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Abstract The objectives of the present study were to
examine the influence of visible light photons on pho-
toreduction of the silver nanoparticles (AgNPs), detect
optoelectronic feedback, and observe the antimicrobial
activity. For this purpose, an optoelectronic device was
designed and successfully tested. The finding shows that
identical nanocomplexes with silver salt express various
responses to the LEDs with different wavelengths by
scattering different portions of light. It is the first time
to discuss the effect of visible light photons on nano-
sized particles in detail based on the quantitative optical/
voltage analysis. The photoreduction of the AgNPs is
in good agreement with photon energy and the AgNPs
occur in nanocomplex in a wavelength versus time-
dependent manner. The blue LED having photon energy
7.04 eV reduces the average size of AgNPs down to the
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range 4-6 nm in 12 min, while AgNPs obtained under
influence of green (6.11 eV) and red (5.04 eV) LEDs
have average sizes 6-8 nm and 12-14 nm respectively.
The successful synthesis of AgNPs was additionally
examined using UV-Vis, SEM, XPS, XRD, FTIR, and
TEM techniques. AgNPs proved for antimicrobial activ-
ity against Escherichia coli 25922, Enterococcus faecalis
29212, Pseudomonas aeruginosa 27853, and Candida
albicans 10231 at four different concentrations. The anti-
bacterial test for all selected bacteria showed that AgNPs
which have an average size of 4-6 nm synthesized by
blue LED revealed the largest inhibition zone around
16-11 mm, while the antifungal test shows that the maxi-
mum inhibition zone was exposed by AgNPs which have
an average size of 6-8 nm synthesized by red LED.

Keywords Silver nanoparticles -
Bionanocomposites - LED-driven AgNPs - Visible
light-sensitive optoelectronic circuit - Antimicrobial
activity
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Introduction

Metallic nanoparticles are used in a wide range of
applications in biomedical applications and achieved
great success in diagnosis, anticancer treatment,
gene, and drug delivery [1-4]. In recent years various

@ Springer


http://orcid.org/0000-0002-2904-3587
http://crossmark.crossref.org/dialog/?doi=10.1007/s11051-022-05612-2&domain=pdf

249 Page2of17

J Nanopart Res (2022) 24:249

synthetic methods have been developed for the manu-
facture of metal nanoparticles (Au, Ag, Zn, Cu, etc.),
which include thermal decomposition [5], sono-
chemical synthesis [6], chemical reduction [7], laser
ablation [8], and biomimetic synthesis [9]. The prepa-
ration of metal NPs by bio-reduction [10] and extra-
cellular biosynthesis [11] methods were also reported.
Metallic antimicrobial agents play an essential role
in the control of infectious diseases and in prevent-
ing spread of pathogens. Metal nanoparticles, such
as copper, gold, and silver, can be extremely toxic to
bacteria at exceptionally low concentrations and are
able to have prolonged activity due to the slow release
of their cations in living media [12-14].

Ag salts have been noticed since antiquity because
of their antibacterial effects and are now among the
most attractive nanomaterials. Silver nanoparticles
(AgNPs) are widely used in therapeutics, biotechnol-
ogy, medical device coatings, personal health care,
and antimicrobial and anticancer treatments [15-17].
It is obvious that for medicinal applications NPs need
to have the biocompatible capacity, which is usually
obtained green protocols or non-toxic environmen-
tally friendly encapsulating approaches.

It is known that the functional groups such as
hydroxyl, carboxyl, and amine, are reductive in the
presence of light [18-20]. Despite the photo-mediated
syntheses of metal nanostructures being an active
and well-known area of research [21-24], there is no
other instance visible light photo-activated synthesis
of AgNPs by the harmless visible light source, except
ours [4, 6]. AgNPs strongly absorb visible light due
to the localized surface plasmon resonance (LSPR)
effect around 400—425 nm. A distinct benefit of sil-
ver NPs is that its light absorption is not limited to
a certain wavelength but instead they are able to uti-
lize a broad range of wavelengths; literature reports
demonstrate that the light absorption, scattering, and
excitation responses of noble NPs strongly depend
on the shape, size, and particle—particle interactions
[24-26]. The photon causes an electron to become
“excited” in these functional groups. This action
depends on the wavelength of photons, which is an
important property of light and determines its nature
and energy as well as its behavior with the surround-
ing environment.

In this study, our goal was to design and test
a harmless apparatus for reducing biocompatible
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AgNPs in biopolymer composite, detecting opto-
electronic feedback and observing the antimicrobial
activity.

Our study was motivated by the importance of
finding an effective way for obtaining biocompat-
ible and antimicrobial AgNPs by using eco-friendly
and harmless visible light irradiation, as well as its
relatively low cost with other nanoparticle fabrication
methods [5—11]. The novelty of this device was that
it can utilize scattering light for real-time monitor-
ing and quantifying the formation process of AgNPs.
To the best of our capacity, the scattering light has
never been achieved previously in monitoring and
quantifying the formation process of AgNPs. Within
visible light stimulation, AgNPs in nanocompos-
ite blend grow gradually and biopolymer composite
forms a stable protection layer on the AgNP surface.
The antimicrobial activity of these AgNPs was per-
formed against E. coli 25,922, E. faecalis 29212, P.
aeruginosa 27,853, and C. albicans 10,231. Obtained
findings evidenced good antimicrobial ability and
potential disinfection properties of these particles in
addition to their visible light sensitivity. These find-
ings not only contribute to proving the capability of
our novel approach but also envisaging the prospec-
tive future use of these particles for biomedical appli-
cations as well as wastewater treatment, where both
bacteria and yeast might be present.

Experimental part
Instrumental part

To produce 3 different wavelengths, harmless radia-
tion a custom device was constructed. This device
contains both electronic and mechanical parts and
has been designed for this particular purpose. (Fig. 1)
For that reason, this simple and cost-effective device
is briefly explained as follows: several LEDs (red,
green, blue) with ultrabright and mid-power (0.5 W)
(AVAGO Technologies, USA) were selected in the
visible spectrum for stimulation photoreaction in a
nanocomposite solution. During the reaction, obser-
vation of both transmittance and scattering were
recorded by two photodiodes.

As it is known, each color of LED consists of dif-
ferent doped materials. For that reason, each color
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Fig.1 a Custom designed device block diagram; two I/V (cur-
rent to voltage) converter and a differential amplifier were used
for intensity detection. b Designed and printed optical black
box. During the reaction, scattering photons were recorded by

of LED has different efficiencies and has different
light intensities for the same driving current. Thus,
before this study, chosen colors of LEDs (red, green,
blue) were tested under a spectrometer (Thorlabs
FTS CCS100). By using a constant current source
which is made in our laboratory, the intensity of
each color was recorded for different current values
of 5, 10, 15, 20, 30, 40, and 50 mA respectively. In
this way, for the same intensity level, the driving
current values of each LED have been determined,
and presented in Table 1. After that, all the studies
were carried out under the same intensity level, but
different current values were determined for this
intensity of each color.

the photodiode fixed in holel, while transmitted photons were
collected by the photodiode in hole 2; ¢ a black box with a
cuvette inside (not seen in the picture)

Table 1 The driving current values of blue, green, and red
LEDs at the same value of intensity

LED Current (mA) Wavelength  Intensity
(nm) arbitrary unit
(a.u.)
Blue 10 450 0.6
Green 50 525 0.6
Red 30 630 0.6

Materials and methods

Silver nitrate, AgNO;, carboxymethyl cellulose
(afterward CMC), poly (acrylic acid-co-maleic acid
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(MA), and octadecyl amine montmorline ODA-
MMT were obtained from Sigma-Aldrich. AgNO;
in carboxymethyl cellulose_ ODA/MMT_ poly
(acrylic acid-co-maleic acid) aqueous complex was
mixed as described previously [4]. Briefly, 0.8 mL
of 9% aqueous CMC & 0.05% ODA_MMT suspen-
sion and 0.2 mL of 20% of an aqueous solution of
MA were mixed and afterward 10 mg of silver nitrate
(AgNO;) was added and stirred at room temperature
for 1 h. All experiments involving irradiation of nano-
composites were performed by employing 3 different
blue-LED (450 nm), green-LED (525 nm), and red-
LED (630 nm) light sources for certain time intervals
using the produced custom device.

The nanocomposite specimen preparation
procedure and analysis methods

For SEM and XRD examinations, cast films and
powered samples were used respectively.

Irradiated three different LED nanocomposites
were cast on a glass surface using the applicator and
stored in a vacuum oven overnight at 20 °C. Obtained
films were used for SEM studies. For XRD examina-
tion those films were powered.

For FTIR, UV-vis, and TEM, a fresh hydrogel
sample was used. The concentration of samples for
FTIR and UV-vis was adjusted to around 0.1%. For
TEM examination, a drop of extra diluted (0.01%)
nanocomposite solution was placed onto the carbon-
coated copper grid and followed by evaporation at
room temperature overnight. In this case, the thinly
sliced sample was obtained.

In order to define the surface morphology of AgNP
nanocomposites, scanning electron microscope SEM-
ZEISS EVO 40 with EDS detector and 500 V-30 kV
power were used. Before performing the examination
by SEM, the cast film samples were coated with a
thin gold layer.

In XRD patterns and X-ray reflection parameters,
the PANANALYTICAL X-ray powder diffractometer
(XRD) with CuKa tube and Ni filter (1=1.5406 A)
was used for the examination of the physical struc-
ture of nanocomposites. The XRD patterns and X-ray
reflection parameters were measured at (20) angles in
the range of 1-90°. For XRD examination, powered
samples were used.

UV-Vis measurements were obtained with the
Agilent 8453 UV-visible Spectroscopy System using
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a 1-cm path lengthquartz cell. For the blank sample,
distilled water was used. The spectrum of baseline
was recorded between 200 and 800 nm. Specimen
tests were performed at standard mode the same ori-
entation as for the reference measurement (about 3 ml
of the fresh diluted nanocomposite sample was filled
into the cell).

Fourier transform infrared (FT-IR) spectros-
copy was performed by means of VERTEX 80/80v
FTIR spectrometer, in the range between 400 and
4000 cm™! with a resolution of 4 cm™!. A drop of dis-
tilled water was run as a pure solvent for a baseline.
Then a small drop of diluted hydrogel was placed on
plates and runs for test.

In the transmission electron microscopy (TEM),
the internal morphology, nano-sizes, and diameter
distributions of silver AgNPs in nanocomposites were
performed by FEI Technai G2 S-Twin Transmis-
sion Electron Microscopy with an accelerating volt-
age between 120 and 200 kV. In this case, the thinly
sliced sample on the carbon-coated copper grid was
used.

Antimicrobial activity tests

The disc-diffusion method was used to evaluate the
antifungal and antibacterial activity of AgNPs. For
this purpose, E. coli 25922, E. faecalis 29212, and
P. aeruginosa 27853 were cultured in Luria Bertani
(LB, Merck Co., Darmstadt, Germany) broth medium
for 37 °C at 24 h. Also, C. albicans 10231 was cul-
tured in Sabouraud Dextrose Broth (SDB, Merck Co.,
Darmstadt, Germany) medium for 24 h at 37 °C. Sub-
sequently, the turbidity of all cultures was adjusted to
0.5 McFarland value. The microorganism’s suspen-
sions were inoculated as 100 pL onto Mueller—Hinton
Agar (MHA, Oxoid, Co., Wesel, Germany) medium.
Sterile paper discs (6 mm in diameter, Bioanalyse,
Turkey) were placed on MHA, and each paper disc
was impregnated with 20 pL volumes of different
concentrations of AgNPs. All inoculated plates were
incubated at 37 °C for 24 and 48 h. For the calcula-
tion of the antimicrobial effect of AgNPs, inhibi-
tion zone diameters were measured after incubation.
Nanocomposite samples irradiated by green LED
were denoted as “sample 1-S1,” sample irradiated by
blue LED as “sample 2-S2,” and sample irradiated by
red LED as “sample 3-S3.”
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Statistical evaluation

All experiments were conducted at least three times.
The data are shown as mean =+ standard deviation. A
one-way analysis of variance (ANOVA) was used to
compare the treatments and p <0.05 was considered
significant. The statistical analysis of the data was
performed using MATLAB (The Math Works, Inc.
MATLAB. Version 2021b).

Results and discussion

Photogeneration of AgNPs by blue, green, and red
LEDs

Three mixtures with identical concentrations of
components, prepared according to the above-
mentioned procedure, have been exposed accord-
ingly blue LED, green LED, and red LED irradia-
tion for certain time intervals. The colloidal soft
sample in 1-cm quartz cuvette was placed inside
of the black box (Fig. 1b, ¢) and V circuit’s volt-
age output were recorded. The optical voltage sig-
nal from the Rayleigh scattering was recorded at
photodiode 1 and the transmitted light signal was
received at photodiode 2.

Morphological, structural, and optical
characterizations

Irradiated nanocomposites were examined for detect-
ing internal and external morphological charac-
terization using TEM, SEM, XPS, FTIR, XRD, and
UV-vis techniques.

TEM images reveal that AgNPs obtained by stim-
ulation of different wavelength LEDs show quasi-
spherical shaped nanoparticles (Fig. 2a—f). Images
a, d, and f were analyzed by Imagel] software and
corresponding particle size distribution histograms
are shown in g, h, and i respectively. Histograms for
AgNPs possess an average size distribution between
4-6 nm (2 g), 6-8 nm (2 h), and 12-14 nm (2i)
obtained under irradiation by blue LED, green LED,
and red LED respectively. TEM images showed rela-
tively good, dispersed distribution of AgNPs. Similar
TEM images were reported for extra small AgNPs

obtained by irradiation 350-nm wavelength UV light
[27] and fluorescent silver nanoparticles [28].

SEM images (Fig. 3) show that the extra small
nanoparticles in the hydrogel matrix encapsulated
onto hybrid porously structured hydrogel. This hydro-
gel composite prevents the further agglomeration of
Ag nanoparticles. Red arrowheads indicate encapsu-
lated AgNPs on the surface studied hybrid nanocom-
posite film. Due to the 2 (Ag) to 98 w/w ratio of silver
to nanocomposite polymer weight SEM images reveal
a whole polymer matrix with poor distributed AgNPs.
The EDS results show strong carbon peaks along a
relatively weak silver signal (Fig. 4b). EDS map spec-
trum exhibits a characteristic signal of silver element
at 3 keV which confirms the formation of silver nano-
particles [29]. The weakness of intensity at 3 keV can
be explained by the low initial concentration (2%w/w)
of silver ions in the nanocomposite blend. The highest
sharp peak corresponds to the energy peak of the car-
bon, which is in agreement with the highest propor-
tion of the used biopolymer (98% w/w) in the hybrid
nanocomposite blend.

Formation of AgNPs within a bionanocomposite
matrix was further evidenced by XRD and UV—-Vis
analysis (Fig. 4). X-ray diffraction patterns are given
at Fig. 4 for all light-irradiated nanocomposites. For
blue LED-irradiated nanocomposite (Fig. 4a), the
Bragg reflection peaks were observed at 26 values of
27.78°, 32.19°, 38.12, and 46.13 which are indexed
to (111), (200), (111), and (200) planes of pure silver
based on the face-centered cubic structure. The green
and red LED-irradiated nanocomposites (Fig. 4b, c)
show an almost identical pattern with the same num-
bers of Bragg reflection peaks observed at the fol-
lowing 26 values:27.78°, 32.19°, 38.12, 46.13°, and
64.42 with the corresponding hkl values (111), (200),
(111), (200), and (220), respectively, and designates
the face-centered-cubic (fcc) AgNPs and signifies the
crystalline nature of the studied AgNPs [30-32].

The weakness of intensity detected diffraction
peaks can be explained by the low concentration
(2%w/w) of silver ions in the nanocomposite blend
(please see EDS map Fig. 3]. Similar results were
observed in [33] for reflections intensities of 111,
200, 220, and 311 silver crystals and (111), and (200)
planes [34]. These reports confirm that silver crys-
talline reflections decrease with decreasing AgNO3
concentrations in polymer composite. The broad peak
observed at all XRD patterns with the maximum at
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Fig. 2 TEM images
obtained from nanocom-
posite samples irradiated

by blue LED (a, b); green
LED (c, d), and red LED (e,
f) respectively. Some TEM
images show relatively
good dispersed pictures.
Images a, d, and f were ana-
lyzed by Image] software
and corresponding particle
size distribution histograms
are shownin g, h, and i
respectively

i 50 nm
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Fig. 3 SEM images of blue, green, and red LED-irradiated
samples represented at a, b, ¢ images and corresponding XPS
map of the LED-irradiated sample at (¢). SEM images have
been taken at 100 X magnification and 200-nm scale

20° is assigned to the polysaccharide polymer struc-
ture of powdered nanocomposites, which is similar
to the results reported in earlier studies [35, 36]. The
synthesized AgNPs were characterized by UV-vis
spectroscopy (Fig. 4c).

The UV-visible spectrum for all obtained suspen-
sions reveals a maximum absorption band between
402 and 418 nm, which corresponds to the typi-
cal local surface plasmon resonance absorption of
AgNPs [25, 26]. The sharp low-intensity peak at
Amax =402 nm (the blue spectra) belongs to AgNPs
with average sizes 4—6 nm (samples irradiated by
blue LED); the Amax values for the AgNPs obtained
by green LED (average size 6-8 nm) and red LEDs
(average size 12—14 nm) are detected at 409- and 418-
nm wavelengths respectively. In red LED-irradiated
sample, the absorption peak was slightly red shifted
to a higher wavelength (418 nm), which indicated the
increase in size of the AgNPs [33].

Infrared studies were carried out to ascertain the
presence of the metal nanoparticles. FTIR spectra
of the nanocomposite without any LED irradiation
Fig. 5a and samples after visible LEDs stimulation
are shown in Fig. 5b, ¢, and d.

The broad strong band ranging from 2962 to
3690 cm™! appeared in all 4 spectra attributed to the
O-H stretching vibrations of adsorbed water mole-
cules [37]. For non-treated sample, peak was detected
at 3360 cm™!, while for all light-irradiated samples it
was slightly shifted towards 3352 cm™!. This may be
due to O-H stretching and deformation, respectively
assigned to the water adsorption on the metal surface
[37, 38]. Moreover, increasing in intensity of these
bands for irradiated samples evidenced that with
visible LED-stimulated Ag ions can interact with
hydroxyl and ester carboxylate groups of the polysac-
charide nanocomposite and form AgNPs. The bands
appearing around 668 cm™! in all studied samples can
be attributed to water molecules adsorption on the sil-
ver surface: metals generally give absorption bands
in fingerprint region, i.e., below 1000 cm™! arising
from inter-atomic vibrations [38]. The strong bands
appearing at 1637 cm™! can be ascribed to C=0
stretching vibration [39], C=C in alkenes [40], NH
out-of-plane, and NH2 in plane [41, 42], and C=N
groups [43]. The band at about 1637 cm™! also often
appears in montmorillonite spectra [44, 45] which
can be assigned to ODA-MMT portion in studied
nanocomposites. Upon irradiation with different light
energy FTIR, spectra of the LED-irradiated nano-
composites (blue, green, and red traces) reveal almost
similar bands and shifts. Interestingly, that identical
results were observed in [46] upon gamma radia-
tion carbon and carbon functionalized materials. The
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Fig. 4 a X-ray diffraction
(XRD) pattern of blue LED;
b green and ¢ red LED-
irradiated nanocomposites
correspondingly; d UV-Vis
absorption spectra, where
SPR band for AgNPs irradi-
ated by is blue LED (blue
curve), by is (red curve)
and by is green LED (green

curve) respectively
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similarity obtained FTIR spectra in our case may be
due to that fact that Ag nanoparticles with spherical
shape and an average particle size between 5.0 and
12.0 nm have an energy band around 5.6 and 5.1 eV
[38]. As seen in Fig. 6¢ in our study, an average par-
ticle size proceeds between 5 and 14 nm and energy
of used LEDs ranges from 5.04 to 7.04 eV which is
enough for electronic transitions from the conduction
to the valence band in all obtained AgNPs. Moreover,
Kumar and coworkers [38] reported that the increase
in particle size of the Ag nanoparticles leads to the

@ Springer

decreased band gap energy which also in agreement
with our findings.

Finding from the applied novel approach—real-time
monitoring and quantifying the formation process of
AgNPs

Figure 6a and b show a dependence of the normalized
voltage signals from both photodiodes as the function
of the time: the blue traces represented experimen-
tal data from the blue LED; the green and red traces
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Fig. 5 FTIR spectra of the nanocomposite without any LED treatment a and samples after visible LED stimulation are shown in b

blue LED-, ¢, green LED- and, d red LED-irradiated respectivel

were data from the green and red LEDs respectively.
In order to perform the measurements in similar
intensities (0.6a.u.), several current correlations were
implemented: blue LED has been used with a con-
stant current 10 mA, and green and red LEDs with
a constant current 50 mA and 30 mA correspond-
ingly. Figure 2a and b show that the dependence for
all measured data was well approximated by an expo-
nential trace. The coefficients of the scattering traces
(having the meaning of AgNP reducing speed) and
as well as transmitted curves were changed in pho-
ton energy dependence manner. Indeed, it has been
experimentally observed that the exponential coeffi-
cients decay rate k (V= Voe_kt, where k=decay rate

y

and ¢=photoreaction time) monotonically increases
with the decrease of the photon wavelength (A)
(please also see Fig. 6¢).

It is known that the classical light scattering theory
for spherical particles based on the quasistatic (Ray-
leigh) approximation and the general Mie theory [47,
48]. Usually, Rayleigh scattering dominates when
a wavelength is larger than a particle size. It is also
known that for spherical particles in the Mie theory
range tends to scatter in a mostly forward direction
and scatters at a more sideways angle when Rayleigh
theory predominates [49].

In our study, obtained AgNPs were much
smaller than the light being used to interrogate (for
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the blue LED (450 nm), green LED (525 nm), and
red LED (630 nm) and then Rayleigh scattering pre-
vailed. We considered that the loss of light energy
upon propagation through the solution of nanoparti-
cles results only in the generation of heat and scat-
tering. In this context, much of the light that treats
the particle will scatter at some more “sideways”
angle, which is detected by the photodiode in hole
(1) (Fig. 1b). It is known that the absorption spec-
trum of small AgNPs is characterized by broadband

@ Springer

covering the whole visible range and actually tak-
ing the major portion of the incoming light [50].
A high surface-to-volume ratio and, accordingly,
a high percentage of atoms on the surface, are the
main factors that play a role in the absorption of
traveling light. In this connection, it can be said that
5 nm AgNPs, obtained by blue LED, will absorb
light much more than 8- and 12-nm-sized AgNPs,
which is confirmed by the traces of the transmitted
light at Fig. 2b.
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For a nanoparticle with dimensions much smaller
than the wavelength of the propagating light, the
absorption and scattering cross sections depend on 1/
light wavelength and 1/light wavelength to the 4th-
order dependence accordingly [49]. Figure 2a and b
indicated that the voltage shown on photodiodes (1)
and (2) (Fig. 1b) decreased over time and was char-
acterized by a saturation plateau. The scattering light
signal (Fig. 2a) was sensitive to the particle size;
changes in voltage occur due to in situ generation
and size reduction of the silver NPs. The fact that the
voltage data collected from the photodiode on hole
1 changes with time can be used as the indicator of
in-city reduction and generation of the AgNPs. It is
well known that any variation in particle size, shape,
or dielectric environment will change their scattering,
absorption, and extinction responses [25, 26]. Moreo-
ver, researchers reported that the scattering intensity
is increased by the increased light scattering from
the dense ingested AgNP particles [51, 52]. The scat-
tering cross section is a vital operator to understand
the physical interaction between low-energy pho-
tons and the physical properties of the target parti-
cles [53]. In this sense, it is defined in as a collision
of photons with targets AgNPs (either stationary or
moving), and the probability for any given reaction
to occur is in proportion to its cross section. Sum-
marizing all of the above mentioned we can say that
12-nm-sized AgNps have more probability to scatters
light then 8 nm; and it is exactly that the same provi-
sions can apply to the 8 nm- and 5-nm-sized AgNPs.
Experimentally archived data (Fig. 2a): red trace for
12-—14-nm-sized AgNPs, green for 68 and blue trace
for 4-6 nm AgNps have confirmed the above written
allegations. Moreover, the side-scatter signal shows
a clear correlation with the size of the nanoparticles.
It does not only describe the direct proportion of the
scattering light portion to the scattered cross-section
area, but also, the voltage stabilization indicates that
the photosynthesis process is complete and AgNPs
became stable over this time. Figure 6¢ summarizes
all the above reference rates calculated for blue, green
and red LEDs by using experimentally obtained data.

The wavelength of light is an important property
that determines the nature of the light as well as its
behavior with the surround environment. We have
calculated energies of the photons using the classical
Planck’s equation E=hc/A where 1 is wavelength of
the photon source and # where % is Planck’s constant

(Fig. 6¢). We found that size factor of the AgNPs dis-
played increasing in the diameter of obtained NPs in a
LED wavelength-dependent manner. The photoreduc-
tion of the AgNPs is in good agreement with photon
energy values (Eblue > Egreen > E red).

The blue LED having photons energy 7.04 eV
reduces AgNPs up to average size in range 4-6 nm
in 12 min (Fig. 6a blue trace), while AgNPs obtained
under influence of green and red LEDs with pho-
ton energies 6.11 and 5.04 eV respectively have
average sizes 6-8 nm and 12-14 nm accordingly.
(Fig. 6a green and red traces). It is known that for
applications in which the attenuation/extinction coef-
ficient and the pathlength are constant, the Beer-Lam-
bert law can be used to proportionately correlate mix-
ture concentration with optical density and vice versa.
If a monochromatic (wavelength: A nm) source of
light of intensity, I0 is pointed at a 1-cm-thick speci-
men containing a mixture of ¢ concentration; / is the
intensity of the light that can transmit through this
mixture, then the absorbance A or optical density at
this wavelength is expressed according to the well-
known Lambert—Beer law’s as A =0D =1g(1/10) = écl
where ¢ is the molar extinction coefficient, which
has an inherent value for each chemical species and
changes with wavelength [54]. When light passes
through a mixture, attenuation of the light inten-
sity occurs by two mechanisms: in a homogeneous,
single-phase solution, only absorbance contributes
significantly to attenuation; in suspensions contain-
ing mixtures of two or more phases, like in our case,
light scattering due to difference in refractive index
and the shape of this index mismatch also contribute
to light attenuation [55]. The Beer-Lambert law only
applies rigorously to single-phase solutions; how-
ever, certain assumptions and approximations allow
the Beer-Lambert law to be extended to systems that
exhibit significant scattering [56]. Experimental data
on optical density/extinction coefficient was obtained
in this work using the Beer-Lambert law shown in
Fig. 6¢c. Two features are immediately evident from
the plot in Fig. 6d. First, the values obtained by fitting
our experimental voltage sensing to the Beer-Lambert
law are in a very good agreement with the existing
literature [25, 26, 57, 58]. Obtained results confirm
size-depending behavior of the extinction coefficient
for AgNPs. The second feature on Fig. 6d is that the
value of optical density decreases with increase of
the wavelength of the light source. LED wavelength
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Fig. 7 Antimicrobial activity results based on disc diffusion
method with various concentrations of green, blue, and red
LED AgNPs against test microorganisms

determined at 0.01 mg/mL with a 7.30+0.30 mm
zone diameter.

A concentration-dependent effect was observed
against P. aeruginosa 27853 for each AgNPs (Table 2
and Fig. 7). The biggest inhibition zone diameter of
16.06+0.20 mm was determined for blue LED AgNPs
at the highest concentration. The inhibition value of the
different concentrations of blue LED AgNPs changed
depending on changing the concentration value and
recorded a minimum inhibitory concentration of
12.20+0.17 mm at 0.05 mg/mL. However, the lowest
inhibition concentration for P.aeruginosa 27853 was
found at 0.01 mg/mL with an 8.16+0.28 mm zone
diameter in green LED AgNPs. As regards red LED
AgNPs results, the minimum inhibitory concentration
was assessed at 0.05 mg/mL with an 11.26+0.25 mm
zone. The antifungal results of C. albicans 10231 indi-
cated that inhibition results were based on AgNP con-
centrations (given in Table 1 and Fig. 7). Interestingly,
the antifungal test for yeast was non-ordinary besides
the antibacterial test: the red LED-irradiated AgNPs
showed the largest inhibition for the initial three

dilutions followed by green LED-irradiated and blue
LED-irradiated AgNPs. Statistical analysis revealed
that antimicrobial activity results showed a signifi-
cant difference in various concentrations of all AgNPs
(p<0.05).

Li et al. [59] used pure CMC-coated AgNP against
E. coli and S. aureus and found the inhibition zone
diameters were around 8.03 and 14.93 mm. These
results were obtained at fixed AgNOj; concentra-
tion (at 0.5 mM) but different concentrations of
CMC. In other work, Basuny et al. [60] carried out
an experiment with AgNPs obtained from 5.0 mM
AgNO;, and embedded in CMC against E. coli
NCTC 10416, P. aeruginosa NCIB 9016, B. subtilis
NCIB 3610, S. aureus NCTC 7447, and C. albicans
IMRU 3669. According to this study, the antimicro-
bial activities of AgNP embedded in CMC and pure
CMC were investigated, and it was found that AgNP
embedded in CMC had antimicrobial activity against
all test microorganisms. The inhibition zones for all
test microorganisms were measured as E. coli NCTC
10416 14 mm, P. aeruginosa NCIB 9016 16 mm,
B. subtilis NCIB 3610 13.5 mm, S. aureus NCTC
7447 11 mm, and C. albicans IMRU 3669 16 mm.
In this study, we carried out the antimicrobial activ-
ity with three different nanoparticles that have similar
sizes such as 4-6 nm and 6—8 nm for blue and green
LED. Our results showed that inhibition depended on
the dosage of nanoparticles, in particular, bacterial
strains (E. faecalis 29212, P. aeruginosa 27853, and
E. coli 25922) displayed similar antimicrobial activ-
ity patterns. Recent research pointed out that particle
size and dose are important for the strength of antimi-
crobial activity. Small silver nanoparticles were found
more effective than bigger-size silver nanoparticles
also dose-dependent activity was shown on E. coli
MTCC 443 and S. aureus NCIM 5201 [61]. From this
point of view, the results for bacterial strains support
the idea of the size and dose-dependent activity of sil-
ver nanoparticles.

Silver nanostructures (particles, composites, etc.)
are well-known antimicrobial agents used in various
areas to eliminate pathogens from biotic and abiotic
surfaces. In particular, the development of biomateri-
als in medical applications using silver nanostructures
has been distinguished by their strong antimicrobial
properties. Hence, conducted studies have focused on
mechanisms or interactions of AgNPs with microor-
ganisms. One of these studies reported by Sondi et al.
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unveiled that AgNP affected E.coli through damaging
cell walls called pits on the bacterial cell wall [62].
The pits collected AgNPs on the cell wall and caused
the death of bacteria with increased cell permeability.
Known mechanisms for the antimicrobial activities of
AgNPs include disrupting the function of respiratory
chain reactions by oxidative damage and lipid peroxi-
dation. Also, AgNPs bind with the sulfur and phos-
phorus groups of DNA and interrupt the transcription
and translation of proteins. P. aeruginosa is an exam-
ple of lipid oxidation by AgNPs, and AgNPs engen-
der DNA damage and termination of life for bacteria
[63]. Besides, by changing the bacterial growth phase
timing (extension of the lag phase), AgNPs could
have lytic activity against E. faecalis [64].

Based on the literature review above, the antimi-
crobial potency data obtained in our study agrees well
with reported results. On the other hand, our litera-
ture survey showed that antibacterial activity studied
in this work pathogenesis at various concentrations
of AgNPs using disc diffusion method has never
been attempted before. According to the findings of
this study, all AgNPs have great potential as antimi-
crobial agents against test microorganisms that were
used. Furthermore, its antimicrobial activities with
different concentrations of AgNPs continued and thus
gave an opportunity for usage at a lower dosage than
in the beginning. In this study, the minimum inhibi-
tory concentration value was detected at 0.05 mg/
mL for E.faecalis and C. albicans in blue, green, and
red LED-irradiated AgNPs. However, the minimum
inhibitory concentration of green LED AgNPs was
detected as 0.01 mg/mL for E. coli and P. aeruginosa.
Regarding the minimum inhibitory concentration of
blue and red LED AgNPs, 0.05 mg/mL was deter-
mined for E. coli and P. aeruginosa. The difference
in minimum inhibitory concentration for test microor-
ganisms could be affiliated with the cell wall’s struc-
ture and the surface’s ionic charge. Obtained data
indicates that blue, green, and red LED AgNPs are
candidates for new-generation antimicrobial agents
against strong pathogens.

Conclusion
The first scattering light-sensitive device was designed,

fabricated, and successfully tested for formation and
real-time monitoring AgNPs in biopolymer media. In

@ Springer

this work, synthesis and size distribution of AgNPs
and their antimicrobial activity were studied owing to
the changes in LEDs energy and recording of photodi-
ode voltage versus time. It can be inferred that a photon
energy is crucial for the reaction time and size distribu-
tion small-sized spherical nanoparticles. The blue LED
having photons energy 7.04 eV reduces AgNPs up to
average size in range 4-6 nm in 12 min, while AgNPs
obtained under influence of green and red LEDs with
photon energies 6.11 and 5.04 eV respectively have
average sizes 68 nm and 12—14 nm accordingly. The
successful formation of AgNPs additionally was exam-
ined using UV-Vis, SEM, XPS, XRD, FTIR, and
TEM techniques. The prepared silver nanoparticles
showcased persuasive antimicrobial activity against
both gram-positive and gram-negative bacterial strains
and yeast. AgNPs proved antimicrobial activity against
E. coli 25922, E. sfaecalis 29212, P. aeruginosa
27853, and C. albicans 10231 with different inhibition
zone diameters at different concentrations. All antimi-
crobial tests treated with AgNPs demonstrated a dose-
dependent inhibition effect on the studied microorgan-
isms. The minimum inhibitory concentration value was
detected at 0.05 mg/mL for E. faecalis and C. albicans
for all studied sized AgNPs. The antibacterial for all
examined bacteria shows that AgNPs synthesized by
blue LED (4-6 nm) reveal the largest inhibition zone
(btw16-11 mm diameter) while antifungal test shows
that AgNPs (11-12 nm) synthesized by red LED
reveals largest inhibition zone.
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