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a b s t r a c t

Colloidal suspensions of silver nanoparticles (AgNPs) with surface modified by capping with citrate ions
were synthesized by chemical reduction method. Transmission and Scanning Electron Microscopy as well
as darkfield Optical Microscopy provided information on the nanoparticle morphology, with fine sym-
metrical grains and log-normal fitted size distribution. Small Angle X-ray Scattering method allowed the-
oretical confirmation of colloidal silver nanoparticle fine granularity, based on measurements in the
native fluid sample. UV–Vis spectrophotometry allowed studying the Localized Surface Plasmon
Resonance band versus the stability of the citrate-AgNP sample after storage and after UV-C exposure.
The colloidal AgNP impact on Phanerochaete chrysosporium environmental microorganisms was studied
by specific biochemical investigations. Silver released from the colloidal suspension of AgNPs was sup-
posed to induce changes in some antioxidant enzymes and in some enzymes of Krebs’ cycle. Catalase
activity was moderately changed (an increase with over 50%) as well as superoxide dismutase activity,
while the diminution of the activities of four dehydrogenases synthesized in the fungus mycelium was
emphasized also: a decrease with about 60% for malate dehydrogenase, with over 50% for isocitrate dehy-
drogenase and succinate dehydrogenase and with about 40% for alpha-ketoglutarate dehydrogenase.
These findings suggested the nano-toxicological issues of citrate-AgNPs impact on the environmental
beneficial microorganisms.
� 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nanoparticulate matter, mainly metal nanoparticles, is related
to tremendous application arrays in electronics, chemical indus-
tries, space industries, medicine, pharmaceutics, cosmetics, optics,
biology, drug delivery, catalysis, light emitters and others (Vicky
et al., 2010). All nanosized particles are characterized by specific
physical and chemical features, remarkably changed compared to
the bulk metals, due to exceptionally high surface-to-volume ratio.
The intensive exploration of the silver nanoparticles (AgNPs) as
well as of the gold ones was determined by their special behavior,
mainly in the optical domain, that empowered important develop-
ment of optoelectronics and sensing device techniques (Lee and
Jun, 2019; Sharma et al., 2018; Chettri et al., 2017; Jeong et al.,
2015).

The AgNP formation in the reaction medium is indicated by the
light absorption peak denoting the occurrence of the Localized Sur-
face Plasmon Resonance (LSPR) phenomenon. LSPR, as an optical
characteristic of noble metal nanoparticles, is understood in the
terms of collective coherent oscillations of free electrons from
metal particles surface following resonant interaction with inci-
dent light. LSPR peak position on the wavelength scale is often
described as dependent on the nanoparticle size and shape as well
as being related to the molecular neighboring, i.e. pH, refractive
index and agglomeration/assembly state (Mahmudin et al., 2015;
Amendola et al., 2010; Cao et al., 2011).
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Due to the localized surface plasmon resonance effect, AgNPs
have been used, for example, to color merino wool fibers, leading
to novel AgNP-wool composite materials with different colors
depending on AgNP size and their interaction with keratin from
wool fibers (Kelly and Johnston, 2011); nevertheless disinfectant
features have been conferred to those fabrics (Pietrzak et al.,
2016). Numerous applications were developed in the life sciences
research, based on AgNPs as source of silver, such as in pharmacy,
cosmetics, sanitation, wastewater treatment, etc., (Tylkowski et al.,
2017; Bapat et al., 2018; Kaur et al., 2018; Huang et al., 2020; Al-
Zubaidi et al., 2019; Osonga et al., 2020; Bernardo-Mazariegos,et a
l., 2019). Generally silver ions were found to be the actual active
agent, when released from silver nanoparticles (AgNPs) – since
there is no final statement that nanoparticles themselves have
antimicrobial or antifungal activity (Ivask et al., 2014; Mittelman
et al., 2015)). In the U.S. alone, in 2011 the production of minimum
2.8 t of AgNPs was estimated with enhanced perspective for 2025
(up to 800 t) (Calderón-Jiménez et al., 2017) meaning huge amount
of particles released in the environment. Various fungi strains
(Zhao et al., 2018) were found able to have a high tolerance to met-
als and to secrete extracellular proteins suitable to stabilize the
AgNPs. Some examples of such fungi can be given, like Aspergillus
flavus (Vigneshwaran et al., 2007), Trichoderma reesei (Vahabi
et al., 2011), Phanerochaete chrysosporium (Kobashigawa et al,
2019).

Significant number of published papers have focused on silver
nanotoxicity in fungal cells. The influence of AgNPs, produced by
the high-voltage arc discharge, on the worldwide spread spores
of Fusarium soil fungus, was shown in the report of Kasprowicz
et al. (2010) where significant diminution of mycelial growth
was found because of silver nanotoxicity. Alananbeh et al. (2017)
have supplied with uncoated AgNPs the culture medium of fila-
mentous fungi, found in soil and the decaying vegetation, demon-
strating the growth inhibition to the increase of AgNPs
concentration. Special attention was paid to the response of bene-
ficial microorganisms from the biosphere to the AgNP pollution,
like in the case of the cellulolytic fungus Phanerochaete chrysospo-
rium, able to decompose wood wastes from natural and anthro-
pogenic sources; recent studies evidenced also its contribution to
plastic waste degrading (Gutierrez et al., 2015). Yi et al. (2016)
described the reactive oxygen species (ROS) formation in P.
chrysosporium when supplied with citrate-coated AgNPs; Huang
et al. (2017) studied the silver nanoparticles and silver ions from
the viewpoint of their influence on the capacity of P. chrysosporium
to degrade the dichlorophenol, emphasizing the role of extracellu-
larly released silver ions. Another study (Huang et al., 2018)
revealed the roles of antioxidant enzymes, among which the cata-
lase and superoxide dismutase, in reducing lipid degrading by
reactive oxygen species in the P. chrysosporium supplied with
nanoparticulate silver.

In our laboratory we studied the synthesized citrate-silver col-
loidal nanoparticles, their stability properties and their impact on
some biotic components of environment represented by cellu-
lolytic fungus P. chrysosporium, which was tested at biochemical
level for some enzyme activities.
Scheme 1. UV tube lamp, with the length L, emitting at the central point (the
distance D), the irradiance I (W/m2), under the angle a.
2. Methods

2.1. Colloidal silver nanoparticle synthesis

2.1.1. Materials and methods
Reagents. The reagents we used were silver nitrate (AgNO3 from

Merck Chemical Company), as precursor salt, and dihydrated triso-
dium citrate (Na3C6H5O7 � 2H2O from Sigma Aldrich), as reducing
and capping agent. The colloidal silver nanoparticles were pre-
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pared by applying basically the chemical reduction method
described by Lee and Meisel (1982). All reagent solutions were pre-
pared using Milli-Q deionized water (18.2 MOhm).

Phanerochaete chrysosporium L., belonging to fungi strain collec-
tion of Biology Faculty of ‘‘Alexandru Ioan Cuza” University in Ias�i,
Romania was achieved from the Institute Scientifique de Santé
Publique, Belgium (HEM no. 5772). Its role in the environment is
to decompose wood waste from biosphere.

Synthesis protocol. 50 ml of 1 mM AgNO3 were heated in an
Erlenmeyer flask. When the temperature was close to the boiling
point, to this solution, 5 ml of 1% trisodium citrate were carefully
added drop by drop. During the process, vigorously mixing was
carried out to ensure the increased interaction of the reagents,
the reaction vessel being kept on a heating plate at over 60 �C, until
its color changed from uncolored to pale yellow, suggesting the
formation of AgNPs. At this very moment the reaction vessel was
removed from the heating device while the stirring has continued
until the room temperature was reached. The mechanism of reduc-
tion reaction could be expressed as follows (Silva et al., 2007):

4Agþ + C6H5O7Na3 + 2H2O ! 4Ag0 + C6H5O7H3 + 3Naþ + Hþ + O2"
ð1Þ

The reduced silver, Ag0, forms AgNPs with citrate attached to
the surface, and dispersed in aqueous medium. The as-prepared
colloidal silver suspension was studied from the viewpoint of
physical characteristics and some biological effects, and also from
the viewpoint of its stability in time and under UV exposure.

2.1.2. Sample ageing and UV exposure
The synthesized citrate-AgNP colloidal suspension was stored

for one year in darkness, coated in black paper, in a refrigerator
(5 �C) with non-transparent walls and doors, and after that the
sample was exposed to UV-C, by using a 30 W bactericidal lamp,
emitting radiations in the range 100–280 nm.

The UV lamp, a Philips brand, was a low pressure mercury vapor
discharge tube emitting UV-C radiation with a peak at 253.7 nm
(mercury line); glass tube filters out the 185 nm ozone – forming
line. The total UV power was of 30 W while the UV-C radiation
power was of 12 W, according to producer specifications.

The exposure was carried out on 10 ml of aged silver sample in
a 3 cm diameter vessel at 25 cm under the center of the horizontal
radiation tube for 100 min. The formula provided by Keitz (Sasges
et al., 2012) allowed the calculation of the irradiance, I (W/m2)
under the horizontal tube center, at the distance D as:

P ¼ I:2p2DL=ð2aþ sin2aÞ ð2Þ
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where L is the tube length and a is the angle represented in the
Scheme 1 (in radians).

In the case of our experimental arrangement, D = 0.25 m,
L = 0.87 m, as measured, and P is given by the producer as 12 W
for the UV-C radiation; the angle a has resulted to be equal to
about p/3 rad; thus we worked with the calculated irradiance, I,
resulted from formula (2), of 26.22 W/m2, in the center of the
exposed sample:

I ¼ Pð2aþ sin2aÞ=ð2p2DLÞ ð3Þ
The total UV-C energy delivered at that point is equal to the

irradiance � exposure time; we might consider that the diameter
of the vessel containing the sample, of 0.03 m, is much smaller
than the values of L and D, thus it can be assumed that the irradi-
ance is that calculated in the central point. The total energy the
sample was exposed to, resulted as equal to 43.5 J. The results
can be considered reliable with ±5% accuracy and have shown good
agreement with goniometric measurements (Lawal et al., 2017).

2.2. Sample characterization

The Transmission Electron Microscopy (TEM), using model
Hitachi High-Tech HT7700 device, with energy-dispersive X-ray
analysis (EDX) module (HV of 100.0 kV, range 20 keV/130 kcps),
was utilized to evidence particle morphology and size distribution.

The small-angle X-ray scattering (SAXS) experiments were per-
formed on a Nanostar U-Bruker system equipped with a Vantec
2000 detector (diameter of 200 mm) and an X-ray I lS micro-
source. The wavelength of the incident X-ray beam was k = 1.54 Å
(Cu Ka line), and the beam was collimated by three pinholes. The
scattered intensity I (q) was plotted as a function of the momen-
tum transfer vector q = 4p sin h/k, where k is the wavelength of
the X-rays and 2h is the scattering angle. The sample-to-detector
distance was 107 cm allowing measurements with q values
between 0.008 Å�1 and 0.3 Å�1. The angular scale was calibrated
by the scattering peaks of a silver behenate standard. The sample
under study was sealed in a quartz capillary and measured under
vacuum at constant temperature, 25 �C for 10000 s. The capillary
and solvent backgrounds were subtracted from the original inten-
sity profiles. The data analysis was done using the softwares: Bru-
ker AXS software and ‘‘IRENA: tool suite for modeling and analysis
of small-angle scattering‘‘, (Ilavsky and Jemian, 2009).

The optical properties of AgNP colloidal suspensions were evi-
denced with Shimadzu UV–VIS Pharma Spec 1700 spectropho-
tometer and Nikon Ti-Eclipse Optical Microscope working in
darkfield (DF) mode.

2.3. Bioeffects investigation

2.3.1. Fungus growth test
Petri dishes with Sabouraud agarized culture medium (10 g/l

peptone, 35 g/l glucose, 2 g/l agar, distilled water up to 1.0
(Manoliu et al., 2010)) were inoculated with 0.8 cm discs extracted
from the 7 days old Phanerochaete chrysosporium agarized stock
culture. The fungi growth was conducted in the presence of differ-
ent AgNP suspension concentrations (experimental variants V1,
V2, V3, V4, V5 – corresponding to different concentrations of silver
suspension in the culture medium: 200–400-600–800-1000 ll/l,
Table 1).
Table 1
AgNP suspension volumes added in the fungus growth medium.

Sample C V1 V2

AgNP suspension 0 200 ll/l 400 l
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The control sample (C) was prepared identically except no silver
source was supplied to the fungi culture medium. Five replies were
arranged for each experimental variant.

2.3.2. Biochemical assay
2.3.2.1. Catalase, superoxide dismutase and malonedialdehyde. The
activities of antioxidant enzymes catalase (CAT) and superoxide
dismutase (SOD) from the fungal mycelium were assayed accord-
ing to literature (Sinha, 1972; Winterbourn et al., 1975) while
malondialdehyde (MDA) content according to Hodges et al.
(1999) was measured as indirect indicator of lipid peroxidation,
for complementary interpretation of cellular oxidative stress. All
reagents were purchased from Sigma Aldrich chemical company.
A Shimadzu PharmaSpec 1700 spectrophotometer, provided with
of 1 cm quartz cells and specialized soft for data acquisition and
analysis was utilized. The activity of CAT enzyme, having as speci-
fic substrate the hydrogen peroxide, was assayed spectrophoto-
metrically at k = 570 nm by Sinha protocol (Sinha, 1972) based
on the determination of chromium acid resulted by the reduction
of K2Cr2O7, in acidic medium, in the presence of non-
decomposed H2O2. The SOD activity was assayed at 560 nm
according to the adapted Winterbourn’s protocol (Winterbourn
et al., 1975), based on enzyme ability to inhibit the reduction of
nitro blue tetrazolium (NBT) by means of superoxide radical gener-
ated in the reaction mixture through the photoreduction of the
riboflavin. All samples were exposed to illumination for exactly
5 min using 20 W neon lamps at a distance of 10 cm. The assay
of MDA, the secondary end product of the oxidation of polyunsat-
urated fatty acids and the general index of lipid peroxidation, was
carried out using the thiobarbituric acid reactive substances
(TBARS), according to the adapted protocol of Hodges (Hodges
et al., 1999). The general method for measuring MDA was based
on the light extinction at 532 nm, after MDA containing mycelium
was let to react with the thiobarbituric acid (TBA).

2.3.2.2. Krebs’ cycle dehydrogenases. Krebs’ cycle dehydrogenases’
activities were estimated by the spectrophotometric assays at
540 nm, based on each enzyme capacity of transferring hydrogen
from its specific substrate to 2,3,5 triphenyl tetrazolium chloride
(TTC), which is reduced, to pink-red colored triphenylformazan
(Artenie and Tanase, 1981). The fungal biomass was separated by
centrifugation and 2–5 ml of phosphate buffer (pH 7.4) was added
according to each sample weight. In the experimental variants,
1 ml of the obtained mixture is supplemented with 0.2 ml of the
corresponding enzyme substrate for each of the four dehydroge-
nases (isocitric acid, ketoglutaric acid, succinic acid, and malic
acid), while 0.2 ml of phosphate buffer was introduced into each
control tube. The tubes were kept at 28 �C for 24 h. At the end of
the incubation time period, in each tube, 5 ml of acetone was
added to extract the triphenylformazane resulted by reduction
reactions.

The soluble protein content was assayed at 595 nm according to
Bradford method (Bradford, 1976) and the assayed enzyme activi-
ties were expressed relatively to the protein content. The experi-
ment was repeated twice and rather similar results were
obtained; the best correlated data are presented below. The aver-
age values resulted from five measurements of each enzyme activ-
ity were considered for graphical plots. The ANOVA test was
applied, considering the p < 0.05 threshold of statistic significance
V3 V4 V5

l/l 600 ll/l 800 ll/l 1000 ll/l
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for the comparison of means of the control samples and the test
ones.
3. Results and discussion

3.1. AgNPs characterization

3.1.1. Electron microscopy data
The TEM imaging (Fig. 1a–d) has provided data on the silver

nanoparticle size and morphology, revealing rather symmetrical
nanostructures, possibly quasi-spherical or discoidal nanoparticles,
with size polydispersity and rare nanosystems of exceptional large
dimension.

We mention that, as known, some of particles whose images
suggest their association in the studied sample could be also the
result of the suspension drop drying after deposition on the sup-
port for the electron microscopy investigation.

The most of the visualized particles have rather small sizes as
can be seen in Fig. 1a–c and in the dimensional histogram for over
1000 AgNPs (Fig. 1d) that was fitted with log-normal function.
According to corresponding histogram, most frequent nanoparti-
cles appeared to be the 5.3 nm ones (Fig. 1b) while other particles
with diameters up to 10 nm were also identified. The above results
are concordant with those of Vodnik et al. (2008) that evidenced 5
Fig. 1. TEM imaging of freshly prepared AgNP sample. (a) and (b) AgNPs with quasi-sphe
40 nm, among dominant smaller than 10 nm particle; (d) histogram of AgNPs can be fitted
(0.232); y-particle size frequency; x-particle size; PI-polydispersity index).
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to 6 nm diameter AgNPs and those of Atta et al. (2013)
that reported 12–14 nm diameters of citrate-AgNPs, measured by
TEM.

SEM investigation carried out on wider scanning field (micro-
metric scale) has revealed preferentially larger particles like the
one surprised in the TEM image presented in Fig. 1c. In Fig. 2a
and b the SEM visualizations showed the co-existence of silver
nanoparticles having 20–50 nm diameter and quasi-spherical
shape as well as associations of couple of large particles (up to
100 nm). Our SEM data are concordant with that of other authors
that studied citrate-AgNPs dimensions by SEM (Mazzonello et al.,
2017; Raza et al., 2016).
3.1.2. EDX analysis
EDX analysis resulted in the identification of chemical elements

that are present in the sample and the estimation of their relative
abundance (Table 2 and Fig. 3).

EDX spectra (Fig. 3) shows silver peak indicating the presence of
silver nanoparticles along with aluminum (Al) and silicon (Si) and
other elements characterizing the sample glass substrate (Table 2)
but also with carbon (C) and oxygen (O) present in the citrate
capping layers or still unreacted in the suspension.

Silver percentage is very small - which is not surprisingly con-
sidering the small concentration of AgNPs in the drop of aqueous
rical shape and of several nm diameter; (c) AgNPs of exceptional large size i.e. about
with mathematical function: y = 78.8 + 2478.7 (sqrt(2PI 0.23x) exp(�ln(x/5.26))2/2



Table 2
EDX analysis results (Wt-percentage of element weight; At-atom abundance percentage.

Element/spectral line CK OK NaK AlK SiK AgL KK TiK ZnK

Wt (%) 19.24 49.76 07.72 01.70 17.73 00.08 02.12 00.74 00.91
At (%) 11.95 41.14 09.18 02.37 25.74 00.42 04.28 01.84 03.09

Fig. 3. EDX analysis recording result.

Fig. 2. SEM image of fresh AgNP sample; (a) 2 mm scale bar; (b) 10 mm scale bar.
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suspension dispersed on the surface of the support exposed to ele-
mental investigation.

3.1.3. SAXS data interpretation
To get more detailed insight into the silver nanoparticle proper-

ties we carried out SAXS investigation. Scattering intensity I(q) in
average dispersing volume Vi can be written as:

IðqÞ ¼ NV2
i Dq

2jFðqÞj2SðqÞ ð4Þ
where q is the scattering vector, or the momentum transfer vector,
q = 4p sinh/k, (k being the wavelength of the X-rays and h is half the
scattering angle), N is number of scattering centres per cube cm, Dq
is particle-dispersion liquid difference in density; |F(q)|2 = P(q)is the
particle shape factor and S(q) is factor of suspension structure (S
(q) = 1 for diluted suspensions). For relatively small q domain (Gui-
nier region):

I qð Þ ¼ I 0ð Þ exp �q2 Rgð Þ2=3
h i

ð5Þ
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with Rg-the particle giration radius. When q is remarkably large
(q � 1/Rg) then I(q) reflects the characteristics of the interface
between suspended particles and dispersion liquid (Porod region);
for discoidal particles I(q) is proportional with q-2 while for spheri-
cal particles I(q) is proportional with q�4 (Glatter and Kratky, 1982).
Beaucage modeling combines the approaches of Guinier and Porod
approaches (Beaucage, 1995, Beaucage et al., 2004) with the shape
factor depending on giration radius and the particle/liquid
interface:

I qð Þ ¼ G exp �q2Rg2=3
� �

þ B=qn
0 þ y0 ð6Þ

where q0 = f(q, Rg, e), (e = error), G is Guinier factor proportional
with particle concentration, B is the factor depending on the power
of q in the region of large values of I(q), and y0 is a coefficient cor-
responding to incoherent diffusion.

The approach through Beaucage unified model (red curve,
Fig. 4) provided good fitting of experimental data (dashed curve).



Fig. 4. Scattering curve (log–log plot) and fitting with unified model (Beaucage
et al., 2004).
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The exponent, n, is always 4 while the other parameters were
obtained by iterative calculation (IRENA software). The results of
Beaucage unified fitting correlation are: G = 22766; Rg = 151 Å=1
5.1 nm; B = 0.00017839; P = 4. Statistic analysis according to
applied model gave log-normal distribution parameters:
r = 0.278; PDI- poly dispersity index = 2.53.

When q > 0.02 Å�1 then I(q) was a function of q�4. This is char-
acteristic for particles with smooth surface and negligeable inter-
actions among them. The capillary and solvent backgrounds were
subtracted from the original intensity profiles.

For a system with spherical particles obeying log-normal radius
distribution, Beaucage approach (Beaucage et al., 2004) gave distri-
bution parameters: R0 (characteristic radius) and �r

R0 ¼ Rg 5=3ð Þ1=2 expð�7r2Þ ð7Þ

r – (ln PDI/12)1/2, PDI – poly dispersity index. With (4) one can get
the radius R0 = 11 nm (diameter of about 22 nm).

The AgNP size mathematically estimated by this investigation
method reflects implicitly the way it behaves in movement in
the surrounding fluid and appears to be larger than in the dried
samples characterized by direct TEM method; the data are concor-
dant with the hydrodynamic diameter estimated in Zuo (2014) of
about 24 nm.
3.1.4. Optical microscopy data
In DF optical microscopy the visualization of AgNPs is possible

due to Localized Surface Plasmon Resonance emission phe-
nomenon that allows imaging of real particles of two orders of
magnitude smaller.

In Fig. 5 inset, the size histogram was given, that reveals highest
frequency of about 11 nm AgNPs, in agreement with Hansen and
Thünemann (2015), not far from the TEM data analysis result. Par-
ticle association in dimmers of about 36 nm can be seen in the
intensity profiles of light diffracted by dimmers (colored bifurcated
curve), dimmers being formed through neighbor particle interac-
tion due to attraction forces, probably favored by local organization
of citrate capping layer.

The analysis in UV–Vis spectroscopy has confirmed the phe-
nomenon of Localized Surface Plasmon Resonance evidencing the
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corresponding spectral band and its behavior in aged samples
and under UV radiation exposure.

3.1.5. Spectral results of citrate-AgNP stability investigation
Fig. 6 shows the UV–VIS spectra of AgNPs, typical for the LSPR

band of citrate-silver nanoparticles (Bastús et al., 2014; Alula
et al., 2018; Rashid et al., 2013) from the freshly prepared suspen-
sion and the aged one, in the range 300–600 nm; they revealed
particle polydispersity, with the maximum of the light extinction
band at 416 nm (Fig. 6) and respectively at 439 nm.

According to (Hajiesmaeilbaigi et al., 2006) the uncoated AgNPs
in water suspension exhibit a LSPR band at about 400 nm, with
sharp peak denoting spherical particles.

In the synthesis based on the silver reduction and coating with
citrate, a broad LSPR band results, as reported by García-Barrasa
et al. (2011) which is red-shifted compared to uncoated ones, sug-
gesting citrate contribution to nanoparticle size increase and
polydispersity.

The red-shift of LSPR band from 400 to 416 nm presented by us
in Fig. 6 could be caused by particle size increase during storage
time period of citrate-AgNPs.

This could be caused by the complex composition of the citrate-
AgNP suspension, involving dynamical electric phenomena at the
AgNP surface, for example due to silver and sodium ions available
for electron acceptance, (Mogensen and Kneipp, 2014). However
according to Alzahrani (2017) up to date it was not established
any general rule for the LSPR band shift because of numerous fac-
tors that could influence that spectral behavior: particle size,
shape, dimensional distribution, particle association, but also
molecular vicinity – mainly coating shell properties, and suspen-
sion composition, reflected especially the pH and the refractive
index (Pillai and Kamat, 2004), Badawy et al., 2010). Thus, because
of combined actions of such factors there is rather difficult to
explain the LSPR band position; according to Campos et al.
(2019), in some cases, in citrate coated AgNPs suspension, com-
pared to naked particles in water suspension, there could be
observed a blue-shift, while in other, apparently similar cases,
there is a red-shift or no band shifting at all.

Attempting to detail the effects of silver reduction with triso-
dium citrate one needs to take into account the general acceptation
of its relatively weak reducing capacity (Agnihotri et al., 2014),
thus, it is plausible to figure out that, during long time storage,
unreacted citrate ions have associated to each other or with citrate
already bound to nanoparticles. In the last situation some bound
citrate ions could be taken away from nanoparticle surface allow-
ing the divestment of certain surface spots; at the level of naked
particle spots, the neighbor particles attraction could result in
some larger size nanosystems (as it was shown by dimmers iden-
tified by DF microscopy, Fig. 5).

This process of citrate re-organization and particle association
could contribute to red-shift of LSPR band, which is in accord with
literature report (Saion et al., 2013), that assigns the red-shift to
particle size increasing, while the blue-shift is associated with par-
ticle size diminution.

Also, because of the proved weak reduction capacity of citrate,
the unreacted silver and citrate ions remained from initial reduc-
tion reaction (Yan et al., 2014), are supposed to continue to develop
a slow chemical interaction with the continuation of nanoparticle
formation during storage time period. In the study presented
inhere the four times increase of LSPR band – from about 0.4 to
approximately 1.6 intensity (Fig. 6), seems to demonstrate the con-
tinuation of nanoparticle synthesis, the dynamical balance
between chemical species from citrate-AgNP suspension being
pushed toward new nanoparticle formation.

In Fig. 7 the effect of UV ray exposure on the aged AgNP suspen-
sion was presented. One can see the progressive increase of SPR



Fig. 5. Dark field (DF) microscopy visualization of AgNPs with diameter histogram and intensity profiles of light diffracted by dimmers; most frequent structures appear to
have diameters of about 11 nm while rare dimmers reach 36 nm.

Fig. 6. (left) Photo of colloidal AgNP aged sample; (right) UV–Vis spectra recorded
for AgNP freshly prepared and aged samples.

Fig. 7. UV ray exposure effect on the AgNPs in colloidal suspension.
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peak intensity from 1.6 to about 2.7 during 100 min of irradiation.
Simultaneously slight progressive blue-shift from 439 nm to
435 nm was observed. We mention that sample acidity assessing
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has resulted in pH value of about 6 before UV irradiation and about
7.5 after irradiation. In previous studies (Babusca et al., 2020) the
analyzed citrate-AgNP suspensions by chemical reduction were
prepared and immediately after that they were exposed to UV-C
radiation (two step photochemical reduction); there we found
the LSPR band intensity increasing from 0.05 after chemical reduc-
tion step to 4.5 after UV exposure step, while acidity has changed
from the pH of about 5 to approximately 6; also LSPR maximum
position was blue-shifted from 425 nm to 418 nm.

In the available literature reports dedicated to AgNPs synthesis
by photochemical reduction, UV radiation is generally used simul-
taneously with the reagent mixing and heating, i.e. there is a one-
pot photochemical reduction (Jia et al., 2006; Sato-Berrú et al.,
2009). Sato-Berrú et al. (2009) have shown that the use of
356 nm UV rays to assist citrate reduction of silver nitrate for 4 h
has led to about three time increase of the LSPR band with not sig-
nificant peak shift.

The resumed analysis of our results presented in Figs. 6 and 7,
suggests that yet after one year of slow reaction in darkness and
at low temperature, the exposure to UV radiation at room temper-
ature has emphasized that the studied AgNP suspension still has
resources for new nanoparticle formation.

Regarding the pH effect, according to Loiseau et al. (2019) LSPR
band appears to be influenced by the pH-dependent redox poten-
tial of the corresponding reducer, the citrate, and consequently
on the reduction rate of the silver source reagent. Another study
showed that the LSPR band was blue-shifted and also the LSPR
band intensity was enhanced for the increased pH (Alqadi et al.,
2014); in their report the blue-shift and the narrowing of the
intense LSPR band was associated with nanoparticles size
decreasing.

One might say that the citrate-AgNP suspension synthesized by
us behaves as a dynamical colloidal system rather sensitive to UV
radiation, even after long time storage in darkness and at low
temperature.
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3.2. The results of cellulolytic fungi tests

3.2.1. Fungi growth test
The growth of cellulolytic fungus in the presence of freshly pre-

pared AgNP suspension supplied to agarized medium (C – control,
V1, V2, V3, V4, V5 – AgNP variants corresponding to 200–400–60
0–800–1000 ll/l of AgNP suspension) was measured two days
after inoculation.

Reduced disk diameters were noticed in AgNP supplied cul-
tures, compared to the control (C) after 48 h – although no math-
ematically correlated with AgNP suspension concentration (Fig. 8).
Fig. 9. Catalase activity changes in the studied fungus supplied with AgNP diluted
suspensions.
3.2.2. Biochemical assay results
3.2.2.1. Antioxidant enzymes. The activities of the two antioxidant
enzymes assayed by us in the mycelium samples, the catalase
and the superoxide dismutase, in Fig. 9 and Table 3 are given.

In Fig. 9 the levels of catalase activity in the mycelium of P.
chrysosporium cultures supplied with AgNP suspensions are pre-
sented. The representative results, corresponding to 14 day old
fungi cultures, showed the net increase of catalase activity from
38 to 60 CAT unit per gram of protein (p < 0.05), i.e. the enhanced
CAT synthesis manifests as an adaptive response to the oxidative
stress induced by silver supply. Still, younger fungi cells, at 7
growth days, present slight diminution of catalase activity
(Fig. 9) as possible result of yet inactive adaptation mechanisms
or/and as initially rapid increase of total protein synthesis that
didn’t keep the same rate during next seven days of growth.

It is a clear signal of antioxidant stress induced following AgNP
addition to fungus culture medium, that is probably generated by
the increased levels of reactive oxygen species (ROS) – since cata-
lase substrate is the hydrogen peroxide, H2O2, usually the most fre-
quent such reactive species. One could say that the oxidative stress
resulted because of catalytic action of silver that entered the fungi
cells in the form of oxidized atoms delivered by AgNP surface or
from the free silver ion pool still existing from the dissociated sil-
ver salt in the aqueous suspension.

In the presence of solved oxygen, water molecules that are cat-
alytically broken down in hydroxyl and hydrogen free radicals lead
to toxic reaction products, mainly hydrogen peroxide, H2O2 and
superoxide radical, O2

�, but also many other intermediate products,
much more instable and, thus, very difficult to take into discussion.

In Table 3 the data showing the activity of superoxide dismu-
tase (SOD) are presented. The SOD activity values differ quite a
Fig. 8. Photo of P. chrysosporium fungus growth in the agarized samples supplied
with AgNPs.
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few from the 7th to 14th day old fungus mycelium, with non-
monotonous variation, showing a slight increasing trend in the
AgNP supplied samples compared to the control ones.

The Anova based mean comparison indicating remarkable vari-
ation among the five replies of each tested experimental variants,
together with mathematically not correlated SOD values and AgNP
suspension concentration, suggests the more complicated pro-
cesses within fungi cells from the viewpoint of ROS dynamics.

Indeed the superoxide dismutase has as principal substrate the
negative ionized molecular oxygen O2

�, transforming it into neutral,
non-toxic O2 accompanied by reactive hydrogen peroxide, H2O2,
the catalase substrate which results also from the recombination
of water main radicals. In contrast with constant cell responsivity
to hydrogen peroxide through CAT biosynthesis mechanisms, it
seems that SOD activity adjustment, as response to reactive molec-
ular oxygen, could be influenced by other factors including possi-
ble random inactivation within the complex composition of
cultivation medium of P. chrysosporium fungus when supplied with
AgNPs. In Fig. 10 the concentration of malondialdehyde (MDA) is
presented, being expressed as nmol per grams of mycelium, and
evidencing more pronounced increasing tendency at 7 days of fun-
gus growth (p < 0.05), from 77 nmol/g in control samples to about
88 nmol/g for highest AgNP suspension concentration, of 1000 ml/l.
These are expectable results since for low catalase action (at 7th
day catalase activity was diminished progressively with AgNP
increasing concentration (Fig. 9)), the lipid peroxidation (measured
by MDA content) could increase with the increasing of AgNP sus-
pension concentration.

Later, at 14th day, when catalase biosynthesis was intensified,
protecting fungus tissue against peroxidation reactions, potentially
triggered by the hydrogen peroxide, the MDA level appeared
almost not changed in comparison to control samples – without
AgNPs, but generally increased compared to 7th day sample values.
Thus, AgNP supply appears as a source of oxidative stress arousing
changes of specific antioxidant enzymes while also other metabolic
disturbances could occur too.

3.2.2.2. Krebs’ cycle dehydrogenases. The cellulolytic action of P.
chrysosporium fungus is related to the cellulolytic enzymes
released in the environment where wood waste accumulates from
natural and industrial sources. Those enzymes are normally pro-
duced when an optimal bioenergetics occurs in the fungus cells,
with undisturbed Krebs’ cycle processes, including dehydrogenases
activities; to quantify the four dehydrogenase enzymes, the myce-
lium of the chosen fungus was analized for the same concentra-
tions of AgNP suspension.



Table 3
Superoxide dismutase activity changes in the fungus mycelium.

AgNP suspension (ml/l) 7 days 14 days

U/mg of protein StDev (%) U/mg of protein StDev (%)

0 0.95 12.49 0.87 6.14
200 0.56 13.35 0.39 11.08
400 1.17 14.71 1.10 3.79
600 1.07 12.08 0.76 11.17
800 1.07 7.46 1.26 10.26
1000 0.54 8.38 0.89 12.62

Fig. 10. Malondialdehyde content in the fungus mycelium grown with AgNP diluted
suspension.

Fig. 11. Succinate dehydrogenase activity in the fungus mycelium as result of AgNP
supply.

Fig. 12. Malate dehydrogenase activity in the fungus mycelium supplied with
AgNPs.

Fig. 13. Alpha-ketoglutarate dehydrogenase activity in the fungus mycelium sup-
plied with AgNPs.
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In Fig. 11 the activity of succinate dehydrogenase is presented.
While for only 7 days, when relative increase of the enzyme activ-
ity was recorded, in the final 14 day old fungus the decrease from
about 24 units (mg of formazan per gram of mycelium) to 11 units
was recorded – for 400 to 1000 ml/l experimental variants with sta-
tistical significance p < 0.01. It is probably related to the fact that at
7 days the total protein synthesis was stimulated while at 14 days
it was impaired by the supply with silver suspension (data not
shown). The smaller diameters of fungus culture in the silver vari-
ants compared to the control could suggest this differentiated
growth (Fig. 8).

In Fig. 12 the similar behavior of malate dehydrogenase can be
seen – the enzyme reversibly catalyzes the reactions of malate oxi-
dization. In the final 14 day old fungal samples the enzyme activity
was diminished evidently from over 20 units to less than 8 units,
from 200 ml/l to 1000 ml/l experimental variants, in spite of the rel-
ative increase in earlier fungi cultures at seven days (p < 0.01). Also
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the metabolic disturbances of the studied fungus cells in the pres-
ence of silver nanoparticles could be illustrated by the diminution
of the activity of alpha-ketoglutarate dehydrogenase (Fig. 13).

The average values (Fig. 13) represented in the graph decreased
from about 23 units to around 14 units from 200 ml/l to 1000 ml/l
experimental variants (p < 0.01).

In the same time in the fungus cells occurred the significant
decreasing (p < 0.01) of isocitrate dehydrogenase activity following
the silver supply (Fig. 14); in 7 day old samples the enzyme activity
diminution ranged from about 22 units to around 10 units to the
increase of AgNP concentration.

We noticed that, as in the cases of previous enzymes, except-
succinate dehydrogenase, slight increase was found for the lowest
AgNP concentration (200 ml/l) – but with no statistical significance
compared to the control sample data (p > 0.05).

We presume that such metabolic impairment as that reflected
by the tested dehydrogenases could result because of silver impact



Fig. 14. Isocitrate dehydrogenase activity in the fungus mycelium supplied with
AgNPs.
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in the fungus mycelium growth and possibly affect its beneficial role
in the environment. The ROS increase evidenced by antioxidant
enzyme activity, mainly by CAT activity increase could be the cause
of dehydrogenase progressive inactivation to the enhance of AgNP
suspension concentration increase.

Further experiments are going to be designed to get new data
that could enable us to describe the intimate mechanisms underly-
ing the interaction of fungal cells and the silver nanoparticles. At
the present moment we just could suppose that silver enter the
fungus cells after being released by endocytosed nanoparticles –
as found for 10 nm AgNPs in algae (Sekine, 2017) or silver atoms
are released in the vicinity of cellular wall being able to induce a
considerable effect following the interaction with Krebs’ cycle
enzymes.
4. Conclusions

The impact of silver nanoparticles on some environmental ben-
eficial fungus, Phanerochaete chrysosporium was evidenced by
means of some enzymes activities. We worked with citrate-silver
nanoparticles synthesized in the form of fresh colloidal suspen-
sions, that were characterized by good granularity, containing
mainly small particles, around 5.6 nm size according to TEM data;
they appeared to be accompanied by rare larger particles of tens of
nm as confirmed by SEM and SAXS - diameter of about 22 nm; also
rare dimmers - of about 36 nm size were evidenced by dark field
optical microscopy suggesting the complex interaction phenomena
in the colloidal sample.

Sample ageing and exposure to UV-C evidenced the continua-
tion of particle formation –the Localized Surface Plasmon Reso-
nance band intensity increased from about 0.4 to approximately
1.6, during ageing; also the synthesis continuation during ultravi-
olet radiation impact was remarked since the LSPR band intensity
increased from 1.6 to about 2.7 during 100 min of irradiation.

The response of P. chrysosporium fungus to AgNP suspension
administration has been evidenced by the increase of antioxidant
enzyme activity as well by the diminution of some dehydrogenases
activities. While catalase activity increasing, from 38 to 60 units,
denotes an adaptive behavior to the hydrogen peroxide formation
because of silver catalytic action on the aqueous media, the
diminution to about 50% of the activities of the four dehydroge-
nases (malate dehydrogenase, isocitrate dehydrogenase,
alpha-ketoglutarate dehydrogenase and succinate dehydrogenase)
compared to the control fungal samples, suggests the impairment
of metabolic processes.
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To search for further consequences of nanosized silver in the
fungal mycelium new investigation methods are planned to be
applied aiming to elucidate the intimate interactions at the inter-
face Ag/fungus cells in the frame of future experimental project.
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