
croscope.

RESULTS: Ag NP are cytotoxic in a dose and time de-
pendent fashion for HMEC. At high concentrations, Ag 
NP determine loss of membrane integrity as demon-
strated by the increased activity of lactate dehydroge-
nase in the culture medium. Ag NP rapidly stimulate the 
formation of free radicals. However, pre-incubation with 
Trolox, apocynin, or N-acetyl-L-cysteine, antioxidants 
which have different structure and act through different 
mechanisms, is not sufficient to prevent cytotoxicity. 
Ag NP also induce DNA damage dose-dependently, as 
shown by comet assay. When exposed to sublethal con-
centrations of Ag NP for long times, the cells remain vi-
able but are growth retarded. Interestingly, removal of 
Ag NP partially rescues cell growth. Also genotoxicity is 
reversible upon removal of Ag NP from culture medium, 
suggesting that no permanent modifications occur. It is 
noteworthy that Ag NP are cytotoxic and genotoxic also 
for endothelial progenitors, in particular for endothelial 
colony-forming cells, which participate to angiogenesis.

CONCLUSION: Silver nanoparticles are cytotoxic and 
genotoxic for human microvascular endothelial cells 
and might become a useful tool to control excessive 
angiogenesis. 

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: We studied the sensitivity to silver nanopar-
ticles of microvascular endothelial cells, which are 
responsible for tissue homeostasis and fundamental 
in angiogenesis. Silver nanoparticles are cytotoxic and 
lead to membrane leakage. Cytotoxicity is not prevent-
ed by the antioxidants Trolox, N-acetyl-L-cysteine or 
apocynin. Silver nanoparticles also induce DNA damage 
as demonstrated by comet assay. When exposed to 
sublethal concentrations of silver nanoparticles for long 
times, the cells remain viable but are growth retarded. 
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Abstract
AIM: To study the response to silver nanoparticles (Ag 
NP) of human microvascular endothelial cells, protago-
nists of angiogenesis. 

METHODS: We cultured human microvascular en-
dothelial cells and endothelial colony-forming cells in 
their corresponding growth medium. Stock solutions of 
Ag NP were prepared in culture medium and sonicated 
before use. They were added at different concentra-
tions and for different times to culture media. The tox-
icity of Ag NP was investigated by measuring the reduc-
tion of yellow tetrazolium salt to dark purple formazan 
(MTT assay) at 575 nm. After staining with trypan blue, 
cell proliferation was assessed by counting viable cells. 
The lactate dehydrogenase leakage assay was per-
formed on culture media by following the oxidation of 
NADH to NAD+ and monitoring the reaction kinetically 
at 340 nm. Reactive oxygen species production was 
quantified using 2’-7’-dichlorofluorescein diacetate. The 
alkaline comet assay was performed after mixing the 
cells with low melting-point agarose. Electrophoresis 
was then conducted and the samples were stained with 
ethidium bromide and analyzed with a fluorescence mi-
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Interestingly, removal of silver nanoparticle rescue cell 
growth, suggesting that no permanent modifications 
occur. Silver nanoparticles are cytotoxic and genotoxic 
also for endothelial progenitors, which contribute to an-
giogenesis.

Castiglioni S, Caspani C, Cazzaniga A, Maier JAM. Short- and 
long-term effects of silver nanoparticles on human microvas-
cular endothelial cells. World J Biol Chem 2014; 5(4): 457-464  
Available from: URL: http://www.wjgnet.com/1949-8454/full/
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INTRODUCTION
Angiogenesis is a complex multistep process resulting in 
the formation of  new capillaries from pre-existing ves-
sels[1]. Protagonists in angiogenesis are the microvascular 
endothelial cells which are stimulated by angiogenic fac-
tors to proliferate, invade the surrounding tissues and 
undergo differentiation to form new vessels[1]. Therefore, 
impairing endothelial cell survival and growth can ef-
fectively block angiogenesis when excessive, as described 
in tumors, chronic inflammatory diseases, retinopathies, 
psoriasis among others[1]. Indeed, anti-angiogenic drugs 
are currently used in therapy to control angiogenesis in 
different pathological conditions[2]. 

Silver nanoparticles (Ag NP) are the most widely 
commercialized among all nanomaterials, because they 
show antiseptic properties. Consequently, they are used 
in the production of  catheters or implantable devices 
as well as in cosmetics and household products[3]. Many 
studies have reported the cytotoxicity of  Ag NP in sev-
eral systems in vitro and in vivo[4]. Few studies focused on 
endothelial cells. Ag NP induce cell injury through the 
activation of  the NFkB pathway in human endothelial 
cells from the umbilical vein (HUVEC)[5]. Exposure of  
rat brain endothelial cells to Ag NP leads to a marked 
cytotoxicity which is independent from the Ag ion re-
lease[6] and partially related to the induction of  an inflam-
matory response[7]. Ag NP inhibit Vascular Endothelial 
Growth Factor (VEGF)-induced cell proliferation and 
migration in bovine retinal endothelial cells and promote 
apoptosis[8,9]. They also reduce VEGF and interleukin 
1β-induced permeability in porcine retinal endothe-
lial cells[10]. In contrast with these studies, Kang et al[11] 
showed that Ag NP stimulated the murine endothelial 
cell line SVEC4-10 to produce angiogenic factors and ni-
tric oxide and to activate VEGF-receptor pathways. This 
study also reports that Ag NP increase angiogenesis in 
Matrigel plug assay.

To our knowledge, no data are available about the 
effects of  Ag NP on human dermal microvascular en-
dothelial cells (HMEC). It is noteworthy that endothelial 
cells show a high degree of  phenotypic heterogeneity[12] 

and it is therefore relevant to analyze cells from different 
districts. Indeed, because of  the diversity of  hemody-
namics and of  signals from different tissue microenvi-

ronments, microvascular endothelial cells diverge from 
endothelial cells of  the large vessels in gene expression 
profile[13]. 

We here show the short- and long-term effects of  Ag 
NP on HMEC viability and growth, crucial events in an-
giogenesis. Interestingly, also endothelial colony-forming 
cells (ECFC), rare circulating endothelial cells which par-
ticipate to angiogenesis[14], are sensitive to Ag NP.

MATERIALS AND METHODS
Reagents
Ag NP were purchased from NanoAmor (Houston, Unit-
ed States). According to the manufacturer, Ag NP chemi-
cal specifications are the following: purity, 99.5%; average 
particle size, 35 nm; specific surface area, 30-50 m2/g; 
particle morphology, spherical; crystallographic struc-
ture, cubic. Stock solutions of  these nanoparticles were 
prepared in MCDB131 and EBM-2 media without fetal 
bovine serum (FBS) at concentration of  1080 μg/mL 
and kept at 4 ℃ for 1 mo. Stock solutions were sonicated 
several times just before preparing appropriate dilutions 
in culture medium. Unless otherwise specified, all the re-
agents were from Sigma (Oakville, Canada).

Cell culture, MTT and lactate dehydrogenase assay
HMEC were obtained from Centers for Disease Control 
and Prevention (Atlanta, United States). They exhibit 
typical cobblestone morphology, express cell-surface 
molecules, including CD31 and CD36, secrete von Wil-
lebrand’s Factor, and take up acteylated low-density lipo-
protein[15]. HMEC were grown in MCDB131 (Invitrogen, 
Milan, Italy) containing Epidermal Growth Factor (EGF) 
(10 ng/mL), hydrocortisone (1 μg/mL) and 10% FBS on 
2% gelatin-coated dishes. ECFC were from Lonza (Mi-
lano, Italy) and grown in EBM-2 medium supplemented 
with 10% FBS and hydrocortisone, human EGF, VEGF, 
human basic Fibroblast Growth Factor, ascorbic acid, 
heparin and gentamicin/amphotericin B, according to the 
manufacturer’s instruction[16]. 

For MTT assay the cells were seeded in 96 well/plates. 
MTT is a sensitive quantitative colorimetric assay measur-
ing the reduction of  yellow tetrazolium salt MTT to dark 
purple formazan by succinate dehydrogenase, mainly in 
mitochondria, and it is now widely accepted as a reliable 
way to examine cytotoxicity[17]. Briefly, the medium was re-
placed with medium containing 3-(4,5-dimethylthiazol-2-
yl)-2,5 diphenyltetrazolium bromide (MTT, 0.5 mg/mL). 
At the end of  the incubation, media were removed and 
formazan crystals generated by the cellular reduction 
activity were dissolved in dimethyl sulfoxide (DMSO). 
Absorbance was measured at 575 nm. In long-term ex-
periments, cells were trypsinized, stained with trypan blue 
(0.4%) and viable cells were counted[16]. 

To evaluate cell membrane integrity, the lactate dehy-
drogenase (LDH) leakage assay was performed. Culture 
medium was collected and centrifuged at 4000 rpm for 
10 min. 50 μL of  medium was resuspended in a solution 
containing phosphate buffer 0.1 mol/L pH 7.0, 25 μL so-
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dium pyruvate 23 mmol/L, 12.5 μL NADH 14 mmol/L. 
LDH catalyzes the reduction of  pyruvate to lactate in the 
presence of  reduced nicotinamide adenine dinucleotide 
(NADH) at pH 7.0. The reaction was monitored kineti-
cally at 340 nm by the rate of  decrease in absorbance 
resulting from the oxidation of  NADH to NAD+ pro-
portional to the activity of  LDH in the sample. Data are 
expressed as enzyme unit/ml culture medium.

Reactive oxygen species production
Intracellular oxidative stress was quantified using 2’-7’-di-
chlorofluorescein diacetate (DCFH). Cells were seeded 
into black bottomed 96 plates (Greiner bio-one, Fricken-
hausen, Germany) and 24 h later exposed for 30 min to 
different concentrations of  NP in a 20 µmol/L DCFH 
solution. Intracellular oxidative stress was measured by 
monitoring the emission at 529 nm of  the DCFH dye 
using Promega Glomax Multi Detection System. H2O2 
was used as a positive control. The results are the mean 
of  three independent experiments performed in quadru-
plicate. Data are shown as the fold increase in reactive 
oxygen species (ROS) levels of  Ag NP treated cells com-
pared to control ± SD.

Single cell electrophoresis - comet assay 
The alkaline comet assay was performed on HMEC and 
ECFC cells. Cells were seeded at 10000/cm2 in 24 well-
plates 24 h prior to treatment. After treatment, cells were 
trypsinized, mixed with low melting-point agarose and 

spread on pretreated slides which were allowed to dry. 
The slides were then immersed in ice cold lysis solution 
(Tris-HCl 0.01 mol/L pH 10, NaCl 2.5 mol/L, EDTA 
0.1 mol/L, NaOH 0.3 mol/L, Triton 1%, DMSO 10%) 
and incubated at 4 ℃ for 60 min. Electrophoresis was 
conducted in ice cold running buffer (NaOH 0.3 mol/L, 
EDTA 0.001 mol/L) for 30 min at 300 mA. The slides 
were then rinsed, fixed in ice-cold methanol for 3 min 
and dried at room temperature. Cells were stained with 
ethidium bromide and analyzed with a fluorescence mi-
croscope.

Statistical analysis
Statistical significance was determined using the Student’s 
t test and set at P values less than 0.05. In the figures aP < 
0.05; bP < 0.01; dP < 0.001.

RESULTS
High concentrations of Ag NP are cytotoxic 
HMEC cells were exposed to various concentrations of  
Ag NP for 72 h. By MTT assay we found that Ag NP 
reduced the viability of  HMEC cells dose dependently 
(Figure 1A). Cytotoxicity was statistically significant at a 
concentration 0.1 μg/mL (P < 0.01) with an Inhibitory 
Concentration 50 (IC50) 1.86 ± 0.13 μg/mL. The kinet-
ics of  NP-induced cytotoxicity were then examined us-
ing 0.5, 1.0 and 2.5 μg/mL Ag NP (Figure 1B). 1.0 and 
2.5 μg/mL Ag NP had dramatic effects on cell viability, 
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while HMEC survived with 0.5 μg/mL Ag NP. This ex-
periment was also performed by counting the cells. We 
found no viable cells with the high concentrations of  
Ag NP while we observed an increase of  cell number in 
HMEC treated with 0.5 μg/mL Ag NP (data not shown). 
These results demonstrate that Ag NP are cytotoxic in a 
dose and time dependent fashion. Interestingly, HMEC 
displayed the same sensitivity to Ag NP coated with Poly-
VinylPyrrolidone (data not shown), thus indicating that 
the toxic effect is not due to the release of  Ag ions from 
their surface upon the contact with aqueous solutions.

LDH is a soluble cytosolic enzyme that is released 
into the culture medium following loss of  membrane in-
tegrity. We measured LDH activity after treating HMEC 
for 24 h with Ag NP and observed a marked dose de-
pendent increase of  LDH activity in the medium after 
exposure to 1.0 and 2.5 μg/mL Ag NP (Figure 1C), 
while the leakage was very low in HMEC treated with 0.5 
μg/mL of  nanoparticles. These results indicate that high 
concentrations of  Ag NP induce damage to the cellular 
membranes.

We then evaluated whether exposure to Ag NP for 24 
h induced DNA strand breaks in HMEC cells by comet 
assay. As shown in Figure 1D, Ag NP induced a dose de-
pendent level of  genotoxic stress as demonstrated by the 
formation of  comets.

Antioxidants do not prevent Ag NP cytotoxicity
Initially, we measured the generation of  ROS in response 
to Ag NP for 30 min. In HMEC, we found a signifi-
cant dose-dependent increase of  ROS (Figure 2A). We 
also evaluated the capability of  three antioxidants with 
different mechanisms of  action to inhibit ROS forma-
tion in response to Ag NP in HMEC. To this purpose, 
we used Trolox, a synthetic cell-permeable analogue of  
α-tocopherol which scavenges peroxyl and alkoxyl radi-
cals, and N-acetyl-L-cysteine (NAC), a thiol compound 
that is a precursor of  reduced glutathione and increases 
the activity of  superoxide dismutase[18]. We also utilized 
apocynin, an inhibitor of  NADPH oxidase[19]. We pre-
incubated the cells with Trolox (40 μmol/L), apocynin 
(10 μmol/L), or NAC (5 mmol/L) for 2 h before adding 
different concentrations of  Ag NP or H2O2 as a positive 
control. Figure 2A shows that the three antioxidants re-
duced the formation of  ROS induced by Ag NP and by 
H2O2. To evaluate the role of  oxidative stress in Ag NP-
mediated toxicity, we treated the cell with the three anti-
oxidants before adding Ag NP for 24 and 72 h. As shown 
in Figure 2B, antioxidants did not exert any protective 
effect against Ag NP in HMEC. Accordingly, we detected 
DNA damage by comet assay also when HMEC were 
pre-incubated with antioxidants prior to the addition of  
Ag NP (data not shown).
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Low concentrations of Ag NP induce a reversible growth 
inhibition
We then evaluated the effects of  long term exposure to 
Ag NP. HMEC were treated with different concentrations 
of  Ag NP and counted on the day in which the control 
untreated cells reached confluence. After counting, Ag 
NP-treated or untreated cells were re-seeded at the same 
density. 

As shown in Figure 3A, 2.5 μg/mL Ag NP are highly 
cytotoxic and almost no viable cells are observed after 4 d 
treatment, while 11 d were necessary to have no viable cells 
when 1.0 μg/mL Ag NP was used. Only the 0.5 μg/mL 
Ag NP treated cells could be cultured for 31 d. At day 19, 
the cells were counted, re-seeded and propagated with or 
without 0.5 μg/mL Ag NP for additional 12 d. We show 
that HMEC partially recovered their proliferative poten-
tial after removing Ag NP from the medium (Figure 3B). 
In parallel, we performed comet assay and show that also 
genotoxicity was reversible upon removal of  Ag NP from 
culture medium (Figure 3C).

Ag NP are cytotoxic for ECFC
We extended part of  our studies to ECFC, which are 
known to contribute to new vessel formation[14]. We 
evaluated the effects of  different concentrations of  Ag 
NP and found that, similarly to HMEC, Ag NP were 
cytotoxic in a dose dependent fashion (Figure 4A). It is 

noteworthy that ECFC are less sensitive to Ag NP than 
HMEC, since the IC50 we observed was 2.40 ± 0.24 μg/
mL. We also found that Ag NP induced a marked DNA 
damage as detected by comet assay (Figure 4B).

DISCUSSION
The possibility of  exploiting nanoparticles as alternative 
candidates to treat different diseases is under intensive 
investigation and represents a major challenge for mod-
ern medicine. Indeed, nanoparticles could serve as active 
components or could be useful to deliver functional moi-
eties into their targets. 

In particular, Ag NP are cytotoxic and genotoxic in 
various cell types including cancer cell lines[9,20], and in-
duce DNA damage in human peripheral blood cells[21]. 
Consequently, the possibility to exploit their cytotoxic ac-
tivity to treat proliferative diseases is of  interest. Little is 
known about the effects of  Ag NP on endothelial cells[5-7] 

and, to our knowledge, no data are available on human 
microvascular endothelial cells, pivotal regulators of  tis-
sue homeostasis and fundamental players in angiogenesis. 

We here show that Ag NP are cytotoxic and geno-
toxic for HMEC. These results suggest that Ag NP might 
represent a challenging tool to treat all those diseases 
characterized by exaggerated angiogenesis[1]. Considering 
that: (1) angiogenesis is one of  the hallmark of  cancer[22]; 
and (2) human cancer cells are susceptible to the cytotox-
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ic effects of  Ag NP, Ag NP might also be promising to 
control proliferative diseases since they could target both 
the vasculature and the neoplastic cells. To this purpose, 
it is worth underscoring that also endothelial progenitors, 
specifically ECFC, circulating endothelial cells with in-
trinsic in vivo vessel forming ability[14], are sensitive to Ag 
NP. Interestingly, ECFC are emerging as important play-
ers in angiogenesis and also as useful tools in regenerative 
medicine[14].

Several mechanisms have been proposed to explain 
how Ag NP exert their activity. Ag NP are cytotoxic 
through inducing oxidative stress[23], impairing mito-
chondrial function[24], damaging DNA[25] and promoting 
inflammation[5]. In HMEC we show that Ag NP damage 
DNA, and this might account for the decreased viability 
of  Ag NP-treated cells. 

The contribution of  free radicals to Ag NP toxicity 
in HMEC is puzzling. Indeed, while the production of  
ROS rapidly increases upon exposure to Ag NP, the three 
antioxidants used, which have different structure and act 
through different mechanisms[18,19], do not prevent Ag 
NP cytotoxicity. On the contrary, the antioxidant N-acetyl 
cysteine inhibited Ag NP cytotoxicity in HUVEC[5]. This 
discrepancy might be due to the well known differences 
occurring between micro- and macro-vascular endothelial 
cells and to different culture conditions used[12]. 

The reduced viability observed in HMEC exposed to 
Ag NP correlates with increased leakage of  LDH, a cy-
tosolic enzyme detected out of  the cells when membrane 
integrity is lost. Recently, based on the evidence that dis-
crepancies exist between the results of  LDH release assay 
and MTT assay, the interference of  Ag NP with LDH 
assay has been investigated[26]. While it is possible that the 
presence of  Ag NP underestimates LDH leakage, in our 
system the results from LDH assay match the data from 
MTT assay.  

When treated with sub-lethal, low concentrations 
of  Ag NP, HMEC can be propagated for a month and are 
growth retarded for the duration of  the experiment. This 
growth inhibition is partially reversible. Indeed, after 19 d, 
part of  the cells were not exposed to Ag NP anymore 
and began to grow at a faster rate than HMEC main-
tained in the presence of  Ag NP, suggesting that no per-
manent modifications occur as a consequence of  a long-
term exposure to Ag NP. 

Most reports indicate that Ag NP promote an anti-
angiogenic phenotype in endothelial cells of  various 
species and derived from different districts by impair-
ing their viability and inhibiting their growth, migration 
and differentiation in response to angiogenic factors[5-10]. 
Moreover, Ag NP were anti-angiogenic when evaluated 
in chick chorioallantoic membranes and in matrigel plugs 
in mice[27]. At the moment, we are aware of  a single re-
port demonstrating that Ag NP induce angiogenesis[11]. 
These discordant findings might result from the use of  
a transformed endothelial cell line[11]. While cell lines are 
useful for some experiments, they appear to be less suited 
for studies focused on the regulation of  cell survival, pro-
liferation and apoptosis[28].

In conclusion, our results demonstrate that Ag NP 
are toxic for microvascular endothelial cells and for en-
dothelial precursors, thus indicating that they could be 
exploited to contrast angiogenesis. Moreover, it should be 
recalled that any substance that enters the blood stream 
will be in direct contact with the endothelium. Conse-
quently, in case Ag NP are used to deliver drugs, the pos-
sibility of  their cytotoxic effect on the endothelium lining 
the microvasculature should be taken into account.

More studies are necessary to delineate the mecha-
nisms involved in Ag NP toxicity on HMEC and to 
translate our findings in in vivo models.
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has been investigated. The study of the effects of nanoparticles on endothelial 
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