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Abstract

Background/Aims: Silver nanoparticles (AgNPs) are increasingly used as antimicrobial
agents and drug carriers in various biomedical fields. AgQNPs can encounter erythrocytes
either directly following intravenous injection, or indirectly via translocation from the site of
administration. However, information regarding the pathophysiological effects and possible
mechanism of action of AgNPs on the erythrocytes are still inadequately studied. Thus, the
aim of our study was to investigate the mechanism underlying the effect of coating and
concentration of AgNPs on mouse erythrocytes in vitro. Methods: We studied the interaction
of polyvinylpyrrolidone (PVP) and citrate (CT) coated AgNPs (10 nm) at various concentrations
(2.5, 10, 40 pg/ml) with mouse erythrocytes in vitro using various techniques including
transmission electron microscopy (TEM), hemolysis, and colorimetric measurement of
markers of oxidative stress comprising malondialdehyde (MDA), reduced glutathione (GSH),
and catalase (CAT). Intracellular calcium (Ca?*) was determined using Fura 2AM fluorescence.
Annexin V was quantified using ELISA and the caspase 3 was determined both flurometrically
and by western blot technique. Results: Following incubation of the erythrocytes with AgNPs,
both PVP- and CT- AgNPs induced significant and dose - dependent increase in hemolysis.
TEM revealed that both PVP- and CT- AgNPs were taken up by erythrocytes. The erythrocyte
susceptibility to lipid peroxidation measured by MDA was significantly increased in both PVP-
and CT- AgNPs. The concentration of GSH and CAT activity were significantly decreased by
both types of AgNPs. Additionally, PVP- and CT- AgNPs significantly increased intracellular
Ca?* in a dose -dependent manner. Likewise, the concentration of the cellular protein annexin
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V was significantly and dose - dependently enhanced by both types of AgNPs. Furthermore,
PVP- and CT- AgNPs induced significant increase in calpain activity in incubated erythrocytes.
Conclusion: We conclude that both PVP- and CT- AgNPs causes hemolysis, and are taken
up by erythrocytes. Moreover, we demonstrated that AgNPs induces oxidative stress and
eryptosis. These findings provide evidence for the potential pathophysiological effect of PVP-

and CT- AgNPs on erythrocyte physiology.
9 y yte phy 9y © 2018 The Author(s)
Published by S. Karger AG, Basel

Introduction

Nanotechnology refers to the science which deals with particles that are less than 100
nm in size at least in one dimension [1-3]. In recent years, nanotechnology has gained huge
popularity due to its unique physiochemical properties such as small size, large surface area
to volume ratio, high reactivity, high carrier capacity and easy variation of surface properties
[2]. Engineered nanoparticles (NPs) are being increasingly used for various biomedical
purposes such as drug delivery, antimicrobial agents, molecular imaging and biomedical
sensing [4, 5].

Silver nanoparticles (AgNPs) are among the most popular NPs known for their strong
antimicrobial and disinfectant properties [6, 7]. The antibacterial activity of AgNPs has led
to their extensive use in various household products such as self-sanitizing toothbrushes
and bacteria - resistant stuffed toys. Some of the other applications of AgNPs include their
use as catalysts, optical sensors of zeptomole (10%! concentration), and in electronics and
textile engineering, as bactericidal agents and as therapeutic agents in medical products
such as wound dressings, surgical instruments, disinfectants and cosmetics [6, 7]. However,
this increase in the use of AgNPs has raised serious concerns about their potential adverse
effects and toxicity on human health [6, 7].

There are several mechanisms through which AgNPs can enter the human body and
interact with blood components, either directly, or indirectly. The respiratory system
provides a major portal for AgNPs used extensively in healthcare and hygiene sprays [8].
In this context, several animal and human studies have demonstrated significant alveolar-
capillary translocation of inhaled nanoparticles via endocytocis or transcytosis [8-10]. In
addition, transdermal penetration of nanoparticles has been previously reported [11]. In
fact, close contact with AgNPs used as coatings in surgical dressings may allow AgNPs to
penetrate the skin barrier and enter the capillaries [8]. AgNPs are also used widely as food
preservatives and water disinfectants [12]. Hence, the gastrointestinal system provides
another route for AgNPs entry to human body [8]. Other potential route of AgNPs in case
of biomedical applications includes parenteral administration, where AgNPs are able to
directly interact with blood components [13], including erythrocytes and may potentially
induce pathophysiological effects.

Previous studies using diesel exhaust particle (DEP), silica nanoparticles (SiNPs)
and lead nanoparticles have demonstrated significant hemolysis and oxidative stress on
human, rat and mouse erythrocytes [14-16]. In addition, studies using human erythrocytes
have investigated the effects of AgNPs on hemolysis, morphology and their uptake [17,
18]. Nevertheless, the mechanism underlying the pathophysiological effects of AgNPs on
erythrocytes physiology is not fully understood.

Several physiochemical properties determine the toxicity of AgNPs including their size,
shape and surface chemistry [19]. In addition, coating has been reported to play an important
role in NPs toxicity. In this context, in vivo studies have reported that polyvinylpyrrolidone
(PVP) and citrate (CT) coated AgNPs induce tissue specific toxicity and aggravate cardiac
ischemic reperfusion injury [20, 21]. Moreover, a previous in vitro study has shown that PVP-
and CT- AgNPs induce toxicity in J774A.1 macrophage and HT29 epithelial cells [22]. Also,
Huang et al. [23] have investigated the hemolytic effect of PVP- and CT- AgNPs on human
erythrocytes. However, to our knowledge, no study has comprehensively evaluated the effect
of PVP- and CT- AgNPs on hemolysis, oxidative stress, calcium homeostasis and eryptosis.
Hence, the aim of our study was to investigate the mechanism underlying the effect of PVP-
and CT- AgNPs, at various concentrations (2.5, 10 and 40 ug/ml), on hemolysis, uptake of
AgNPs by erythrocytes, oxidative stress, intracellular calcium, annexin V, caspase 3 and
calpain.
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Materials and Methods

Particles

Suspensions of silver nanoparticles of 10 nm (BioPure™), coated with either PVP or CT were
purchased from NanoComposix (San Diego, CA, USA). The provided stock concentrations were 1.0 mg/ml
with endotoxin level <5 EU/ml and silver purity of 99.99%. The zeta potential of PVP- and CT- AgNPs were
-26 mV and -33 mV, respectively, and the surface areas were 53.5 m?/g and 59.0 m?/g, respectively. The pH of
both the suspensions was 7.4. The suspending solvents of PVP- and CT- AgNPs were 0.9% NaCl and 2.0 mM
sodium citrate, respectively. To minimize aggregation, the stock particle suspensions were always sonicated
for 15 min and vortexed for 30 sec before their dilution, or before incubation with erythrocytes.

Transmission electron microscopy (TEM) of AgNPs

We analyzed the nanoparticle suspension used in our study by TEM. The suspensions were primarily
subjected to sonication at room temperature for 15 min prior to processing for TEM. A drop of PVP- and CT-
AgNPs suspensions were deposited on a 200 mesh Formvar/Carbon coated copper grid and allowed to dry
for 1 h at room temperature. Then the grids were examined and photographed at different magnifications
using FEI Tecnai Biotwin Spirit G2 TEM (FEI, Eindhovon, Netherlands).

Animal handling and blood collection

Balb/C mice were housed in light (12 h light:12 h dark cycle) and temperature controlled (22+1 °C)
rooms. They had free access to water and standard pellet diet ad libitum. All experimental procedures were
in accordance with protocols of the Institutional Animal Care and Research Advisory Committee and the
project approved by Institutional Review Board of United Arab Emirates University.

Animals were anesthetized intraperitonially with sodium pentobarbital 30 mg/kg, and then blood
was drawn from the inferior vena-cava with syringe prewetted with 4% sodium citrate and collected in
EDTA (4%) containing tubes. The blood sample was then processed according to the type of experiment
conducted.

Preparation of erythrocytes

The method for preparation of erythrocytes used in the present study has been previously described
[14, 24]. Briefly, collected mouse blood was mixed by gentle inversion of tube and centrifuged at 1200 g for
15 min. The plasma supernatant was discarded, and the erythrocytes were washed 4 times by suspending
them in 0.9% NaCl followed by centrifugation at 1200 g for 10 mins. The final suspension consisted of 5
% by volume of erythrocyte in saline. Flat bottom well plates were used to incubate 840 ul of erythrocyte
with 160 pl of PVP- and CT- coated AgNP suspensions (2.5, 10 and 40 pg/ml). Negative control consisted
of 0.9% NaCl and 2 mM Citrate respectively. Positive control consisted of 0.1% Triton X 100. The plates
were incubated for 4 h at room temperature under shaded light, shaking gently on an orbital plate shaker.
After incubation the samples were transferred to 1.5 ml eppendorf tube and were centrifuged at 1200 g
for 5 min. The resulting supernatant was collected for hemolysis assay, annexin V and oxidative markers
assays. The deposited erythrocytes were fixed with Karnovsky’s fixative (2% paraformaldehyde and 2.5%
glutaraldehyde in 0.1 M phosphate buffer at 7.2 pH) for TEM.

Hemolysis assay

The hemolysis assay was performed according to previously reported technique [15, 25]. Briefly,
erythrocytes incubated with PVP- and CT- AgNPs was centrifuged as described above. After that, 90 pl of
the supernatant was added in a 96 well plate and the amount of hemoglobin released was determined
spectrophotometrically at a wavelength of 540 nm. The percent hemolysis was calculated using the linear
equation y=mx+c where %hemolysis (x) = [(sample optical density (y) - negative control optical density
(c))/ (positive control optical density - negative control optical density) (m)] * 100 [14, 24].

Erythrocyte analysis by TEM

Fixed cells were processed according to method described previously [15]. Briefly, the cells were
washed with 0.1 M phosphate buffer and for 1 h at room temperature on rotamixer and post fixed with 1%
osmium tetraoxide in 100 mM cacodylate buffer. After that cells were dehydrated in a series of graded ethanol
concentration, infiltrated with Agar 100 epoxy resin, embedded into resin filled molds and polymerized at
65°C for 24 h. Blocks were trimmed and ultrathin sections were obtained by an ultra-microtome (Leica,
Mikrosysteme GmbH, Wien, Austria). Ultrathin sections were collected on 200 mesh Cu grids and were
contrasted with uranyl acetate and followed by lead citrate double stain. The grids were examined and
photographed at variable magnification by TEM [15, 26].

1579

$20z Iudy g| uo 3senb Aq ypd-09¥£6+000/1¥9.5¥2/L LS \IvI6Y/pd-ejoe/qdo/wod iebiey//:dpy woly papeojumod


http://dx.doi.org/10.1159%2F000493460

Cellular Phy5|o|ogy CeII Physiol Biochem 2018;49:1577-1588
DO

© 2018 The Author(s). Published by S. Karger AG, Basel

and B|0Chem|stry PUb|ISh€d online: 13 September, 2018  |www.karger.com/cpb

Ferdous et al.: Silver Nanoparticles and Erythrocyte Physiology

Measurements of oxidative stress markers

Supernatants were collected after incubation of erythrocytes with PVP- and CT- AgNP (2.5, 10 and 40
pg/ml) by the process described above and was subjected to oxidative stress marker assay. The erythrocytes
treated with 0.9% NaCl and 2 mM citrate were taken as control. Erythrocyte malondialdehyde (MDA) was
quantified colorimetrically followingits controlled reaction with thiobarbituricacid [27] with a commercially
available kit (Cayman chemicals, Ann Abror, MI, USA). Reduced glutathione (GSH) concentration (Sigma
Chemicals, St Loius, MO, USA) and catalase (CAT) activity (Activity kit, Cayman chemicals, Ann Abror, MI,
USA) were analyzed spectrophotometrically according to methods described by the manufacturers.

Measurement of intracellular calcium

Intracellular Ca?* was measured in incubated medium of erythrocytes treated with either vehicle or
various concentrations of PVP- and CT- AgNPs according to a previously described technique [28]. Briefly,
erythrocytes were washed with saline (0.9% NaCl) four times followed by centrifugation for 10 min at 1200
g- The erythrocytes were then resuspended in 1 mM Ringers solution. The final suspension consisted of
0.5% hematocrit of erythrocyte in 1 mM Ringers solution. The cells were then incubated in a flat bottom
plate with the AgNPs at 37 °C for 4 h. After that the incubated cell suspensions were collected in eppendorf
tube and centrifuged for 5 min at 1200 g. The supernatant was discarded, and the cells resuspended in
5mM Ringers solution to which 5 pl of Fura 2AM (Calbiochem; La Jolla, CA, USA) was added and incubated
for 15 min at 37 °C in dark on a shaker. After that, the cell suspensions were centrifuged at 1200 g for 5
min. The Fura 2AM loaded erythrocytes were resuspended in 1 mM Ringers solution and incubated for 30
min at 37 °C in dark on a shaker. Finally Ca?* - dependent fluorescence intensity was then monitored with a
fluorometer (model SFM 25, Kontron; Zurich, Switzerland) set at 340 nm excitation and 510 nm emission
[29].

Assessment of Annexin V
Annexin V bound to exposed phosphatidylserine was measured in incubated medium of erythrocytes
using mouse ANXAS ELISA kit according to manufacturer’s instruction (Elabscience, Texas, USA).

Caspase 3 analysis

The activity of caspase 3 was determined in incubated medium of erythrocytes using a caspase 3
activity fluorometric assay kit according to manufacturer’s instruction (BD Biosciencences, San Jose, CA)

Moreover, caspase 3 expression was analysed by Western blot analysis according to previously
described technique [30]. Freshly isolated erythrocytes that were incubated with either vehicle or various
concentrations of PVP-or CT- AgNPs,werewashed twicein PBSandlysedin 250 pl ofradioimmunoprecipitation
assay (RIPA) buffer (25 mM Tris-HCI pH 7.6, 150 mM NacCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS)
containing protease and phosphatase inhibitor. Insolubilized material was removed by centrifugation at
14000 g for 15 min. The supernatants were immediately removed and used for protein estimation using
a Pierce bicinchoninic acid protein assay kit (Thermo Scientific, Waltham, MA, USA). A 100 pg of protein/
lane was electrophoretically resolved by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred onto polyvinylidene difluoride membranes. The immunoblots were
blocked for 2 h, with 5% nonfat dry milk in 1X Tris-buffered saline containing Tween 20 (1%, v/v) (TBST)
and subsequently incubated overnight at 4 °C with rabbit polyclonal caspase-3 antibody (1:1000 dilution,
Cell Signalling Technology, Danvers, MA, USA) in 5% w/v nonfat dry milk. The blots were then incubated
with goat anti-rabbit IgG horseradish peroxidase (HRP) conjugated secondary antibody (1:5000 dilution,
Abcam), for 2 h, at room temperature, and developed using Pierce enhanced chemiluminescent plus
Western blotting substrate Kit (Thermo Scientific). The densitometric analysis of the protein bands was
performed for caspase-3 with Typhoon FLA 9500 (GE Healthcare Bio-Sciences AB, Uppsala, Sweden). Blots
were then re-probed with mouse monoclonal -actin HRP conjugated antibody (1:1000 dilution, Santa Cruz
Biotechnology, Dallas, Texas, U.S.A) and used as a loading control.

Measurement of calpain activity
The activated calpain in cytosol of incubated erythrocytes was flurometrically determined using a
calpain activity assay kit according to manufacturer’s instruction (Genway Biotech, San Diego, USA).

Statistics

All statistical analyses were performed with GraphPad Prism Software version 7 (San Diego, CA, USA)
and the data and figures were reported as mean * SEM. Comparisons between groups were performed
by one-way analysis variance (ANOVA) followed by Dunnett’s multiple range test. P-values <0.05 were
considered as significant.
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Results

Characterization of PVP- and CT- AGNPs

The morphology and particle size of PVP- and CT- AgNPs were determined by TEM
are shown in Fig. 1. TEM analysis of PVP- and CT- AgNPs revealed homogenous particle
size of approximately 10 nm in diameter and this corroborates the size provided by the
manufacturer. Both types of AgNPs were spherical in shape.

Effect of AGNPs on erythrocyte hemolysis

Fig. 2 shows the hemolytic effect of AgNPs on erythrocytes. Incubation of erythrocytes
with AgNPs caused a dose-dependenthemolysis. The effects were significantatconcentrations
of 10 pg/ml (P<0.001) and 40 pug/ml (P<0.001) for PVP- AgNPs and at a concentration of
40 pg/ml (P<0.001) for CT- AgNPs compared with their respective controls. The degree of
hemolysis observed at concentration of 2.5, 10 and 40 ug/ml for PVP- AgNPs were 0.99%,
3.96% and 16.34% and those observed for CT- AgNPs were 2.43%, 2.67% and 16.67%
respectively.

Erythrocyte analysis by EM

TEM images of erythrocytes
incubated with PVP- and CT- AgNPs at
concentration of 2.5, 10 and 40 ug/ml are
shown in Fig. 3. Both types of AgNPs were
found to be taken up by erythrocytes at all
tested concentrations. In the erythrocytes
the AgNPs were located both within as
well as on the margins.

Effect of AGNPs on concentrations of

MDA and GSH and CAT activity

Concentrations of MDA, GSH and
measurement of CAT activity are shown Fig. 1. Transmission electron microscope (TEM)
in Fig. 4. MDA was used to assess the analysis of polyvinylpyrrolidone (A) or citrate (B)
susceptibility of erythrocytes lipid  coated silver nanoparticles.
peroxidation in vitro. Compared with
their respective controls, the MDA
concentration was dose-dependently
increased by the incubation of 1107 :
erythrocytes with various concentrations 1001 : §

70

of PVP- and CT- AgNPs (Fig. 4A). However, o0
p< 0.001 §

the level of significance was only achieved
PVP- AgNPs {ug/ml) CT- AgNPs (pgiml)

804

Hemolysis %

A,

at highest tested concentration, i.e. 40
pug/ml (P<0.001) for both PVP-and CT-
AgNPs. Fig. 4B shows the effect of AgNPs
on concentration of GSH. Compared
with control, the concentration of GSH a0 —ps0801
was significantly decreased. The level of ~p<0.001 .
significance was achieved at all studied 0
concentrations (P<0.001) for both PVP- 5T
and CT- AgNPs. Likewise, compared with ©

their respective controls, there was a
significant decrease of catalase activity
in erythrocytes incubated with PVP and
CT- AgNPs at all tested concentrations
(P<0.001) as shown in Fig. 4C.

404

Control
254)

ton-X 100

Tiiton-X 100/ /AN,

Trit

Fig. 2. Hemolytic effect of polyvinylpyrrolidone
(PVP) and citrate (CT) silver nanoparticles (AgNPs)
in incubated mouse erythrocytes. The results are
expressed as % of postive control (0.1% Triton-X 100).
Data are mean* SEM (n=8 in each group). Statistical
analysis by one-way ANOVA followed by Dunnett’s
multiple range test.
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Fig. 3. Transmission electron microscope (TEM)
analysis of erythrocytes after in vitro incubation
with saline (control, A), polyvinylpyrrolidone
(PVP) silver nanoparticles (AgNPs) 2.5, 10, 40 pg/
ml (B, C, D respectively), 2 mM citrate (control, E)
or citrate (CT) coated AgNPs 2.5, 10, 40 pg/ml (F,
G, H respectively). AgNPs are localized within (thin
arrows) as well as on the margins (thick arrows) of
the erythrocytes

Effect of AGNPs on intracellular calcium

Fig. 5 illustrates the effect of various
concentrations of PVP- and CT- AgNPs on
cytosolic calcium concentration from Fluro3
fluorescence. The incubation of erythrocytes
with AgNPs caused a dose-dependent
increase in cytosolic calcium concentration
compared with control. While the level
of significance was achieved at 10 and 40
nug/ml (P<0.001) for PVP- AgNPs, the CT-
AgNPs showed increased cytosolic calcium
concentration at all tested dose, i.e. 2.5, 10,
and 40 pg/ml (P<0.001).

Effect of AGNPs on annexin V-binding

Exposure of phosphatidylserine at
the cell surface was estimated from bound
annexin V. Incubation of erythrocyte with
PVP- and CT- AgNPs triggered annexin V
binding as shown in Fig. 6. The effect was
significant at concentration of 2.5 pg/ml
(P<0.05), 10 pg/ml (P<0.001) and 40 g/
ml (P<0.001) of PVP- AgNPs. The effect
of CT- AgNPs was also significant at all

40+
p<0.001
304
3 p<0.001
£
o 204
a
=
10 |1|
O T I T - T
Cortrol 2.5 10 40 Confrol 25 10 40
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Fig. 4. Effect of polyvinylpyrrolidone (PVP)
and citrate (CT) silver nanoparticles (AgNPs)
on concentration of malonaldialdehyde (MDA,
A), reduced glutathione (GSH, B) and catalase
activity (C) measured in the incubation medium
of erythrocytes. Data are meant SEM (n=8 in
each group). Statistical analysis by one-way anova
followed by Dunnett’s multiple range test.

concentrations used, i.e. 2.5, 10 and 40 pg/ml (P<0.001).
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Fig. 5. Effect of polyvinylpyrrolidone (PVP) and 2500
citrate (CT) silver nanoparticles (AgNPs) on
intracellular calcium concentration measured in 20004 p<0.001
incubated erythrocytes. Data are meant SEM (n=8 | 2 : 0<0.00
in each group). Statistical analysis by one-way anova § 1500 :
’ ; s £<0.001 :
followed by Dunnett’s multiple range test. : <0 00 i pe0.00t
S 10004 T = :
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Fig. 6. Effect of polyvinylpyrrolidone (PVP) and 05
citrate (CT) silver nanoparticles (AgNPs) on the 40,001
concentration of bound Annexin V in the incubation "
medium of erythrocytes. Data are mean+ SEM (n=8 | _ 0
= U=
in each group). Statistical analysis by one-way anova | § 0001 . 5001
. £ p<0. : p<0.
followed by Dunnett’s multiple range test. > £<0.001
=
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Fig. 7. Effect of polyvinylpyrrolidone (PVP) and citrate (CT) silver nanoparticles (AgNPs) on erythrocyte
caspase 3 activity (A) and caspase 3 expression assessed by western blotting (B). Data are mean+ SEM (n=7-
8 in each group). Statistical analysis by one-way anova followed by Dunnett’s multiple range test.

Effect of AGNPs on caspase 3 activity and expression

The assessments of caspase 3 activity and expression in erythrocytes following exposure
to various concentrations of PVP- or CT- AgNPs is represented in Fig. 7. Overall, there was no
effect of both PVP- and CT- AgNPs on casapse activity in incubated erythrocytes. Compared
with the control group, only CT- AgNPs showed a significant increase at a dose 10 pg/ml
(P<0.05). Likewise, compared with the control group, the western blot analysis showed no
statistically significant effect of various concentrations of PVP- or CT- AgNPs on total caspase
3 expression in erythrocytes.
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Fig. 8. Effect of polyvinylpyrrolidone (PVP) and p<0.001

citrate (CT) silver nanoparticles (AgNPs) on calpain —P=0.001
.. .. 170 = p<0.01 . p=<0.001

activity measured in incubated erythrocytes. Data —_— !

are meant SEM (n=8 in each group). Statistical -
analysis by one-way anova followed by Dunnett’s

multiple range test.
85

Calpain (RFU)

T .IH - T -
Control 2.5 1C 40 Control 25 10 40

PVP- AgNPs (ug/ml) CT- AgNPs (ug/ml)

Effect of AGNPs on calpain activity

Detection of activated calpain in cytosol upon incubation of erythrocytes with PVP- and
CT- AgNPs is shown in Fig. 8. Compared with the control, the incubation of erythrocytes
with PVP- AgNPs caused a significant increase in calpain activity at dose 40 pg/ml (P<0.01),
and incubation with CT- AgNPs caused a significant increase in calpain activity at all
concentrations used, i.e. 2.5, 10 and 40 pg/ml (P<0.001).

Discussion

In thiswork, we assessed the in vitro effects of PVP- and CT- AgNPs on mouse erythrocytes
and showed that AgNPs can induce hemolysis, oxidative stress and increase cytosolic Ca?*,
annexin V binding and calpain activity.

Our in vitro erythrocyte study is relevant to previous in vivo studies which demonstrated
that exposure to AgNPs is associated with cardiovascular dysfunction in addition to
cytotoxicity and oxidative stress [20, 21]. We incubated the erythrocytes with vehicle or PVP-
or CT- AgNPs for 4 h; a time point similar to previous in vitro studies [18, 31]. The various
concentrations of PVP- and CT- AgNPs (2.5, 10 and 40 pg/ml) used in our study are also
similar to previous studies evaluating nanotoxicity and blood compatibility of erythrocytes
incubated with AgNPs [17, 23]. Our concentrations are comparable with previous studies
using AgNPs on human, mouse and fish erythrocytes and the highest dose of 40 pg/ml, is
much lower than the optimal dose of AgNPs (200 pg/ml) that has been reported to induce
hemolysis in human erythrocytes [17, 18, 23, 32-34]. In fact, in humans following oral
exposure, in vivo serum concentration of AgNPs of up to 10ug/ml has been reported [35, 36].
The latter is within the range of concentrations of AgNPs that we used in our present study:.
Both particle size and coating have been reported to play critical role in NP-induced toxicity;
size <50 nm AgNPs induces greater hemolysis and increased uptake by erythrocytes [17, 22,
23, 34]. Hence, we presently assessed the impact of 10 nm AgNPs with 2 different coating,
namely PVP and CT.

Our hemolytic assay results show that both 10 nm PVP- and CT- AgNPs cause a dose-
dependent hemolysis. Similar results were obtained when fish and human erythrocytes
were incubated with various sizes of AgNPs (15 nm - 100 nm); the highest hemolytic activity
being observed with size <50 nm AgNPs [17, 18]. Huang et al. [23], in a study using human
erythrocytes demonstrated that PVP- AgNPs (20 nm) caused ~19% hemolysis while CT-
AgNPs (20 nm) caused ~10% hemolysis at the concentration of 40 pg/ml. Research focusing
on TiO, also showed evidence of hemolysis in rabbit erythrocytes [37]. Our previous studies
on interaction of erythrocytes with DEP and amorphous SiNPs demonstrated significant
dose-dependent hemolysis [14, 15]. Besides using Triton X 100 as a positive control, we
have also assessed the hemolytic effects of a positive control particle, namely amorphous
SiNPs (50 nm), at a dose of 25 pg/ml [15]. The latter results confirmed the hemolytic effect
of SiNPs (data not shown). The hemolytic activity of SiNPs exposed erythrocytes has been
demonstrated to be dependent on presence of negatively charged silanol groups [38].
However, the mechanism by which AgNPs may induce hemolysis is not fully understood.

$20z Iudy g| uo 3senb Aq ypd-09¥£6+000/1¥9.5¥2/L LS \IvI6Y/pd-ejoe/qdo/wod iebiey//:dpy woly papeojumod


http://dx.doi.org/10.1159%2F000493460

Ce”ular Phy5|ology Cell Physiol Biochem 2018;49:1577-1588
DOL

© 2018 The Author(s). Published by S. Karger AG, Basel

and BiOChemIStry Pubiished online: 13 September, 2018  |www.karger.com/cpb

Ferdous et al.: Silver Nanoparticles and Erythrocyte Physiology

There is a strong body of evidence suggesting interaction of RBC with AgNPs itself can
induce hemolysis, rather than released silver ion mediated cellular toxicity [17, 18]. It has
been also stated that AgNPs can bind to thiol groups within proteins or phospholipids of
membrane with high affinity and thereby promote denaturation [39]. Moreover, interaction
of negatively charged silver surface with cations in membrane of RBC may also contribute to
hemolysis [39].

To obtain more information about the possible uptake and localization of AgNPs
within RBCs, TEM analysis has been performed following incubation of erythrocytes with
various concentrations of AgNPs. Interestingly, both 10 nm PVP- and CT- AgNPs were
observed within the erythrocytes even at our lowest concentration of AgNPs that is 2.5 pg/
ml. The optimal size for uptake of AgNPs by fish erythrocytes was reported to be ~50 nm
[17]. However, despite the presence of AgNPs in the erythrocytes the degree of hemolysis
observed was relatively slight for the concentrations of 2.5 pg/ml and 10 pg/ml for CT-
AgNPs and concentration of 2.5 ug/ml for PVP- AgNPs. This could probably suggest that
the hemolytic effect is both coating and dose dependent. Our previous studies showed that
DEP and SiNPs are taken up by erythrocytes [14, 15]. Geiser et al. [40], in studies of TiO2
NPs on lung cells and erythrocytes showed that particle uptake in cells was by diffusion or
adhesive interactions rather than endocytosis. However, it is well established that RBC’s lack
endocytic machinery and there is no actin myosin system [41], and therefore the mechanism
underlying the uptake of nanoparticle by erythrocytes may be different from other phagocytic
cells. Though our study does not clearly define the mechanism of entry of AgNPs into the cell
it could be possible that, given their very small size, the 10 nm AgNPs were able to enter the
erythrocytes via diffusion as suggested before [19]. Further studies are required to clarify
this particular point.

To further clarify the possible mechanism related to hemolytic effect of PVP- and CT-
AgNPs, we assessed biomarkers of oxidative stress including MDA, GSH concentration and
CAT activity. MDA is one of the final products of polyunsaturated fatty acid peroxidation
in the cells and is used as a marker of cell membrane injury as its production is increased
with increase in free radicals [27]. Our data showed a dose-dependent increase of MDA with
significance at the highest concentration 40 ug/ml for both PVP- and CT- AgNPs. Previous in
vitro hemolytic studies also demonstrated significant and dose-dependent increase in MDA
in fish erythrocyte incubated with AgNPs (15 nm - 100 nm) at various concentrations (1.25
ug/ml - 20 pg/ml) [17]. However, our previous study of interaction of DEP with erythrocytes
demonstrated no significant changes of MDA in mouse erythrocytes at 100 pg/ml [14]. In
contrast, our other study on interaction of erythrocytes with SiNPs showed significant MDA
increase even at 25 pg/ml [15]. These results collectively indicate that the overproduction
of MDA in erythrocytes is particle and dose-dependent and that both studied coating (PVP
and CT) induce lipid peroxidation of RBC. Oxidative stress results from imbalance between
reactive oxygen species (ROS) and the antioxidant defense system. Erythrocyte antioxidant
enzymes are major circulating antioxidant enzymes in the oxidative stress defense system
[42]. GSH and CAT are major enzymes that control the biological effect of ROS [42]. While GSH
quenches the free radicals by serving as electron donor, CAT converts hydrogen peroxide to
water and oxygen [43]. Our data show, incubation with AgNPs results in significant decrease
in GSH concentration and CAT activity compared to control. The decrease of antioxidants
in the present study can be attributed to the increase of their consumption due to increase
in ROS. The activity of CAT has been shown to be decreased, and the concentrations of GSH
and MDA increased in trout hepatocytes incubated with selenomethionine [44]. The data
of our previous study showed a significant and dose - dependent increase in CAT activity
and GSH concentrations in erythrocytes treated with SiNPs [15]. The latter effect has been
explained by an adaptive response that counterbalances the potentially damaging activity of
free oxygen radicals by antioxidant defense mechanism [15]. Overall, these results indicate
the relation between AgNPs interaction and alteration in oxidative stress and antioxidant
enzymes activities.

Mature erythrocytes are highly specialized cells that lack normal cell organelles, such
as nucleus and mitochondria, which are vital for the regulation of apoptosis, an innate
mechanism of cell clearance [45]. The senescence involved in mature erythrocytes, is
characterized by distinct changes in shape and plasma membrane with translocation of
phosphatidylserine from the inner leaflet of cell membrane, and is termed as eryptosis
[46, 47]. The later has been evaluated using various techniques including cytoflurometric
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analysis [48]. However, unlike apoptosis of erythroblast that is caspase - dependent, the
mature erythrocyte is driven into eryptosis by increase in intracellular calcium which in turn
triggers activation of calpain [47]. Apoptosis mediated cell death via AgNPs exposure has
previously been demonstrated in various cell line including normal human lung fibroblast,
gliobastoma and osteoblastic cells [49]. However, little is known about the mechanism of
cell death in AgNPs - treated erythrocytes. Our data shows significant and dose dependent
increase of intracellular calcium and Annexin V binding for both PVP- and CT- AgNPs. It has
been shown that increased calcium activity is due to activation of Ca?* permeable cation
channels which is, in turn, triggered by erythrocyte injury including oxidative stress [46].
Additionally, typical features of eryptosis including cell shrinkage, membrane blebbing,
phoshphotidylserine externalization has been reported in erythrocytes exposed to Ca?*
ionophore ionomycin or A23187 [50, 51]. Annexin V is a Ca®*-dependent cellular protein
that has the ability to bind with phosphotidylserine and used as an apoptotic marker when
exposed on outer leaflet of cell membrane [50, 52]. Our present findings also corroborates
our previous study that demonstrated increased erythrocyte cytosolic calcium and annexin
V binding following incubation with SiNPs [15]. However, unlike the previous study, there
were no significant changes in caspase 3 activity compared to control except for CT- AgNPs
at concentration of 10 pg/ml. The discrepancy between the present and the previous study
could be related to type of NPs (PVP- and CT- AgNPs versus SiNPs) and/or size of NPs (10 nm
versus 50 nm). The caspase activity results were further confirmed by western blot analysis,
which also showed no significant changes in expression of the total caspase 3 in erythrocytes
exposed to various concentration of PVP- or CT- AgNPs, compared with controls. Caspase
members contain a cystine residue and exists as zymogens that needs to undergo proteolytic
cleavage before inducing its initiator or effector function in apoptosis [53]. Though the
presence of caspase is well established in erythrocyte, their role in eryptosis is not clearly
defined [45]. Berg et al. [54] suggested that the inability of caspase activation in erythrocyte
might be due to presence of novel inhibitor or lack of other elements of apoptotic machinery
like Apafl and cytochrome C. Similar to caspases, another calcium dependent cystine
protease, calpains, exits as proenzymes and is reported to play a role in eryptosis [55]. Our
data show that the incubation of erythrocytes with PVP- or CT-AgNPs, results in significant
increase in calpain activity compared with control, and this increase could be attributed to
the increase in cytosolic calcium. Our findings corroborates with a previous study which
demonstrated that changes in intracellular calcium led to the activation of calpain [54].

To conclude, the interaction of two differently coated AgNPs was comprehensively
investigated in an in vitro model of mouse erythrocytes. We observed that both PVP- and CT-
AgNPs caused hemolysis and were taken up by the erythrocytes at all tested concentrations.
We also demonstrated that PVP- and CT- AgNPs induced oxidative stress and increased
cytosolic calcium, annexin V binding and calpain activity which may explain the cause of
hemolysis and mechanism by which eryptosis may be triggered. More studies are required
to further investigate the mechanism underlying pathophysiological effects of AgNPs on
eryptosis.
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