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Abstract The aim of this work was to characterize the
physico-chemical properties of 3-hydroxyflavone (3-HF) in
a silver nanoparticles complex (SNPs) using UV-vis and
Fluorescence spectroscopy, Atomic Force Microscopy
(AFM) and Transmission Electron Microscopy (TEM) analy-
sis. One also evaluated its effect on the cell viability and mor-
phology of 1.929 mouse fibroblast cells in vitro. The contri-
bution of the carrier protein, Bovine Serum Albumin (BSA) to
3-HF properties has also been investigated. 3-HF in BSA/
SNPs systems presented no cytotoxic effect in L929 mouse
fibroblast cells at any of the tested concentrations. The results
are discussed with relevance to the oxidative stress process.

Keywords Flavones - Silver nanoparticles - Proteins -
Fluorescence - Cytotoxicity

Introduction

Flavones and related compounds of the flavonoid group in
plant poly-phenolic derivatives perform various therapeutic
properties such as: antioxidant, antiradical, angioprotective,
making them effective agents against cancers, tumors, cardiac
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problems, inflammations, allergies, Acquired Immune Defi-
ciency Syndrome [1-6]. Other remarkable types of activity of
flavones are based on their dual fluorescence behavior, known
as systems exibiting intramolecular excited state proton trans-
fer, ESIPT, for exploring the structure, function, dynamics,
interactions and microenvironment in biological systems like
proteins [7-12].

Several biological and biomedical applications are based
on the use of the metalic nanoparticles [13—15], with a special
attention to the silver nanoparticles (SNPs) and their use in the
treatment of burn wounds [16-22]. Studies on the SNPs
syntheis and their antibacterial and antimicrobial activity
show that SNPs act as an effective bactericide against gram
positive bacteria such as Escherichia coli, Pseudomonas
aeruginosa and Staphylococcus aureus [23-27]. Applications
of SNPs in clinical medicine [28, 29] and more recently, as-
pects concerning mechanisms of nanoparticles-induced oxida-
tive stress and toxicity [30], have been reported. In the last
case, changes in structural and physico-chemical properties of
nanoparticles can lead to changes in biological activities in-
cluding reactive oxygen species (ROS) generation, one of the
most frequently reported nanoparticles-associated toxicities
[30]. Moreover, oxidative stress induced by engineered nano-
particles is due to cellular factors (such as particle surface,
size, composition, the presence of the metals), while cellular
responses (such as mitochondrial respiration, nanoparticles-
cell interaction, the immune cell activation) are responsible
for ROS-mediated damage [30]. Thus, the oxidative stress is
a key determinant of nanoparticle-induced injury; A charac-
terisation of the ROS response resulting from nanoparticles is
needed [30]. Also, studies regarding the cytotoxicity of flavo-
noid compounds (apigenin, eriodictyol, 3-hydroxyflavone,
kaempherol, luteolin, naringenin, quercetin, rutin, taxifolin),
towards cultured normal human cells, with cytotoxicity in a
dose-dependent manner, have been reported [31].
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This work is an extension of our recent study [32] and aims
to evaluate the effect of 3-Hydroxyflavone (3-HF) in a silver
nanoparticles complex (SNPs) on the cell viability and on the
cell morphology of 1929 mouse fibroblast cells in vitro. The
contribution of the carrier protein, Bovine Serum Albumin
(BSA), to 3-HF properties has been also investigated. UV—
vis and Fluorescence spectroscopy, Atomic Force Microscopy
(AFM), Transmission Electron Microscopy (TEM) analysis,
have been used. The results are discussed with relevance to the
oxidative stress process.

Experimental
Materials

3-Hydroxyflavone (3-HF), with the molecular structure pre-
sented in Scheme 1, was purchased from Sigma and used
without further purification. Stock solution of 3.6 mM was
prepared in methanol (of spectrophotometric grade, purchased
from Sigma, 99 %). As a function of experimental method,
aliquots from the stock solution were added to the working
sample to reach the final concentration in the range of 6%
107° M=1.2x10"* M. Bovine Serum Albumin (BSA) was
purchased from Merck, Darmstadt, and in a typical experi-
ment, the final working concentration was in the range of
2.06+6x10° M.

The silver source, silver nitrate (AgNOs, purity 99.99 %)
and the reducing agent, sodium borohydride (NaBH,, purity
99.8 %) were purchased from Sigma-Aldrich. Ag (0) nano-
particles (SNPs) were synthesized according to ref. [33], by
adding under vigorous stirring appropriate aliquots of 1 mM
AgNO; aqueous solution to an aqueous solution containing
NaBHy, to their final concentrations of 0.1 mM AgNO; and
7 mM NaBH,, respectively.

A mouse fibroblasts cell line (NCTC clone L929) was pur-
chased from ECACC (Sigma-Aldrich, Germany). Minimum
Essential Medium (MEM), fetal calf serum (FCS), L-gluta-
mine, trypsin (E.C. 3.4.21.4), ethylenediaminetetra acetic acid

3-Hydroxyflavone

Scheme 1 Molecular structure of 3-hydroxyflavone
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disodium salt (EDTA), 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) and all other chemicals of
analytical grade were purchased from Sigma-Aldrich
Chemicals (Germany).

Methods and Apparatus

The absorption measurements were recorded using a Perkin
Elmer, Lambda 35, UV—vis Spectrometer at a scan rate of
480 nm/min with a spectral resolution of 1 nm.

Transmission electron microscopy specimens were pre-
pared by placing droplets of the aqueous solution containing
3-HF/SNPs complex onto carbon-coated TEM grid and sub-
sequently letting evaporation of the solvent under ambient
conditions. The as-synthesized nanoparticles were visualized
using a transmission electron microscope model JEM 200CX
equipped with a KeenView CCD camera and operating at
120 kV. Size analysis involved more than 100 nanoparticles
from several snapshots.

The fluorescence emission and excitation spectra were re-
corded with a Jasco FP-6500 Spectrofluorometer, using 3 nm
bandpass for the excitation and the emission monochromators,
the detector response of 1 s, data pitch of 1 nm, the scanning
speed of 100 nm/min. The excitation wavelengths were
365 nm and 280 nm for 3-HF emission and Tryptophan
(Trp) emission, respectively.

Atomic force microscopy (AFM) measurements were car-
ried in the non-contact mode, with an XE-100 apparatus from
Park Systems (2011), using ultra-sharp tips (<8 nm tip radius;
PPP-NCHR type from Nanosensors™). The topographical
2D and 3D AFM images were taken over the area of 1x
1 um?, and the horizontal line by line flattening was used as
planarization method for displaying purpose and subsequent
statistical data analysis, including the calculation of the root
mean square (RMS) roughness using the Image Processing
Program (XEI — v.1.8.0) developed by Park Systems. For
AFM analysis, the sample deposition has been done on quartz
plates, with the molar ratio 3-HF:BSA=10:1 in the SNPs
complex.

Cell Culture, Growth Conditions and Treatment Mouse
fibroblasts from NCTC clone 1929 cell line were grown in
T75 flasks in MEM supplemented with 10 % FCS, 2 mM L-
glutamine and 1 % mixture of antibiotics. Cultures were main-
tained in an incubator with humidified atmosphere of 5 % CO,
and 95 % air, at 37 °C. For experiments, cells were harvested
from subconfluent cultures using 0.25 % trypsin-EDTA solu-
tion and were re-suspended in fresh serum-supplemented
growth medium before plating. The cell suspension was seed-
ed in 24-well culture plates, at a density of 5x10* cells/well
and incubated in a humidified 5 % CO, atmosphere, at 37 °C,
to allow cell adhesion. After 18 h of incubation, cells were
treated with SNPs (0.9 uM); 3-HF (1.2x 10 * M)/SNPs and 3-
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Fig. 1 UV-vis absorption spectra of the SNPs/3-HF/BSA system. Inset
shows the absorption spectrum of 3-HF/BSA system. The concentration
of 3-HF is 6x10~> M. The concentration of BSA protein is 6x 10 M

HE/BSA (2.06 uM)/SNPs, respectively, using 1.56+50 uL of
reaction mixture in 500 pL culture medium. The plates were
incubated at 37 °C, in standard conditions of cultivation, for
24 and 48 h, respectively.

Cell Viability Assay At the end of the treatment, in vitro
cytotoxicity of the samples was evaluated by the direct contact
method, according to SR EN ISO 10993-5, using MTT assay
[34]. Briefly, the medium was harvested after 24 and 48 h of
cultivation, respectively. Fresh medium containing MTT
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Fig. 2 Representative TEM images of 3-HE/SNPs complex with the
particle size distribution and Gaussian best-fit of the SNPs; the concen-
tration of 3-HF is 6x10> M

solution, in a 10:1 (v/v) ratio was added and the plates were
incubated at 37 °C, for 3 h. After incubation, the solution was
removed, 500 ul isopropanol were added to each well and the
plate was gently shaken on a platform, for 3 h, to dissolve the
formazan crystals. The colored solution was transferred to
another 96-well plate and the optical density (OD) was read
at 570 nm, using a Sunrise microplate reader (Tecan, Austria).
The results of triplicates were expressed as mean+standard
deviation (SD). Cells cultured with complete culture medium
served as control, considered 100 % viable.

Cell Morphology Cells grown in the presence of samples for
48 h were fixed in methanol, stained with Hematoxylin-Eosin
and visualized at an AxioObserver D1 microscope, equipped
with an AxioCam MR3 digital camera (Carl-Zeiss, Jena,
Germany).

Statistics Data were expressed as mean+SD (n=3). Statistical
analysis of the data was performed using the paired Student’s 7-
test, on each pair of interest. Differences were considered sta-
tistically significant at p<0.05.

—— SNPs / 3-HF
fffff SNPs / 3-HF / BSA_0.53 uM
- SNPs /3-HF / BSA_0.78 uM

400 g _
fffff ~SNPs/3-HF /BSA_ 1 uM

520

1.38 uM

~~--- SNPs / 3-HF / BSA_1.20 uM

30| 15 e SNPs / 3-HF / BSA_1.38 uM

~. 478

200

IF /a.u.

100

450 500 550 600 650
A/nm
——3-HF, aq. sol.

SNPs / 3-HF

1000
SNPs / 3-HF / BSA

800

600|

IF / a.u.

400

200

300 350 400 450
A/nm

Fig. 3 Fluorescence emission (a) and excitation (b) spectra of SNPs/3-
HF/system in the presence of various concentration of BSA; A.,=365 nm;
Aem=530 nm; [3-HF]=6x10° M
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Results and Discussion
Absorption Measurements

Structural characterization of the 3-HF in BSA/SNPs systems
is shown in Fig. 1. The absorption spectrum of 3-HF in a SNPs
complex as well as in the BSA/SNPs complex shows a surface
plasmon absorption band with a maximum at 402 and 406 nm
respectively, in direct comparison with the plasmon absorp-
tion band of the bare SNPs, at 383 nm. For 3-HF/BSA/SNPs
system, the broad plasmon absorption band at 406 nm corre-
sponds to adsorbed BSA protein on the SNPs surface, indicat-
ing the presence of spherical SNPs. The inter-particle distance
in the SNPs assemblies or aggregates decreases [35, 36].

TEM Analysis

Figure 2 shows the representative TEM image of the 3-HF/
SNPs complex with the corresponding particle size

26_nm/div

Fig. 5 3D AFM images of SNPs (a), 3-HF/SNPs (b) and 3-HF/BSA/SNPs (¢) with 3-HF: BSA=10:1
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distribution of SNPs. As can be seen, individual particles of
spherical shape were mostly observed, and their mean size
was about 7.8 nm, in line with the plasmon band resonance
in Fig. 1. Thus, the presence of 3-HF leads to Ag nanoparticle
size slightly smaller than the one of the bare SNPs (~9 nm)
[35] and in the presence of another type of flavonoid com-
pound, riboflavin, the size is ~10 nm [36]. Given the NPs
diameter of ~9 nm and based on their plasmon band resonance
in Fig. 1, we assessed the concentration of Ag nanoparticles to
0.9 micromolar. Note also that the lack of close contact among
the nanoparticles supports the steric stabilization driven by the
adsorbed 3-HF.

Fluorescence Measurements

To have more insights on the behavior of 3-HF in a SNPs/
BSA complex, especially on the 3-HF-BSA binding in a SNPs
complex, Fig. 3a presents the fluorescence emission spectra of
3-HF in the absence and in the presence of BSA, in a SNPs
complex, at an excitation wavelength of 365 nm. 3-HF is
weakly fluorescent in SNPs complex with the emission wave-
length, A¢,=520 nm, characteristic to Tautomer (T*)

form and a shoulder at ~478 nm appears, attributed to the
anion (A”) form of 3-HF. In the presence of BSA protein, an
increase in the fluorescence emission of 3-HF is observed with
the appearance of two well structured emission bands: at A¢,,=
520 nm, from T" form and at A,,=478 nm, from A" form of 3-
HF. The emission of both A* and T" forms increases as the
concentration of BSA increases, without any shifted emission
wavelengths. This feature is due to the surrounding environ-
ment of 3-HF, especially due to H-bonding. Thus, 3-HF binds
to BSA and than the complex is adsorbed on SNPs surface.
The binding constant (K) between 3-HF and BSA in a SNPs
complex can be estimated from the fluorescence emission data
by using the modified Benesi-Hildebrand equation, such as
[37]:

I/AF - I/AFmaXK[BSA] + 1/AFmax

with AF = F, — F,, F, and F, represent the fluorescence
intensities of T" form of the 3-HF in the presence and absence
of total added BSA, respectively. AF,,, is the maximum
change in the fluorescence T~ form intensity and K is the
binding constant. The variation 1/AF of the 3-HF tautomer
fluorescence intensity vs. 1/[BSA] shows a good linearity
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which indicates that the 3-HF is binding BSA with the K
value, K=1.71x10* M"' (SE=4.67x10"*, *=0.997). Thus,
a good affinity of 3-HF towards BSA, on SNPs is observed.
Figure 3b shows the fluorescence excitation spectra, moni-
tored at 530 nm, of 3-HF with and without BSA, on SNPs
in direct comparison with an aqueous solution of 3-HF. Sig-
nificant changes are observed as follows: for 3-HF/BSA/SNPs
system, a broad band at ~429 nm is noticed, corresponding to
the anionic form of 3-HF. A shoulder at ~322 nm appears from
the neutral form of 3-HF. Without BSA, the emission bands
that appeared at 311 and 345 nm correspond to the neutral
form of 3-HF, while its anionic form appears in this case at
~416 nm. The fluorescence excitation spectrum of an aqueous
solution of 3-HF reveals the bands at 308 and 348 nm which
correspond to the absorption of neutral form of 3-HF and no
anionic form was detected. On SNPs, a broad band corre-
sponding to the absorption of Trp>'?, at ~284 nm, is observed
therefore slight perturbation at the binding site of the BSA
appears on SNPs. In these lines, Fig. 4 shows the Trp*'? fluo-
rescence emission of the 3-HF/BSA/SNPs system at an exci-
tation wavelength of 280 nm. As can be observed, a strong
blue-shift fluorescence emission of BSA (A.,,=326 nm) is
noticed as compared with a free BSA, (A, =338 nm). Thus,

a protective effect of BSA structure when 3-HF binds to BSA
and than is adsorbed on SNPs, with a more hydrophobic en-
vironment of Trp*'?, is considered.

AFM Measurements

In order to get insights on the surface morphology of SNPs at
3-HF/BSA adsorption, Fig. 5 presents the AFM image of
SNPs (Fig. 5a), of 3-HF/SNPs (Fig. 5b) and of 3-HF/BSA/
SNPs (Fig. 5c) at a molar ratio 3-HF: BSA=10:1. It appears
that, Fig. 5¢, BSA-binding to SNPs in a “side-on” binding, in
which end-on binding results in a higher surface coverage of
BSA on the SNPs surface. The results indicate a cross-linking
or electrostatic forces that leads to a spontaneously
attachement of the BSA protein to the SNPs surface.

Evaluation of In Vitro Cytotoxicity

Complementary information on in vitro cytotoxicity of
tested SNPs systems was obtained from a quantitative
determination of cell viability by MTT assay and a
qualitative evaluation of cell morphology by light mi-
croscopy in L929 cell line. The viability of fibroblasts

Fig. 7 Viability of L929 mouse a
fibroblast cells cultivated in the 140 - MTT at 24h
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cultivated in the presence of SNPs (0.9 uM), 3-HF
(1.2x10"* M)/SNPs and 3-HF (1.2x10"* M)/BSA
(2.06 uM)/SNPs (0.9 uM) is presented in Fig. 6. Dif-
ferent volumes from each reaction mixture were tested
vs. time, at 24 h (Fig. 6a) and 48 h (Fig. 6b), respec-
tively. The analysis of recorded data showed that cell
viability values ranged between 85.1 and 129.59 % for
all tested nanoproducts. These viability values higher
than 80 % indicated that all samples had no cytotoxicity
at any of the tested concentrations, after 24 and 48 h of
cultivation in 1929 fibroblast cell culture. After 24 h of
cultivation, the systems containing 3-HF (3HF/SNPs and
3-HF/BSA/SNPs) presented values of cell viability
(104.16-124.12 %) significantly (p<0.05) higher than
control (100 %), at doses of 1.56+6.25 ul (Fig. 6a).
After 48 h of cultivation, in the same range of concen-
trations, the cell viability values varied between 118.16
and 129.59 % (Fig. 6b). These results demonstrated that
samples containing 3HF presented an effect of mito-
chondrial metabolism stimulation in L.929 fibroblast cell
culture. To better compare, Fig. 7a and b show the
viability of fibroblast cells cultivated in the presence
of the same doses (1.56+50 pl) of SNPs, 3-HF/SNPs
and 3-HF/BSA/SNPs, for 24 h (Fig. 7a) and for 48 h
(Fig. 7b). As can be observed the samples are not cy-
totoxic (they have a viability of over 80 %) but the cell
viability decreased at 48 h compared to 24 h. Thus
when they were encapsulated in nanoparticles, the cell
viability increased at 48 h compared to 24 h. That
means the encapsulation favors the overtaking of the
substance in the cells (intracytoplasmatic) and the 3-
HF has a positive influence on the cell metabolism.

In the case of the 3-HF/BSA/SNPs system cultured at
low dose (1.56 ul) with fibroblast cells, the highest
values of cell viability were registered, 124.12 % at
24 h of cultivation and 129.59 % at 48 h of cultivation
(Fig. 8a). These values were significantly (p<0.05)
higher than those of nanosystems without BSA (3-HF/
SNPs and SNPs systems). In direct comparison,
Figure 8b presents the 3-HF/BSA system cultured, in
the same dose (1.56 pl) with fibroblast cells. Overall,
3-HF/BSA/SNPs system was the most biocompatible,
for both periods of cultivation in doses up to 6.25 ul.

Figure 9 presented comparative light micrographs of
L929 fibroblast cells cultivated in the presence of dif-
ferent concentrations of nanosystems, for 48 h. No mor-
phological changes of cell membranes, cytoplasm or nu-
clei were observed at any tested concentration of sam-
ples. The images showed that treated cells maintained
their normal spindle-shaped aspect, characteristic for fi-
broblasts, with euchromatic nuclei with 1-2 nucleoli and
a clear cytoplasm, similar to untreated cells (control)
and with 3-HF (50 pl). The cell density varied with
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Fig. 8 Viability of L929 mouse fibroblast cells cultivated in the presence
of 1.56 ul of SNPs, 3-HF/SNPs, 3-HF/BSA/SNPs, for 24 and 48 h (a),
and in the presence of 1.56 ul of 3-HF, 3-HF/BSA, BSA (b) assessed by
MTT assay. Error bars represent mean+SD, for n=3

sample concentration, at low doses being similar to the
control and reaching an almost complete monolayer
(85-92 %), after 48 h of cultivation (Fig. 9a, c, e). At
higher doses of reaction mixture (50 pl), the cell den-
sity was lower (Fig. 9b, d, f).

All these results demonstrated that all nanosystems tested
in L929 fibroblast cells were not cytotoxic.

Conclusions

Analyzing the results, the following conclusions may be
pointed out:

The size of the SNPs when 3-HF binds to BSA and than
is adsorbed on SNPs surface was found to be ~7.79 nm;
In the 3-HF/BSA/SNPs systems, strong fluorescence
emission was observed from both 3-HF forms: the anion
form (A, =478 nm) and tautomer form (A.,=520 nm); a
protective effect of BSA structure when 3-HF (in its an-
ion form) binds to BSA and than is adsorbed on SNPs,
with a more hydrophobic environment of tryptophan,
Trpm, was shown;

Cell viability values determined by MTT assay for mouse
fibroblasts cultivated in the presence of SNPs, 3HF/SNPs
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Fig. 9 Light micrographs of
L1929 fibroblast cells cultivated
for 48 h in the presence of SNPs,
1.56 ul (a), and 50 pl (b); 3HE/
SNPs, 1.56 ul (¢) and 50 ul (d);
3HF/BSA/SNPs, 1.56 ul (e) and
50 ul (f). (H&E staining, 10x)
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and 3-HF (120 uM)/BSA (2.06 uM)/SNPs (0.9 uM) in-
dicated that all tested volumes of the reaction mixture
were not cytotoxic;

Fibroblasts cultivated in direct contact with 3-HF
(120 uM)/BSA (2.06 uM)/SNPs (0.9 uM) presented
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the highest degree of biocompatibility at low concentra-
tions range, 1.56+6.25 pl of reaction mixture;

Light microscopy images showed a normal cell morphol-
ogy, similar to untreated cells, after 48 h of cultivation, for
all tested nanosystems concentrations;
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We can envision that expanding applications of 3-HF/BSA/
SNPs, in the above tested concentrations, offers great promise
for treatment of oxidative stress concerning cell viability.
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