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Abstract

Photosensitizing agents are the cornerstone of Photodynamic Therapy (PDT) that play essential
role in deactivation process of multidrug resistant pathogens and tumor treatments. In this work,
we studied a photosensitizing agent made from mixture of Silver Nanoparticles (Ag NPs) and
Methylene Blue (MB) which possess improved important characteristics like high photostability
and high singlet oxygen yield. Ag NPs were synthesized by pulsed laser ablation technique in
different aqueous solutions like polyvinylpyrrolidone (PVP), citrate and Deionized (DI) water.
The synthesized AgNPs were characterized in depth using with transmission electron microscopy
(TEM), UV-Visible (UV-Vis), and photoluminescence (PL) spectra. These Ag NPs were combined
with MB and used to eradicate the Gram-negative bacteria, Escherichia coli (E. coli), and
Gram-positive bacteria, Staphylococcus aureus (S. aureus). MB and Ag NPs mixture was found
to possess higher antimicrobial activity and thus were more effective in killing both Gram —
positive and Gram-negative bacteria in comparison to individual exposure of MB and Ag NPs.
Additionally, the antimicrobial effects varied with respect to the size of nanoparticles as well as
the medium used for their synthesis. The data from this study supports the potential use of the
proposed method in PDT where standard photosensitizers have limitations.
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Introduction

Bacterial infections are a major cause of chronic infections and lead to high mortality of
humans and animals. One of the major treatment method commonly used for bacterial
infections are antibiotics. However, the widespread use of antibiotics resulted in the
emergence of multidrug-resistant or pathogenic bacterial strains. Consequently, the needs
for developing new bactericidal materials and techniques gained importance. Photodynamic
therapy (PDT) is proposed as an alternative method to eliminate multi-drug resistant
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pathogens, malignant cells, and other diseased cells [1-3]. To make antimicrobial PDT
more effective, along with a light source of the appropriate wavelength in the presence

of tissue oxygen, an efficient photosensitizer is required. An ideal photosensitizer must
possess strong absorbance at long wavelengths, excellent photostability, lower dark toxicity,
and high quantum yield of singlet oxygen (*O,) [4, 5]. One of such photosensitizers is
methylene blue (MB), that contains amazing photophysical and photochemical properties
[6, 7]. By virtues of these properties, MB is used to control bacterial infection for skin
treatment, dental therapy, and has shown promising results in /n vivo regression of cancer
and bacterial infections [7-10]. Under the irradiation of red (630-680 nm) light, MB is
able to generate copious singlet oxygen, 10,, reactive oxygen species (ROS), and OH. It
has been demonstrated that the photogenerated 10, and ROS, reacts against tryptophan

and the other outer-membrane molecules thereby damaging the bacterial cell and inhibiting
protein production [9]. Nevertheless, the photodeactivation rate of MB was found to be
significantly lower in plasma than in water, saline, and PBS solution; making it ineffective
bacterial killing agent, especially in the human plasma [11]. However, MB attached to
various carriers, including nanomaterials and quantum dots, enhanced their water solubility,
improved their delivery into cancer cells, and showed synergistic effects in bacterial
deactivation process [9, 12-14].

Silver nanoparticles (Ag NPs) is one of the most promising antimicrobial agent since they
possess high germicidal activity against a broad range of microbes [15-17]. Moreover,

the cost-effectiveness, availability as well as the lower toxicity toward human blood has
attracted considerable attention of silver nanoparticles in the treatment of infectious diseases
[18]. Disinfection with silver is well known wound management technique from ancient
times. Silver has been used extensively for medical purposes since as early as 4,000 B.C.E.
Persians, for instance, used silver jugs to keep water fresh especially during the military
conflict when the fresh water was not readily available [19]. Later, records shows that silver
has been used as a blood purifier, counterirritant, even in the treatment of brain infections
[19]. A comprehensive research on the antibacterial action of Ag NPs started around 2004
with the advancement of nanotechnology, and rose exponentially since then [20, 21]. The
possible mechanisms and bactericidal activity of Ag NPs have been discussed in many
literature reviews, where the major causes underling the antibacterial effects of Ag NPs
were explained as follows: 1) direct damage of bacterial cell membrane; 2) generation of
reactive oxygen species by silver nanoparticles and silver ions; 3) penetration of NPs into
the bacterial cell membrane; and 4) induction of intracellular antibacterial effects, including
disruption of Adenosine triphosphate (ATP) production and DNA replication [22-24]. The
most critical physical and chemical parameters that affect the antimicrobial potential of Ag
NPs are size, shape, surface charge, concentration and colloidal state [25-27].

Ag NPs have been synthesized by many different methods to date [28]. Among these
methods, Liquid Phase Pulsed Laser Ablation (LP-PLA) technique offers a green,
inexpensive, and fast route to Ag NPs synthesis. In addition, by LP-PLA method the
composition of the NPs can be easily controlled by varying the aqueous ablation liquid

and the laser parameters [29]. Some studies have shown the influence of adducts such as
surfactants and volume-excluders on the size, monodispersity, and stability of nanoparticles.
For instance, the addition of a proper amount of NaCl reduced the particles size distribution
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[30]; the synthesized NPs’ size was decreased with increased concentration of sodium
dodecyl sulfate (SDS); polyvinylpyrrolidone (PVP) aqueous solution improved obtained
colloid’s stability as well as decreased the average size of NPs [31].

In this work, we have synthesized Ag NPs in citrate, PVP aqueous solutions, and in DI
water by using LP-PLA method. Ag NPs were characterized by FTIR, UV-Vis spectroscopy,
and PL spectra. NP size distribution quantification was performed by transmission electron
microscopy (TEM) images. Later, these synthesized Ag NPs in different aqueous solution
along with commercial Ag NPs at 10 nm, 20 nm, and 40 nm size distributions was

mixed with MB to increase singlet oxygen generation and photoresponsivity. In our

study, we found Ag/MB mixture was more effective antibacterial compared to MB, and
Ag nanoparticles alone. MB/Ag coupled with 5 minutes of irradiation at 660 nm light,
eliminated all Gram-negative and —positive bacteria colonies. Moreover, in this study we
explored the influence of the size of NPs as well as the medium on its photodeactivation
when mixed with MB.

Experimental

Ag NPs synthesis:

Ag NPs were synthesized in different aqueous solutions by targeting 1064 nm Nd: YAG
laser beam (Continuum Surelite 11, 10 Hz repetition rate, and 5 ns pulse duration) to the
silver surface as illustrated in Fig. 1. The silver target (99.99%, thickness 1.0 mm, Sigma-
Aldrich) was adhered to the bottom of 500 ml beaker with double-sided carbon tape. Then
60 ml of ablation liquid was added to the beaker thereby making the liquid height above the
target 11 mm.

After, the beaker was placed on the XY-translation stage to control the position of laser
beam relative to the target. In addition, this setup was rotated by shaker at 312 rpm to
prevent accumulation of Ag NPs above the target and to minimize shielding effects. The
laser beam was focused by converging lens with 300 mm focal length, and its power was set
up to 200-220 mJ. The ablation time took 10-15 minutes.

Characterization techniques:

The morphology, microstructure and the average size distribution of synthesized Ag NPs
were analyzed with TEM images placing a droplet onto a 300-mesh copper TEM grid.
UV-vis spectrophotometer was used to study the absorbance of Ag NPs in different aqueous
medium, and to measure the singlet oxygen generations of MB, Ag NP, and Ag/MB by
record the optical density rate of 9, 10- anthracenediyl-bis (methylene) dimalonic acid
(ABMDMA) at 400nm. Finally, the photoluminescence spectra (PL) of Ag NPs in various
solutions acquired by spectrofluorometer.

Bacterial culture experiment:

The antibacterial activity of synthesized Ag NPs, MB, and the Ag-MB combination were
evaluated by using the S. aureusand E. colibacteria. Bacteria were cultured in LB broth
media by incubating for 24-48 hrs. Subsequently, 108 colony forming units/ml concentration
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of bacteria were inoculated to 8 different disposable plates as shown in Fig 2. Here 4
different sample groups were prepared in duplicate which comprised of (1) bacteria only, (2)
bacteria + Ag NPs, (3) bacteria + MB, (4) bacteria + MB-Ag plates. The actual experimental
setup can be seen in Fig. 2c. One of the sample from each group were exposed with red LED
for 3-5 minutes, while the other one were kept as a control. The bacterial counts of each
sample were obtained in duplicate after 24 hours incubation at 37 °C.

Results and Discussions

We have used both commercially available nanoparticles (Citrate, NanoXact) and samples
prepared with pulsed laser synthesis method as described above. Different characterization
methods have been used to understand the morphology and physical and chemical properties
of the silver nanoparticles.

TEM measurements

The shape and the particles size distribution were studied by transmitting electron
microscopy (TEM) images. Figure 3 illustrates the TEM images of Ag NPs in citrate
solution and DI water. Our statistical analysis show that the distribution is Gaussian with
mean average of 10 nm, 20nm, and 48nm for commercial samples (10 nm, 20nm, 40 nm
Silver Nanospheres, Citrate, NanoXact).

The average size distribution of our synthesized Ag NPs were found as follows: in DI water
23 nm; in citrate (Sodium Citrate Dihydrate, Fisher) aqueous solution with concentration of
2mM was found to be 10 nm; in 2mM Polyvinylpyrrolidone (PVP, Sigma-Aldrich) aqueous
medium the average size distribution was 15 nm. The TEM results show large distance
between individual nanoparticles. Therefore, it can be concluded that electronic coupling
between nanoparticles is negligible and doesn’t contribute their optical spectra. However, it
should be noted that aggregation, as observed in Fig. 3c and 3d, occurs when weak physical
forces bring particle surface in contact with each other and short range thermodynamic
interactions results in particle attachment. This is especially true for particle whose size is
less than 100 nm where Brownian motion controls the long-range forces [32].

Uv-Vis Spectrum:

It is known that small nanoparticles shows distinct properties such as absorption and
scattering compared to bulk materials. Collective coherent excitations of free electros in

the conduction of the nanoparticles, also known as surface plasmonics resonance, leading to
enhanced local electric field, are responsible for the strong absorption and scattering.

The UV-Vis spectrum absorption peaks for Ag NPs in citrate, PVP, and DI water solutions
right after 10 minutes of irradiation with 210 mJ/pulse pulsed laser were determined at
392 nm, 397 nm, and 399 nm respectively as shown in Fig. 4 (a). These peak distinctions
occurred due to size distribution difference as the diameter of NPs increases the peak of
plasmon resonance shifts to longer wavelengths and broadens.
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Smaller nanospheres primarily absorb light and have peaks near 400 nm, while larger
spheres exhibit increased scattering and have peaks that broaden and shift towards longer
wavelengths (known as red-shifting) [33, 34].

Our TEM analysis also shows that the average size distribution of Ag NPs obtained in

citrate medium is much smaller than in PVP solution or in DI water; 10 nm (UV-Vis peak:
392nm) vs 15 nm (UV-Vis peak: 397nm) and 23 nm (UV-Vis peak: 399nm) respectively.
The size of NPs obtained through LP-PLA technique depends on thermodynamic properties
of plasma such as temperature, pressure, and density of aqueous solution [31, 35, 36]. It

has been reported that the increased density and viscosity of solvents by PVP also increases
the plasma confinement during the ablation process [31]. In addition, pressure inside the
cavitation bubble in PVP (or citrate) solution is higher than in DI water, which in turn results
in decreased sizes of ablated NPs [31].

In addition, plasma species inside PVP solution were found to be more confined by the
solvent compared to water. This increased plasma confinement is probably due to higher
density and viscosity of the PVP.

Figure 4 (b) shows how the UV-Vis absorbance peaks shift for each medium over time.
This spectroscopy provides stability analysis, since in case of multi-nanoparticle aggregate
the plasmon resonance will be shifted to a longer wavelength. We found the Ag NPs in DI
water is relatively stable. Moreover, it can be observed that Ag NPs in citrate medium after
rapid changes in first 4 weeks become more stable, while the absorbance peak of Ag NPs

in PVP solutions continuously changes showing the accumulation of NPs to bigger colloids.
It should be noted that although initial electronic coupling is negligible, the nanoparticles in
the containers interact with each other electronically, causing aggregation and leading to the
shift in the spectra.

Photoluminescence (PL) Measurements

The photoluminescent emission spectroscopy was employed to study the optical properties
of Ag NPs. Figure 6 shows the excitation dependent photoluminescence of Ag NPs in
citrate, PVP, and DI water solutions.

The silver nanoparticles show size-dependent photoluminescence emission due to SPR.
The strong SPR will eventually lead to enhancement of the quantum yield of the
photoluminescence [37-39]. The peak absorption wavelength and width of the absorption
band depends on the size, shape, spatial orientation, and optical properties of the
nanoparticles and solvent medium.

It was shown that maximum PL band was close to interband absorption edge, possibly due
to interband radiative transitions. In addition, as our results show in Fig. 7a, when the size of
the silver nanoparticles decreases, the intensity of the PL increases. This indicates a strong
influence of nanoparticle surface on the PL spectra. It should be noted that when the size

of the particles becomes smaller than the mean-free path of the electrons in bulk metal, the
electron-surface scattering of the particles leads to the broadening of the SPR band and is
referred as the internal size effect [40]. The radiative damping effect causes the decrease in
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the local electric field inside the particles when the silver nanoparticles size become 40 nm.
Eventually, this leads to a decrease in P intensity as shown in Fig. 6a. Furthermore, in figure
6 the PL emissions at 310 nm excitation light for Ag NPs are compared according to their
size distribution and the medium.

Singlet oxygen measurement:

From photo-degradation of ABMDMA in MB, Ag NPs, and MB/Ag NPs solutions over
irradiation time, the singlet oxygen generation have been determined. Here, we compared
the amount of singlet oxygen generation according to the size and the aqueous medium of
nanoparticles (Fig. 7). The slopes of Ag NPs alone independently from size and medium
were zero, which ascertains no ROS yield. However, the combination of Ag NPs with MB
surpassed the 10, generation of MB alone.

This can be due to contribution of nanoparticles to increase the lifetime of the triplet state of
MB, or improvement of intersystem crossing (ISC) [41-43]. It is also important to note that
as the size of Ag NPs decreases the ROS production increases, which may be due to higher
interaction of small sized Ag NPs with MB because of the greater surface area to volume
ratio. Finally, the singlet oxygen generation in DI water was higher than in PVP and citrate
solution.

pH Measurements:

Microbial growth is significantly influenced by environmental conditions such as
temperature, pH, oxygen levels, micronutrient and salt concentrations [44, 45] (1, 2). In
laboratory, these environmental factors can be standardized with the use of a specific growth
media and incubation parameters. In order to assess the effect of different aqueous solutions
used in the synthesis of Ag NPs on bacterial growth, we measured the pH of different silver
nanoparticles (Table 1). The pH of Ag NPs varied from 6.0 to 8.5 depending on the aqueous
solution used in the synthesis process. This pH variation didn’t have any major effect on the
growth of E.coli, however it marginally affected the growth of S. aureus in the absence of
MB (Fig 8 & 9) during photodeactivation. Various studies have shown that optimal pH for
bacterial growth is 6.8 to 7.4 and changes in pH can impact bacterial counts [46-48].

Bacteria experiment results:

Our results show that the Ag/MB combination can entirely deactivate 108 CFU/ml Gram-
negative £. coliand Gram positive S. aureus bacteria in 5 minutes of irradiation time.
Initially, bacteria samples with silver nanoparticles without any light treatment hasn’t
showed any decreased the in number of colonies. The results showing the effects of Ag
NPs size distribution, and Ag/MB combination toward £.coliand S. aureus bacteria after
3 minutes of irradiation is seen in Fig.8. Ag/MB combination showed higher bactericidal
effects than MB and Ag NPs alone for both E.coli and S.aureus bacteria. The synergistic
effect of AgNO3 and MB mixture against five different bacterial strains including Serratia
marcescens and E.coli has been previously demonstrated by Li et al. [9]. In this study we
report improved germicidal activity of MB coupled with Ag NPs in PDT, under different
conditions. In addition we explored two different parameters that influence the germicidal
activity. Firstly, we observed the influence of size of Ag NPs on inhibition of bacteria when
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mixed with MB. Secondly, we have showed how the Ag NP’s synthesized medium as well
as the combination of MB and Ag NPs on that medium affects deactivation process. Our
results suggest that as the size of Ag NPs decreases, it becomes more toxic toward both
Gram-negative and Gram-positive bacteria (Fig.8). This can be due to higher probabilities
of small Ag NPs to penetrate into bacteria, and damage DNA and mitochondria[49, 50].
Moreover, as particle size decreases the surface area-to-volume ratio increases, which leads
to higher accumulation of Ag NPs to the bacterial surface; blocking the respiratory system
and making it more toxic especially for an aerobic bacteria[51, 52]. In the presence of
MB:Ag NPs, the number of bacterial colony forming units significantly dropped compared
to the samples treated with MB only and Ag NPs, within 3 minutes of irradiation time.

The cellular morphology alteration and membrane disruption caused by Ag NPs may create
permeable holes for MB, which after entering the cell generates singlet oxygen and cause
bacterial inactivation. It is important to note, the red light itself has no effect on bacteria
viability as well as MB in the absence of light [13].

Our data showed a higher sensitivity of £. colithan S. aureus when MB mixed with Ag
NPs. Interestingly, Ag NPs only solution shows partial suppression of S. aureus but not
E. coli which can be due to the peptidoglycan concentration differences between the two
strains[27].

We also tested how the nanoparticle synthesizing medium affects the viability of bacterial
strains after PDT treatment. The results after 3 minutes of irradiation suggest that Ag NPs

in DI water are more effective in eradication process compared to PVP and citrate solutions
as shown in Figure 9. This might be due to higher release of silver ions (Ag*) in water
enabling Ag* to interact with a number of electron donor functional group such as thiols,
phosphates, hydroxyls, imidazole, and indoles[23, 50]. For instance, once interacts with the
thiol group of the mitochondrial membrane protein, it causes the mitochondrial dysfunction
and hence disrupts the cell’s energy production [53]. Moreover, developed electrostatic force
between negatively charged bacterial cells and positively charged nanoparticles promotes
higher interaction between the two entities [54, 55].

Conclusion

Ag NPs with average size distribution of 23 nm in DI water, 8.43 nm in citrate solution, and
20 nm in PVP medium were synthesized by LP-PLA method. Material characterizations of
Ag NPs were performed by UV-Vis, PL and EDS spectroscopy, while the size distribution
and the shape of Ag NPs were studied with TEM images. MB/Ag NPs combination
increased the singlet oxygen generation as well as showed higher antimicrobial effects
compared to MB and Ag NPs alone. Within 5 minutes of irradiation time with 660nm LED,
the MB/Ag NPs deactivated entire ~ 108 CFU/mI concentrated Gram-positive, S.aureus,
and Gram-negative, E.coli, bacteria. MB/Ag NPs used in PDT could be effective in killing
bacterial pathogens in open wounds, prosthetic joint infections, /in vivo cancer and tumor
treatments.
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Highlights

Silver nanoparticles (Ag NPs) in different mediums were obtained using
nanosecond laser pulses

Silver nanoparticles by SEM-EDS, FTIR, TEM, UV-Vis, photoluminescence
spectra.

Ag NPs sizes ranging from 10 to 40 nm were obtained.

Ag NPs samples shows excitation dependent fluorescence and excellent
photostability

Methylene blue (MB) were used in combination with silver nanoparticles.

MB-Ag NPs compound was shown to produce higher amount of singlet
oxygen than MB alone

Gram positive and negative bacteria solution containing MB-Ag NPs were
irradiated with red light

MB-Ag NPs was shown to be more effective method for pathogen
deactivation than MB and Ag NPs alone and has potential to be used in open
wounds and skin cancer and where antibiotic resistance is present.
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Nd: YAG laser (1064 nm)
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Aqueous solution

Ag target

Figure 1.
Experimental setup for silver nanoparticle growth
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Figure 2.

a) Control samples b) Irradiated samples (c) actual experiment with 660 nm light
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Upper panel: TEM images of different size distributed Ag NPs in citrate solution (a) 10 nm
average size (b) 20 nm average size (c) 48 nm average size (d) Ag NPs in DI water. Lower

panel: The particle size distribution of Ag NPs.

Figure 3.
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Figure 4.

(a) UV-Vis Spectrum of Ag NPs in PVP, DI and citrate solutions. (b) The changes of

absorbance peak for each solutions over time.
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(c)
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(a) PL of Ag NPs in citrate solution (b) PL of Ag NPs in PVP solution (c) PL of Ag NPs in

DI water
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Figure 6.
(a) PL of Ag NPs in citrate solution with average size distribution of 10nm, 20nm, 40nm (b)

PL of Ag NPs in PVP, citrate, and DI water.
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Singlet oxygen generation of Ag NPs, MB, and Ag:MB at different time intervals. (a) For
commercial 10, 20, and 40 nm Ag NPs. (b) For synthesized Ag NPs in DI water, citrate, and
PVP solutions.

Photodiagnosis Photodyn Ther. Author manuscript; available in PMC 2021 December 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

CFU number (% of control)

Belekov et al. Page 19
[E.col]

100 4 100 -

80 T 9
IS
8
o

60 > 60
2
[S

40 4 2 40-
=
w
[5)

20 20 -

0 - 0 -

© © © ©
W W AW xWN «\‘0\ D‘Q““\\ Q‘\«\\ »\Q“(& W ,‘\“e ,‘\‘\% *\“%
w0 e @.0““\ (LQQ«\ \\00«\ AT & o o S \Q“«\\
PN POV po @ et

Figure 8.
E. coli (left) and S. aureus (right) bacteria CFU in percentages before and after 3 minutes

irradiation with red (660nm) LED light.
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Figure 9.
E. coli (left) and S. aureus (right) bacteria CFU in percentages before and after 3 minutes

irradiation with red (660nm) LED light in different medium.
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Table 1.

pH values of different medium

Substance

Citrate:Ag (10nm) | Citrate:Ag (20 nm) | Citrate:Ag (40nm) | PVP:Ag | DI:Ag | Citrate:Ag

PBS

pH

8.1 8.1 8.5 6.0 7.3 7.9

6.9
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