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ABSTRACT: Human beings have made significant progress in the '\\ N o
medical field since antibiotics were widely used. However, the RN 4 L, B Saas
consequences caused by antibiotics abuse have gradually shown their \\\ Stod | Lo
negative effects. Antibacterial photodynamic therapy (aPDT) has the (G N '[\':*NLLI'-/] -

ability to resist drug-resistant bacteria without antibiotics, and as it is 25
increasingly recognized that nanoparticles can effectively solve the #ﬁ' =

deficiency problem of singlet oxygen produced by photosensitizers, the :ﬁc ‘

application performance and scope of aPDT are gradually being L %Q
expanded. In this study, we used a biological template method to 2

reduce Ag' to silver atoms in situ with bovine serum albumin (BSA) -

rich in various functional groups in a S0 °C water bath. The #Bacteria L Light AgNPs Ag*
aggregation of nanomaterials was inhibited by the protein’s multistage
structure so that the formed nanomaterials have good dispersion and
stability. It is unexpected that we used chitosan microspheres (CMs)
loaded with silver nanoparticles (AgNPs) to adsorb methylene blue (MB), which is both a pollutant and photosensitive substance.
The Langmuir adsorption isothermal curve was used to fit the adsorption capacity. The exceptional multi-bond angle chelating
forceps of chitosan make it have a powerful physical adsorption capacity, and dehydrogenated functional groups of proteins with
negative charge can also bond to positively charged MB to form a certain amount of ionic bonds. Compared with single
bacteriostatic materials, the bacteriostatic capacity of the composite materials adsorbing MB under light was significantly improved.
This composite material not only has a strong inhibitory effect on Gram-negative bacteria but also has a good inhibitory effect on the
growth of Gram-positive bacteria poorly affected by conventional bacteriostatic agents. In conclusion, the CMs loaded with MB and
AgNPs have some possible applications in the purification or treatment of wastewater in the future.

< Photosensitizer(PS) ® Oxygen free radical Chitosan

B INTRODUCTION certain effect on the cell membrane of bacteria and even
changes the physiological activity of bacteria by entering
bacteria.'* " In the existing research, the key of aPDT is the
content of oxygen-free radicals produced by photosensitizers.
The insuflicient generation of oxygen-free radicals is the main
barrier to the wide application of aPDT.

Nanomaterials have been extensively applied in various
industries due to their many superior characteristics.”’ ~** The
combination of metal nanoparticles and biological preparation

. . ) . technology has an extraordinary significance in the medical
some innovative and effective methods or materials are needed 8y s

, ) . ) field, which is green and has better performance.”””**

to deal with these diseases caused by drug-resistance bacteria. . a4 . s
) . o 1114 Nanomaterials exhibit great bactericidal ability to drug-

Photodynamic therapy (PDT) is a promising therapy;

under light irradiation, photosensitizers are excited to produce
free radicals, and free radicals will produce singlet oxygen in
the presence of oxygen. Singlet oxygen has certain cytotoxicity
to the target due to its super oxidation.” Antibacterial
photodynamic therapy (aPDT) is a photodynamic therapy
for drug resistant strains, which is used to kill or eliminate
pathogens.'°™"'® Because of their strong oxidation, they have a

In recent decades, antibiotics and antibacterial medications
have made remarkable progress in the treatment of a variety of
diseases, which has greatly promoted the development of
medical field."”” However, the recent increase in the prevalence
of antibiotic-resistant strains has become a big headache.”*
The continuous evolution of drug-resistant strains will have a
great impact on medical field or will render the current medical
methods ineffective or weak.” '® Under these circumstances,
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resistant bacteria by bypassing the traditional bactericidal
mode of antibiotics.”® Ivask’s research®® shows that the
physical properties of AgNPs have specific toxicity to
Escherichia coli (E. coli). According to a majority of
researchers,> ™’ the antibacterial mechanism is that AgNPs
can adhere to cell walls and membranes, damage their
structures or components, and cause bacterial eradication.
Nanomaterials are powerful tools for humans to kill pathogens
by targeting bacterial cell membranes and penetrating
bacteria.”® Nanomaterials loaded with antibiotics have strong
bactericidal activity, which can inhibit the formation of the
bacterial biological membrane and overcome antibiotic
resistance.”” Gu et al.*’ bonded more than 60 vancomycin
antibiotics on gold nanomaterials through Au—S bond. It has
been discovered that although individual antibiotics are
ineffective against Escherichia coli strains, they are effective
when the antibiotics have been bound to nanomaterials. In this
regard, nanomaterials show great prospects in replacin
antibacterial agents and improving the efficacy of antibiotics.’

With the further research, it is found that the introduction of
nanomaterials in aPDT can compensate for the absence of
oxygen-free radical emission.’ At the same time, it can
considerably improve the overall antibacterial performance of
the system. On the one hand, nanomaterials can be used as
carriers to improve their targeting in the aPDT process. On the
other hand, they can also promote the photolysis of
photosensitizers, release more singlet oxygen, improve
cytotoxicity, and enhance the therapeutic effect of
aPDT.”™* Chen’s results*® show that silver nanoparticles
combined with the photosensitizers will be oxidized to silver
ions in the presence of light. Simultaneously, the photo-
sensitizers will release more singlet oxygen, and interactions
between photosensitizers and AgNPs can increase the
antibacterial effect. In the study of Khoza and Nyokong,*’
the singlet oxygen output of phthalocyanine was increased after
the combination of zinc tetra amino phthalocyanine and
AgNPs under the same light.

However, the traditional preparation methods of AgNPs
require a lot of chemical reagents that could not be recycled,
which leads to some waste. In this research, AgNPs were
synthesized using a biological template approach after
evaluating numerous approaches. BSA as the template
stabilizes the AgNPs against aggregation and serves as an
anchoring point for the forming AgNPs. AgNPs@BSA created
by mixing the BSA and fresh silver ammonia solution was
loaded onto chitosan, and they were dipped into the organic
dye solution to absorb MB, which is not only an organic dye
waste but also a photosensitizer. In this way, the waste
methylene blue was adsorbed by AgNPs@BSA/chitosan and
was used as a photosensitizer in aPDT to make the composite
material play a highly effective antibacterial effect. In
comparison to the single material, chitosan-loaded AgNPs
and MB will exhibit enhanced antibacterial characteristics. This
antibacterial effect is different from that of traditional
antibiotics. It will not make bacteria resistant and may also
have a certain disinfection and sterilization effect on drug-
resistant bacteria.

B EXPERIMENTAL SECTION

Materials. Bovine serum albumin (bioanalytically pure),
chitosan, silver nitrate, ammonia water, sodium hydroxide,
acetic acid, glycerine, methylene blue, and 1,3-diphenyliso-
propyl furan (analytically pure) were directly purchased; The

strains of Escherichia coli and Staphylococcus aureus are gifts
from Colleague Dr. LI in the laboratory. The water used in the
experiment was deionized water.

Synthesis of AgNPs. The method reported in the
literature was modified. 48 AgNPs were prepared by using
BSA instead of the traditional reductant sodium borohydride,
while converting the silver nitrate solution into silver ammonia
solution. AgNO;(0.063 g) was dissolved with a small amount
of water. Then, concentrated ammonia water was added; the
solution initially appeared turbid but eventually became clear
as the concentrated ammonia was added. The final
concentration of the silver ammonia solution was SO mmol/
L after it was placed into a 25 mL volumetric flask and filled to
constant volume. Following this, 20 mL of the solution was
added into a 50 mL beaker. 0.25 g of BSA was dissolved in 25
mL of deionized water and mixed evenly. The prepared BSA
and silver ammonia solutions were incubated in water at 50 °C,
respectively. Subsequently, they were mixed and incubated in
water for another 90 min at 50 °C. The solution that turned
yellow green was the AgNPs@BSA that we needed. After
allowing to stand for 24 h, AgNPs@BSA turned into an orange
yellow solution; then, they were stored at 4 °C.

Synthesis of AgNPs@BSA/Chitosan Materials. 2 g of
chitosan powder was added to 100 mL of 3% (v/v) glacial
acetic acid solution, which was then thoroughly dissolved in
the mixture, and then, 1 mL of glycerine was added, while
being stirred. After stirring and dissolving, the solution was
allowed to stand until the whole solution was transparent and
chitosan material was obtained.

To obtain AgNPs@BSA/chitosan material (1:1), first, 20
mL of chitosan material was combined with 20 mL of the
manufactured AgNPs@BSA; then, this mixture was stirred for
30 min.

Preparation of CMs and AgNPs@BSA/CMs. Separately,
the chitosan solution and the AgNPs@BSA/chitosan solution
were placed into the syringe. Using a microinjection pump, the
syringe was squeezed at a speed of 2.5 mm/min to slowly
inject the solution into 2.0 mol/L NaOH, while continuously
stirred to produce milky white microspheres, and then
repeatedly rinsed with deionized water to bring the pH value
of the microspheres to neutral. After being submerged in a tiny
amount of deionized water, the microspheres were then chilled
for 24 h at 4 °C to harden them into milky white CMs and
light-yellow AgNPs@BSA/CMs.

Standard Curve of MB. To create a solution with a
concentration of 1 X 107 mol/L, 0.0030 g of MB was
dissolved in 10 mL of deionized water and kept out of the light.
Thirty groups of MB solutions with concentration gradients of
1 X 107°=1 X 1072 mol/L were created at this concentration.
A solution of 2 mL from each group was added to the cuvette,
and its absorption value at 664 nm was detected using a UV—
visible spectrometer. Deionized water was used as the blank
control.

The standard curve was drawn using concentration (c) as
the abscissa and absorbance (A) as the ordinate. The
regression equation of A and c¢ as well as the correlation
coefficient (r*) was found by linear fitting the data with the
least square method.

Effect of Concentration on MB Adsorption. 2 mL of
MB solution was added to a 5 mL centrifuge tube. Each
centrifuge tube was then filled with 5 AgNPs@BSA/CMs, each
with a consistent particle size and mass of 0.025 g. By using an
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Table 1. Factors of Different Experimental Conditions in Bacteriostasis Test

A

time 1¢ 2 3¢
1(6h) All A2l A3l
2 (12 h) AL2 A2 A32
3 (18 h) Al3 A23 A33
4(24 1) Al4 A24 A34
5 (30 h) AlS A2S A3S
6 (36 h) Al6 A26 A36
7 (42 1) Al7 A27 A37
8 (48 h) A8 A28 A38

B
4% 14 27 3¢ 47
A41 B11 B21 B31 B41
A42 B12 B22 B32 B42
A43 B13 B23 B33 B43
Ad44 B14 B24 B34 B44
A4S B1S B2S B35 B45
A46 B16 B26 B36 B46
A47 B17 B27 B37 B47
A48 B18 B28 B38 B48

“1 represents S CMs, 2 represents 5 MB/CMs, 3 represents 5 AgNPs@BSA/CMs, and 4 represents S AgNPs@BSA@MB/CMs.

UV—visible spectrophotometer, the ODg, of MB was
determined.

The corresponding MB concentration can be obtained
through the regression equation of the standard curve. The
average of the three results for each group was then used as the
experimental data. The adsorption capacity of MB on the
medium, g, (mmol/g), can be calculated using formula (1).

q,=(Co—C)/mxV (1)

C, and C, were the initial and equilibrium concentrations of
MB concentration (mmol/L), respectively. V is the volume of
solution (L), and m is the mass of the particles (g).

The material adsorbing MB was AgNPs@BSA@MB/CM,
which can be used in the following study.

Characterization. A UV—vis spectrophotometer (V-560,
Jasco Company in Japan) was used to measure the absorption
spectra of the solution of silver nitrate, BSA, and AgNPs@BSA,
respectively. With 280 nm as the excitation wavelength, the
fluorescence emission spectra of the aforementioned materials
were measured using a fluorescence spectrometer (FP-6500,
Jasco Company in Japan). The size and potential of materials
were detected using dynamic light scattering and a zeta
potentiometer (NanoBrook 90plus zeta). The morphology of
AgNPs@BSA@MB/CMs was studied using SEM (ZEISS
Gemini 300) and TEM (FEI Tecnai F20). The crystallinity
and phase of AgNPs@BSA@MB/CMs were characterized by
XRD (Rigaku SmartLab SE).

Bacteriostatic Effect. E. coli (group A) and S. aureus
(group B) stored at —80 °C were inoculated in LB medium at
37 °C for 12 h in a constant temperature shaking chamber.
The bacterial solution was adjusted to a fixed value; that is, the
ODgq of the solution was 0.6 and then stored at 4 °C after
1000 times dilution. 20 uL of bacteria solution of E. coli and S.
aureus was inoculated into the tubes containing 3 mL of LB of
groups A and B, respectively. In the experiment, different types
of CMs were placed in group Al and group A2, respectively,
and 8 parallel experiments were set up in each group as
displayed in Table 1 for detailed classification. Finally, ODg
was measured every 6 h until 48 h. There were three parallel
tests given to each group. The matching tagged bacterial
solution was obtained every 6 h to measure ODy, while the
four sets of samples were incubated at 37 °C in a constant
temperature oscillation chamber.

Effect of Light on Bacteriostasis of Materials. The
experimental procedure mentioned above was repeated.
Following preparation, four groups of samples were irradiated
for 20 min using a xenon lamp in ice water solution. Four

groups of samples were incubated in a constant temperature
shaker incubator at 37 °C, and ODg,, was measured every 6 h.

Effect of Light Time on the Bacteriostatic Effect of
Materials. The experimental samples for group A were placed
into 9 test tubes, each containing 3 mL of LB liquid culture
medium, 20 uL of E. coli , and 5 AgNPs@BSA@MB/CMs. S.
aureus was added to group B in place of E. coli. These test tubes
were irradiated for 0, 10, 20, 30, 40, 50, 60, 90, and 120 min in
the same xenon lamp lighting, respectively (three parallel tests
for each group). All samples were incubated in a constant
temperature shaker at 37 ° C for 12 h, and their ODgy, was
measured.

Effect of Material Composition on the Antibacterial
Effect of Materials. A test tube was filled with 3 mL of
growth medium and 20 pL of either E. coli or S. aureus (groups
A or B), which were then labeled with the relevant group
numbers. As a control, five CMs were introduced to A1(B1),
five MB/CMs were applied to A2(B2), and five AgNPs@BSA/
CMs were put to A3(B3). A4(B4) was added to five AGNPs@
BSA (1:1) @MB (1 X 107%)/CMs. A5(B5) was added to five
AgNPs@BSA (1:1) @MB (5 X 107°)/CMs. A6(B6) was
added to five AgNPs@BSA (1:1) @MB (1 X 107*)/CMs.
A7(B7) was added to five AgNPs@BSA (1:3) @MB (1 X
107*)/CMs. A8(B8) was added to five AgNPs@BSA (1:2) @
MB (1 X 107*)/CMs. A9(B9) was added to five AgNPs@BSA
(2:1) @MB (1 x 107*)/CMs. For each group, three parallel
tests were run. All samples were exposed to a xenon lamp for
20 min after being incubated for 6 h in a constant temperature
shock chamber. Then, 100 uL of each bacterial solution was
spread on a solid medium and incubated in an incubator at 37
°C for 24 h. Finally, the number of colonies on the Petri dish
was recorded through a colony counter.

Release of Ag*. Each of ten AgNPs@BSA/CMs and
AgNPs@BSA@MB/CMs were placed in 4 mL of deionized
water for 24 h, respectively. ICP-OES (Agilent 72SES(OES))
was used to determine the amount of Ag" in deionized water.
The control was deionized water containing CMs. The next
step was to confirm if light affects the release of Ag" by a series
of contrast experiments in the dark and in the light.

Release of Singlet Oxygen. The singlet oxygen release
rate was determined using the modified approach.*’ In the
experiment, the probe 1,3-diphenylisophenylpropanefuran
(DPBF) was chosen. The fluorescent probe DPBF can
sensitively and effectively react with singlet oxygen before
converting into 1,2-diphenylbenzene very soon. As a result, the
amount of oxygen-free radicals emitted can be inferred
indirectly from the decrease in DPBF absorbance. In a dark
environment, 20 uL of DPBF at a concentration of 1000 ppm
in dimethyl sulfoxide (DMSO) was prepared, and then, it was

23000 https://doi.org/10.1021/acsomega.3c02111
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Figure 1. Characterization of the materials of AgNPs@BSA. (a) Ultraviolet spectra of silver nitrate (solid red line), BSA (solid blue line), and
AgNPs@BSA (solid black line), and the fluorescence spectra of AgNPs@BSA (dotted red line). The illustration is of AgNPs@BSA under
fluorescent lamp (left) and ultraviolet lamp (right). (B) XPS of AgNPs@BSA. Here, the 3d;/, and 3ds/, peaks of Ag is illustrated. (c) DLS of
AgNPs. The scales of SEM of AgNPs@BSA are 2 ym (d) and 500 nm (e) respectively. (f) XRD of AgNPs@BSA. (g) TEM of AgNPs@BSA. (h)
SAED of AgNPs@BSA. (i) Potential changes of the MB absorption of CMs and photolysis reaction.

added to the cuvette containing 2 mL of MB solution. In order
to rule out the self-degradation of DPBF itself, a blank control
group without MB was also created. The absorption spectra
were measured after the solution was exposed to a 600 nm
xenon lamp for every two minutes. By calculating the decrease
of DPBF absorbance over time, the release rate of singlet
oxygen produced by MB was determined. When AgNPs were
added to MB based on the results of the previous studies, the
previous experiment was repeated in order to determine the
impact of AGNPs@BSA on the release of singlet oxygen from
MB.

B RESULTS AND DISCUSSION

Preparation of the AgNPs@BSA. The traditional
preparation method of silver nanoparticles is to reduce silver
nitrate by using sodium borohydride as the reducin§ agent and
adding a certain capping agent. Gebregeorgis et al."* developed
a method in which BSA is used to replace the traditional
capping agent, so AgNPs are reduced in situ on the multi-level
structure of the protein. In this experiment, the method was

23001

further modified. Through the use of concentrated ammonia
water, silver nitrate is converted to silver ammonia solution,
and then, Ag" and various functional groups (such as —NH,
—OH, and —SH) of BSA are directly reacted’’ in a water bath
at 50 °C using the biological template method to form AgNPs
without sodium borohydride. The multi-level structure of the
protein serves as a barrier to the synthesis of silver
nanoparticles, keeping their size within a narrow range and
enabling successful dispersion.”’

Characterization. The AgNPs@BSA solution is yellow
when it is just prepared, but after several days of storage, it will
turn pale brown, as illustrated in the insets of Figure la. In the
UV-vis spectra, Ag shows a unique absorption peak at 400 nm
as everyone knows. It can be seen from Figure la that
AgNPs@BSA prepared with bovine serum albumin in this
experiment has a very wide absorption band at 300—500 nm
and an obvious peak at 400 nm compared with BSA. The
fluorescence emission spectra of the prepared material show an
obvious peak at 685 nm at the excitation wavelength of 280
nm, as shown in the dotted red line in Figure la; the result is

https://doi.org/10.1021/acsomega.3c02111
ACS Omega 2023, 8, 22998—-23007
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Figure 2. Adsorption of MB by AgNPs@BSA/CMs. (a) Standard curve of methylene blue. The illustration shows the color changes of AgNPs@
BSA/CMs adsorbed at different concentrations of MB. (b) Time course of the adsorption capacity (q.) in different concentrations of methylene
blue. (c) Adsorption capacity of microspheres in different concentrations of MB and the fitting of the Langmuir adsorption curve (red line). The

illustration shows q,, k;, and r* of the fitting curve.

consistent with the literature,”> and the inset of Figure la
shows the red fluorescence of the material under ultraviolet
light.

In addition, the composition of our material was
characterized by XPS, as shown in Figure 1b. In the spectrum,
two peaks are fitted by Ag, and the binding energy is located at
368 and 375 eV, respectively, which are attributed to the
classical peaks of Ag3d** and 3d*?, respectively.

Figure 1c shows the particle size distribution diagram of the
material measured by DLS, from which we can find that the
size of the material is concentrated at 28 nm, showing a normal
distribution curve.

Figure 1d,e shows the SEM image of the surface of the
microspheres loaded with silver nanomaterials. We can clearly
observe that a large number of AgNPs was attached to the
surface (white dots in the figures). Among these, it can be seen
from Figure le that most of the sizes are distributed around 25
nm, and the particles size of a small part of materials reaches
143.2 nm, which is consistent with the particle size range
(Figure lc).

Figure 1f shows the XRD pattern of AgNPs@BSA. The
crystalline nature of Ag confirmed by XRD spectra. Three main
characteristic peaks were observed at 20 = 44.76 (111), 64.35
(220), and 82.64 (311). These peak positions coincide with
those of standard silver. The result was the evidence of the Ag
nanomaterials prepared.

To further investigate the crystal structure of AgNPs@BSA,
TEM and SAED analyses were carried out. Figure 1gh shows
the results of TEM and SAED, in which the crystal forms of
the spots of SAED and FFT (Fast Fourier Transform) both
conform to the structure @ of the face-centered cubic crystals.

Through zeta potential, the MB absorption of CMs and
photolysis reaction were studied, as Figure 1i. In general, if the
absolute value of zeta potential of the material is more than 30,
it will have a certain stability. According to the figure, the
prepared composite material is stabilized. Chitosan, as a
naturally positively charged material, has a potential of 37.58
eV, and when AgNPs@BSA and MB are added, the potential
shifts to the right. Although the potential of AgNPs@BSA
detected in our previous work is —8 to —10 eV, the potential of
chitosan was increased with the addition of AgNPs@BSA and
MB. This may be because chitosan is diluted and the overall
conductivity increases, resulting in an increase in the overall
stability of the material. When we provide the light conditions,
MB and AgNPs@BSA react with each other to carry out
photolysis consumption, and the potential shifts to the left.
However, due to the bonding and adsorption between MB and

23002

chitosan, the structure of chitosan was changed, resulting in
certain changes in the potential compared with the initial level.

Adsorption of MB by Materials. For polysaccharides,
which exist in nature, the chitosan molecules are the only a
kind of alkaline polysaccharides. Its special multi-bond angle
chelating forceps have a powerful adsorption force and a
particular physical adsorption for MB. The substance will also
perform chemical adsorption on MB because the protein
contains numerous functional groups, which makes the
materials have a certain amount of negative electricity due to
the release of H*. In contrast, the N atom of the substituent in
MB is positive.”> > In order to quantitatively detect the
amount of MB adsorbed by the materials, the ODgg, was first
measured in different concentrations of MB to make a
standard. We find that the concentration above 1 X 107*
mol/L of the absorbance value of MB is not available, which
do not conform to Lambert—Beer’s law, so we choose the MB
concentration of 1 X 107°—1 X 10™° mol/L of the absorbance
value that is used to draw the standard curve of MB, as shown
in Figure 2a. The formula (2) is

y = 0.62102x + 0.0939, r* = 0.9981 )

Then, we submerged the microspheres in methylene blue
solutions of varying concentrations, and by monitoring changes
in the methylene blue solution’s absorbance value, we were
able to calculate the microspheres’ adsorption capacities. The
color changes of microsphere-adsorbed MB of various
concentrations are depicted in Figure 1 illustration. The
adsorption concentration C, of MB was calculated from the
standard curve by measuring ODg4,. Then, the adsorption
capacity of AgNPs@BSA/CMs on methylene blue of different
concentrations could be calculated by substituting into formula
(1), as shown in Figure 2b. It can be seen from Figure 2b that
the adsorption capacity increases with the increase of the
concentration of MB because the driving force of MB solution
overcomes the mass transfer resistance of dye between the
aqueous phase and the adsorbent.”* The Langmuir adsorption
isotherm refers to the relationship curve between solute
molecular concentration and the adsorbed amount in the
adsorption process at a certain temperature, and it is assumed
that a single molecule has an active site with uniform binding
sites and equivalent energy.56 According to Langmuir’s
empirical formula (3):

q, = (q,, KkC)/(1+ ki) 3)

dmex and kp represent the maximum adsorption capacity of
the solid phase and the energy constant of adsorption heat,
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Figure 3. Bacteriostatic effect of AgNPs@BSA@MB/CMs. Inhibition rate of CMs(CM), MB/CMs, AgNPs@BSA/CMs and AgNPs@BSA@MB/
CMs against E. coli (a) and S. aureus (b) with or without light. (** means there are significant differences between the two groups (p < 0.05) with
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(d) under various material conditions. The bacteriostatic rate of E. coli () and S. aureus (f) by different concentration and ratio of materials. (g)
Bacteriostasis rate of microspheres against E. coli and S. aureus after different light duration.

respectively. The fitted Langmuir diagram is shown in Figure correlation parameters ki, g, and correlation coefficient 7.
2¢, and the illustrations show the value of Langmuir’s According to q,,,, of microspheres, 1551.11 + 47.51 mmol/g,
23003

https://doi.org/10.1021/acsomega.3c02111
ACS Omega 2023, 8, 22998—-23007


https://pubs.acs.org/doi/10.1021/acsomega.3c02111?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02111?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02111?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02111?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Light 0 min
Light 2 min 0.6
Light 4 min
Light 6 min
Light 8 min
Light 10 min
Light 12 min
— Light 14 min
T Light 16 min
Light 18 min

T —
300 400 500 600 700 0

b C

—— Light 0 min

Light 0 min
Light 2 min
Light 4 min
Light 6 min 08
Light 8 min

Light 10 min
Light 12 min 0.6

Light 10 min
Light 12 min
— Light 14 min
— Light 16 min
— Light 18 min

Light 14 min
Light 16 min
Light 18 min

Abs

0.2

Wavelength (nm) 300 400

Wavelength (nm)

—=— DpeF
074 —e— DPBF+MB
|—4— DPBF+MB+AGNPs

Abs
°
&>

Time (min)

600 700 300 400 500 600 700
Wavelength (nm)

36

Release rate (%)
5
3

T T T
Ag@BSA/CM Ag@BSA@MB(-)/CM AB@BSA@MB(+)/CM
Material

Figure 4. Ultraviolet spectra of DPBF (a), DPBF+MB (b), and DPBF+MB+AgNPs (c) under different illumination times. (d) Absorbance of
DPBF, DPBF+MB, and DPBF+MB+AgNPs at 410 nm as a function of time. (e) Ag" release rate of AgNPs@BSA/CMs and AgNPs@BSA@MB/

»

CMs; “-” means dark, and “+” means light.

we can know that each microsphere with a mass of 0.025 g
prepared can adsorb about 38.77 mmol MB. The r* value is
0.9942, which indicates that the measured data fit well with the
Langmuir model and indicates that the adsorption process is
single molecule adsorption.

Bacteriostatic Effect. E. coli and S. aureus are used as the
representatives of gram-negative bacteria and gram-positive
bacteria in the experiment. During the xenon lamp illumination
experiment, the material was placed in the ice water mixture to
eliminate the influence of high temperature caused by light.
Figure 3a,b shows the change of the bacteriostatic rate of
different materials under or without light. Through the
significance difference analysis of SPSS, neither CMs nor
AgNPs@BSA/CMs have any obvious effect on the bacterio-
static action for E. coli and S. aureus with or without light. In
addition, MB/CMs have significant differences on the total
antibacterial effect before and after light exposure, but these
differences could not be significantly reflected in the
antibacterial effect. Hence, these factors were not taken into
account in the subsequent experiments, and only the effect of
light on the bacteriostatic performance of AgNPs@BSA@MB/
CMs was considered.

The growth curve of the bacterial solution is shown in
Figure 3c,d. It can be seen from Figure 3c,d that the curve for
the first 6 h represents the hysteresis period of bacterial
growth. After 6 h, the bacteria entered the logarithmic growth
phase. CMs containing the photosensitizer MB do not exhibit
excellent antibacterial efficacy because the growth character-
istics of the bacterial solution treated with MB/CMs are
identical to that of the control group. MB/CMs have a slight
effect on S. aureus, but they have a noticeable effect on E. coli.
This may be the result of extremely low concentration of MB
adsorbed on chitosan. According to Figure 3c,d, the micro-
spheres containing AgNPs have a poor antibacterial impact on
S. aureus but a substantial antibacterial effect on E. coli. This is

due to the fact that the thickness of the Gram negative
bacterium’s outermost peptidoglycan layer is just 7—8 nm, but
the size of peptidoglycan in the cell wall of Gram-positive
bacteria ranges from 20 to 80 nm.>” AgNPs and MB have been
loaded onto CMs, which improves the materials’ overall
antibacterial efficacy, and this phenomenon can be seen even
in Figure 3a—d. The colony density of the two materials co-
loaded on CMs decline after 36 h, or when they reach a stable
period, regardless of whether they are Gram-positive or Gram-
negative bacteria, as can be seen from the growth curve of the
bacterial solution. After illumination, we can find that for E.
coli, the bacteriostatic efficiency of AgNPs and MB co-loaded
on CMs is 87% higher than that of AgNPs alone and 96%
higher than that of MB alone. For S. aureus, the bacteriostatic
efficiency of the CMs loaded with AgNPs and MB together is
94% higher than that loaded with AgNPs alone and 95% higher
than that loaded with MB alone. Therefore, the CMs loaded
with the photosensitizer MB and silver nanoparticles
developed by us show a strong bacteriostatic effect against
Gram-negative bacteria and a weak bacteriostatic effect against
Gram-positive bacteria without irradiation. The inhibition rate
and long-term inhibition time of AgNPs@BSA@MB/CM:s to
Gram-negative and Gram-positive bacteria can be improved by
light conditions.

We have investigated the amount of photosensitizer and
how the ratio of silver nano to chitosan affect the antibacterial
impact in order to further enhance the material’s overall
antibacterial performance. The concentration of the photo-
sensitizer shall be greater than 1 X 107% mol/L to reach the
minimum excitation concentration of the photosensitizer.
There is not an upper limit of concentration for MB, but the
concentration that reaches the maximum adsorption capacity
of the microsphere limited the number of microspheres in this
experiment to 1 X 10™* mol/L. In the experiment, we counted
the colonies cultured on the solid culture medium through the
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colony counter and calculated the bacteriostatic rate as shown
Figure 3ef. From the graph, it can be seen that the
antibacterial effect is enhanced with the increase of
concentration of the photosensitizer. At the same time, to
assess the materials’ ability of inhibiting bacterial growth, we
adjusted the ratio of silver nanoparticles and photosensitizers.
The different solubilities of chitosan in acidic and alkaline
solutions, as well as the spherical shape produced by surface
tension, are responsible for the production of microspheres.
The higher proportion of Ag will dilute the concentration of
chitosan and lead to the instability of CMs. Therefore, when
the content of AgNPs@BSA in the solution is too high, the
microspheres will be damaged, the oxidization of microsphere
will be slowed down, and the yield of the generated
microspheres will be also reduced. Although increasing the
proportion of Ag can improve the bacteriostatic rate relatively,
it is more practical to increase the yield by slightly reducing the
concentration of Ag. In general, it is vital to regulate the
proportion of AgNPs and MB in order to enhance the test
material’s bacteriostatic action. According to the available
experimental data, it can be known that the material
concentration ratio of AgNPs@BSA(l:l)@MB(l x 107%)/
CM is the most suitable.

Since light has an impact on the bacteriostatic action of
materials, the optimal light time has been determined by
adjusting the light time. Figure 3g shows that the material’s
overall bacteriostatic effect is quite good during the 20—60 min
light period. Although the material was kept in a low
temperature environment of the ice water mixture during the
light time, since the light would produce high temperature, it is
preferable to choose a light condition of 20 min in order to
prevent the temperature from having an impact on the
material.

Bacteriostatic Mechanism. MB is an ionic compound
and has three states of MB*, MB, and MBH. The wide
conjugated structure of MB makes it simple to achieve charge
transfer and the electron delocalization phenomenon. It is easy
to transfer the electron from the N at position S to the N of the
substituent.”*** When illuminated, MB obtains energy, and
then is excited, which will produce an intermediate in the
excited state, MB. MB in the excited state will cause a free
radical reaction to convert molecular oxygen into singlet
oxygen. Strong oxidative properties of oxygen-free radicals aid
in the transformation of AgNPs into Ag" and their release in
solution. Because an important reason for the antibacterial
property of the material is the generation of oxygen-free
radicals, we used DPBF to indirectly count the content of free
radicals created throughout the entire lighting process. The
photodegradation rate of DPBF alone was extremely slow in
the light environment, as illustrated in Figure 4a. The
photodegradation rate increases after adding photosensitizer
MB because it can over release oxygen-free radicals when
exposed to light, as seen in Figure 4b. As shown in Figure 4c,
the absorbance of DPBF at 410 nm rapidly reduces after the
addition of AgNPs@BSA@MB/CMs, which shows that the
system’s free radical production increased as a result of the
interaction between the materials. The interaction between
AgNPs and photosensitizer MB can enhance the release of
o;(;yégoen-free radicals from the photosensitizer, as seen in Figure
4d.

It can be observed from the ICP-OEC experimental data in
Table 2 that the release of Ag" in AgNPs@BSA/CM is 36% in
their natural form. Under light irradiation, the release of Ag" in

Table 2. Release Rate of Ag"

AgNPs@BSA/CM  AgNPs@BSA@MB/CM

the concentration of Ag in 441.25 mg/L 441.25 mg/L
the material

the concentration of Ag in 53.20 mg/L 105.14 mg/L
the solution

the concentration of Ag in 51.81 mg/L 239.47 mg/L

the solution under light

the solution increased significantly after the adsorption of MB,
which reached 73%. This is because the oxygen-free radicals
are generated by methylene blue, some of which interact with
silver nanoparticles, which then oxidized the silver to form Ag"
before being released into the solution in the form of ions that
have antibacterial properties.

The silver nanoparticles easily connect with bacterial cell
membranes and destroy them, subsequently inflicting harm on
bacteria and impairing their normal physiological processes,
which are their strongest antibacterial quality. In this
experiment, BSA with many reduction groups can not only
be used as the configuration framework but also as the
preparation agent of silver nanomaterials to produce a large
number of silver nanoparticles. A particular amount of
photosensitizer can be put into the entire chitosan environ-
ment. When exposed to light, photosensitizers will react and
release a specific number of oxygen-free radicals. The cell
membrane of bacteria can be destroyed by oxygen-free radicals
due to their powerful oxidation, which results in irreparable
harm and prevents bacteria from growing. However, when
AgNPs and photosensitizers are in the same environment, the
oxygen-free radicals released from the photosensitizers will
react with the AgNPs to release more Ag"* to further destroy
the bacterial membrane. Finally, a synergistic bacteriostatic
effect is achieved.

In the process of releasing oxygen-free radicals, the increase
of the mode of oxygen-free radical release will also promote the
increase of the overall release of oxygen-free radicals. As a
result, the interaction between them causes the two
bacteriostatic materials to have a stronger bacteriostatic effect
on gram-positive bacteria than they would have otherwise and
a better bacteriostatic effect on gram-negative bacteria. The
materials of AgNPs@BSA@MB/CMs also have a good
antibacterial impact on bacteria resistant to medication
treatments since the antibacterial mechanism of the entire
process differs from that of typical antibiotic therapy.

B CONCLUSIONS

The green biological template method that used bovine serum
albumin (BSA) as the reducing and finishing agents is
successfully applied to produce Ag nanoparticles. The
combination of Ag nanomaterials and chitosan can adsorb
more MB of organic dye. MB’s photosensitive quality is also
used to give the composite materials superior antibacterial
activity when exposed to light. The singlet oxygen generated by
the photosensitizer MB has a strong oxidation ability, which
can oxidize AgNPs to produce Ag’, enhance the material’s
overall antibacterial effectiveness, and cause some degree of
bacterial damage. Composite materials offered a new way to
enhance the bacteriostatic performance of the materials by
light in addition to improving the typical silver nanoparticles’
weak bacteriostatic effect on gram-positive bacteria. The
compounds discussed in this research will also have some
effect against resistant bacteria because the bacteriostatic
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mechanism differs from that of conventional antibiotics.
Furthermore, the materials created for this article have the
potential to both purify and sterilize various water sources and
reduce the environmental pollution caused by organic dyes. In
future, they might be applied in the cleaning of natural water
close to some dye facilities as well as in the treatment of
sewage from laboratories.
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