BSA after the addition
of HA revealed that the enhancement of the spectral peaks
assigned to the C=0O0 stretching vibration in the amide I band at
1655 cm™ ' and the C-OH stretching vibration at 1164 cm ™" and
1072 cm™ " was due to the conjugation effect between C-OH,
C=0, and HA, which increased the s component in the carbon
atom hybridization orbitals. In comparison, it was found that
the antisymmetric stretching of C(=0), in the amide II band
(COO-) led to an increase in the vibrational frequency of the
spectral peak of the carboxyl group at 1540 cm ™. It is symmetric
stretching at 1360 cm ™' and deepens the peak valley between
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1255 and 1530 cm ™' due to the complexation of most carboxyl
anion groups with nanoparticles through covalent bonds. Thus,
the binding of BSA and AgNPs is tighter than that with HA.

4. Conclusions

This study used BSA and HA as simulants of dissolved organic
matter in sewage treatment plants and used the concentration
levels in sewage treatment processes as a reference to explore
the changes in particle size and stability of AgNPs under the
individual and combined effects of the two situations, the
conclusion is as follows:

AgNPs can complex with the amino group, amide group, and
carboxyl group in BSA to form AgNP-BSA complexes. With the
gradual increase in BSA concentration, the particle size of
AgNPs showed a trend of first decreasing and then increasing.
When the concentration of BSA is 0-100 mg L', the particle
size of AgNPs in the system decreases. This is because the low
concentration of BSA promotes the formation of Ag" in the
system to form AgNPs. When the BSA concentration continues
to increase, the presence of BSA promotes the aggregation of
AgNPs, resulting in an increase in the size of AgNPs in the
system. The hydroxyl, amino, and carboxyl groups in HA can
combine with AgNPs to form the AgNP-HA complex. As the HA
concentration increases, the particle size and particle size
distribution of AgNP particles increase. The hydrophobic group
in HA enables it to better maintain the stability of silver nano-
particles in an acidic environment. When HA and BSA exist at
the same time, HA will occupy the binding site between BSA and
AgNPs or be wrapped on the surface of BSA, so that AgNP-HA
dominates the system.

Exploring the interaction between AgNPs, proteins, and HA
is an important basis for studying the migration and trans-
formation of AgNPs in wastewater. In the future, more in-depth
research is needed on the particle size, morphology, and
complexation mechanism of AgNPs in order to prevent AgNPs
from entering the aquatic environment and achieve ecological
restoration.
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