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Silver nanoparticles (AgNPs) have anti-cancer effect. However, whether and how these particles could
inhibit the growth of acute myeloid leukemia (AML) cells is unclear. In the present study, we prepared
AgNPs with various sizes and investigated their cytotoxic effect on AML cells. We found that AgNPs could
inhibit the viability of AML cells including the isolates from AML patients. AgNPs caused the production
of reactive oxygen species (ROS), losses of mitochondrial membrane potential (MMP), DNA damage and
apoptosis. Both vitamin C (Vit C) and N-acetyl-L-cysteine (NAC) could completely reverse the generation
of ROS upon AgNPs, however only NAC but not Vit C could protect the cells from losses of MMP, DNA
damage and apoptosis thoroughly. Similar results were obtained when cells were treated with silver ions
alone. As NAC was not only an antioxidant to scavenge ROS but also a silver ion chelator, these data
supported the model that both generation of ROS and release of silver ions played critical roles in the
AgNPs-induced cytotoxic effect against AML cells. Taken together, this work elucidated the cytotoxic
effect of AgNPs on AML cells and their underlying mechanism and might have significant impact on AML
treatment.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Acute myeloid leukemia (AML) is a clonal disease characterized
by the proliferation and accumulation of immature myeloid cells in
the bone marrow, which ultimately leads to hematopoietic failure
[1]. AML is heterogeneous disease consisting of multiple subtypes
(M0eM7) classified with the FrencheAmericaneBritish (FAB)
criteria based on the morphologic and cytochemical features of
leukemic cells [2]. These days AML therapy is based upon the
principles of combination of multiple effective agents, dose in-
tensity, risk-adapted use of allogeneic hematopoietic stem cell
transplantation, and improved supportive care. Extensive effort
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was made to develop new agents for the treatment of AML,
nevertheless the combination of AraC and anthracyclines is still the
mainstay of induction therapy. Although several new agents have
shown promise in treating AML, it is more likely that they will be
used in combination with conventional therapy, but not adminis-
tered as monotherapy [3].

Silver nanoparticles (AgNPs) have become the engineered
nanomaterials with the highest degree of commercialization due to
their broad-spectrum antimicrobial activities [4e6]. In addition,
AgNPs have anti-fungi, anti-virus, anti-biofilm, anti-inflammation,
anti-thrombosis effect, and enhance the healing of wounds [7e13].
AgNPs have also been explored as nanoprobes for the detection and
imaging of tumors, vectors for drug delivery, as well as inhibitors to
suppress angiogenesis and tumor growth [14e20]. Furthermore,
several investigators have reported that AgNPs induced the cyto-
toxic effect against leukemic cells, such as THP-1, Jurkat and K562
cells [21e24], mainly through elevating reactive oxygen species
(ROS); and these particles could also display a synergistic effect
against leukemic cells with chemotherapeutic drugs, such as
cyclophosphamide or busulfan [25].
f PVP-coated silver nanoparticles via generation of reactive oxygen
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Table 1
Clinical characteristics of the AML patients in this study.

Sample Sex Age WBCa (�109/L) Hbb (g/L) Pltc (�109/L) FABd subtype

Pte#1 Male 73 174.99 100 27 M4
Pt#2 Male 32 30.78 95 10 M2
Pt#3 Male 50 207.82 97 10 M1
Pt#4 Male 67 0.65 55 28 M2
Pt#5 Female 20 91.6 78 49 M4
Pt#6 Male 46 45.2 63 20 M4
Pt#7 Female 59 1.59 105 81 M2
Pt#8 Female 17 2.11 76 45 M4
Pt#9 Female 34 0.96 69 11 M5
Pt#10 Male 43 75.58 58 22 M5
Pt#11 Male 37 10.28 95 89 M5

a White blood cell.
b Hemoglobin.
c Platelet.
d FrencheAmericaneBritish.
e Patient.
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Although there have been plenty of investigations to explore the
potential application of AgNPs in cancer therapy using the cancer
cell lines, however, there has been scarce investigation on the effect
of AgNPs exposure on clinical isolates of cancer or leukemia [24]. It
is thus of critical importance to understand the action of AgNPs on
AML cells derived from various individuals prior to their thera-
peutic application. The toxicity of AgNPs has also been reported by
a number of in vitro studies. It is well established that the chemical
nature, size, surface chemistry, their ability to bind and affect bio-
logical sites as well as their metabolism and excretion have been
deemed important properties influencing NP-mediated toxicity
[26e29]. However, the mechanism underlying AgNPs-induced
biological effects has not been clearly elucidated, especially there
has been no conclusive answer to address whether the AgNPs-
mediated cytotoxicity originate primarily from silver nano-
particles or silver ions released from particles, or the combination
of both [30e33].

In the present study, we successfully prepared PVP-coated
AgNPs with three sizes using an electrochemical method, and
studied their biological effects on cell lines and clinical isolates
fromAML patients. Our results showed that AgNPs could effectively
reduce cell viability via generation of reactive oxygen species (ROS)
and release of silver ions, and ultimately led to DNA damage and
apoptosis. Taken together, this study illustrated the cytotoxicity
against AML cells induced by PVP-coated AgNPs and their under-
lying mechanisms, which provided evidences to promote the
application of AgNPs in the treatment of AML.

2. Materials and methods

2.1. Synthesis of silver nanoparticles

In the current study, silver nanoparticles (AgNPs) were synthesized by a
continuous flow electrochemical process as reported previously [34], in which only
polyvinylpyrrolidone (PVP) and two silver rods were used as the stable agent and
electrodes, respectively. PVP was of analytical grade and used without further pu-
rification, and the purity of the silver rods was 99.99%. The synthesis process was
typically described as follows. Firstly, the silver electrodes were polished with ul-
trafine carborundum paper, and then were fitted on the reactor’s cover after
washing with absolute ethyl alcohol. Secondly, the electrolytic solution containing
PVP of 5 mg/ml was prepared and filled into the syringe. The reaction temperature
was kept at 60 �C. Subsequently, the electrolytic solution was continuously injected
into reactor through the inlet tube of the reactor’s cover. The size of AgNPs was
regulated by tuning the voltage and flow rate of electrolytic solution. During the
reaction, the electrolytic solution was stirred with a magnetic rotor, and the current
direction of the electrodes was alternatively changed everyminute. After the reactor
was filled, the product flowed out from outlet tube of the reactor’s cover. Finally, the
freeze-dried powders of AgNPs were obtained after filtration, centrifugation and
lyophilization.

2.2. Characterization of silver nanoparticles

The synthesized nanoparticles were primarily characterized by UVevis spec-
troscopy (Hitachi U-2000, Tokyo, Japan) followed by transmission electron micro-
scopy (TEM, JEM-2000EX, JEOL, Japan). TEM samples were prepared by placing a few
drops of their aqueous dispersions on carbon coated copper grids and drying at
room temperature. Themean size was calculated from a random field of TEM images
that showed the general morphology of nanoparticles. Over 200 particles were
counted and measured to determine the mean sizes, standard deviations, and size
distributions. The hydrodynamic diameters and zeta potentials of AgNPs were
measured by dynamic light scattering (DLS) using a Zetasizer Nano ZS (Malvern
Instruments, Worcestershire, UK). The final silver concentration in aqueous solution
was determined by inductively coupled plasma mass spectrometry (ICP-MS).

2.3. Cell cultures

Acute myeloid leukemia cell lines (SHI-1, THP-1, DAMI, NB4, HL-60 and HEL
cells) were cultured at 37 �C in an incubator with a humidified atmosphere of 5%
CO2 in RPMI 1640 (Hyclone, USA) supplied with 10% fetal bovine serum
(FBS, Hyclone). The bone marrow aspirations of AML patients (the clinical charac-
teristics summarized in Table 1) and healthy donors were collected with individual
informed consent approved by the Ethical Committee of Soochow University from
the First Affiliated Hospital of Soochow University, and then were purified with
Please cite this article in press as: Guo D, et al., Anti-leukemia activity o
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FicolleHypaque (1.077 g/ml, GE Healthcare, US) following the manufacture’s in-
struction. The nucleated cells were cultured in SFM (serum-free media) plus a
cocktail of cytokines including SCF (stem cell factor, 100 ng/mL), FLT3 ligand (100 ng/
mL), IL-3 (20 ng/mL), IL-6 (20 ng/mL) and G-CSF (20 ng/mL) overnight, and then all
the experiments were done after 24 h treatment of AgNPs.

2.4. Cell viability assay

Cell viability was measured using CCK-8 assay (Cell Counting Kit-8, Beyotime,
China) according to the manufacturer’s instruction. Cells were seeded in 96 well
microtitre plates (1 � 104 cells/200 ml culture medium/well) with AgNPs at various
concentrations. 24 h later, CCK-8 reagent was added to each well and cells were
incubated for 4 h, and then the absorbance at two wavelengths (450 nm for soluble
dye and 650 nm for viable cells) was detected using amicroplate reader (SpectraMax
M5, Molecular Devices, Sunnyvale, CA, USA). The cells treated with AgNPs were the
experimental measurements (Read A), at the same time media plus AgNPs were
used as the condition controls (Read B). The cells untreated with AgNPs were used as
the negative control (Read C). The effect of nanoparticles on cells was expressed as
the percentage of cell viability calculated as the following formula: Cell viability
(%) ¼ (A � B)/(C � B) � 100%. IC50 of each sample was calculated with GraphPad
Prism (version 5.0).

2.5. Reactive oxygen species generation

To measure the intracellular generation of reactive oxygen species (ROS), SHI-1
cells were loaded with fluorescent marker 10 mM 20 ,70-dichlorodihydrofluorescein
diacetate (H2DCF-DA, Sigma, US) in RPMI 1640 without phenol red for 30 min and
then washed with PBS and re-suspended in RPMI 1640 without phenol red. Cells
were exposed to AgNPs at various concentrations for 3 h in the dark (37 �C, 5% CO2)
and immediately analyzed with flow cytometry (Calibur�, BectoneDickinson). The
488 nm laser was used for excitation and fluorescencewas detected in FL-1 by a 525/
30 BP filter. For each sample, the mean fluorescence intensity of 10,000 cells was
determined to present its intracellular production of ROS.

2.6. Mitochondrial membrane potential analysis

The mitochondrial membrane potential (MMP) was investigated using the fluo-
rescent lipophilic cationic dye JC-1 (Beyotime, China). This dye reagent easily enters
the mitochondria, aggregates, and fluoresces red. When MMP collapses, the dye re-
agent can no longer accumulate within the mitochondria and fluoresce green. Briefly,
SHI-1 cellswere pretreatedwith the antioxidants (Vit C orNAC) for 1 h prior toAgNPs-
treatment for 24 h. The cells were incubated at 37 �C for 20 min with JC-1, washed
twice with PBS and then placed in RPMI 1640 without phenol red. The red fluores-
cence intensity of stained cells was assayed using flow cytometry (Calibur�, BD).

2.7. Apoptosis assay

For Annexin V-FLUOS/propidium iodide (PI) assays, cells were stained and
analyzed for apoptosis with flow cytometry according to the manufacturer’s pro-
tocol. Briefly, 1 � 105 cells were stained with incubation buffer consisting of 2 ml
Annexin V-FLUOS and 2 ml PI for 20 min at room temperature in dark. The apoptotic/
necrotic cells were analyzed with flow cytometry.

2.8. DNA damage assay

After exposure to AgNPs for 24 h, cells were washed with PBS, deposited on a
slide, and fixed with 4% formaldehyde in PBS for 15 min. The cells were blocked in
f PVP-coated silver nanoparticles via generation of reactive oxygen
0.1016/j.biomaterials.2013.07.015



D. Guo et al. / Biomaterials xxx (2013) 1e11 3
blocking buffer (1� PBS/5% normal goat serum/0.3% Triton X-100) for 60 min, and
then incubated with Alexa Fluor� 488 Conjugated Phospho-Histone H2A.X rabbit
mAb (Cell Signaling Technology) overnight at 4 �C. Hoechst 33342 was used to
stain the nuclei. Prolong� Gold Anti-Fade Reagent (Life Technologies) was used to
mount the coverslip before the images were acquired with confocal microscopy
(FV1000MPE-share, Olympus, Japan).
Fig. 1. The representative TEM images (Left) and size distribution histograms (Right) of silver
their size distribution histograms were obtained by size analysis of over 200 particles. The m
Scale bars were 20 nm, 50 nm and 100 nm, respectively.

Please cite this article in press as: Guo D, et al., Anti-leukemia activity o
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2.9. Statistical analysis

Statistical analysis of the obtained data was performed using SPSS software
(version 16.0) and all values were represented as the means � SD of more than
three independent experiments. The results were subjected to one-way ANOVA
using the Duncan test to analyze the difference between the untreated and
nanoparticles (AgNPs). (AeC) The morphology of AgNPs was characterized by TEM and
ean diameters were 2.92 � 0.22 nm, 11.17 � 0.62 nm, and 29.86 � 0.52 nm, respectively.

f PVP-coated silver nanoparticles via generation of reactive oxygen
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untreated groups, in which a P-value less than 0.05 was considered as significant
difference.

3. Results and discussion

3.1. Characterization of AgNPs

Due to the widespread applications of AgNPs, a large number of
methods have been developed for the controllable synthesis of
AgNPs, including physical, chemical and biological methods [6].
However, precise control on the size and distribution of AgNPs
remains a great challenge [35]. In the current study, an electro-
chemical method was used to prepare uniform AgNPs of 3 nm
(10 V, 100 mL/h), 11 nm (10 V, 80 mL/h) and 30 nm (15 V, 100 mL/h)
by tuning the voltage and flow rate of electrolytic solution in the
presence of poly(N-vinylpyrrolidone) (PVP) as a dispersant (Fig. 1).
PVP has been widely utilized in medicine (e.g. as drug carrier,
component of plasma substitute or wound dressing) due to its
hemocompatible and physiologically inactive properties [36e38].
PVP is one of the most commonly applied stabilizers and protective
agents for AgNPs synthesis [39]. PVP playing a role in AgNPs for-
mation has been described by many studies. Overall, PVP not only
effectively stabilizes AgNPs and but also promotes the nucleation of
AgNPs [39,40].

Transmission electron microscopy (TEM) analysis revealed that
as-prepared AgNPs in the present study were in approximately
spherical shape and quite uniform (Fig. 1). The mean sizes of these
AgNPs were 2.92 � 0.22 nm (Fig. 1A), 11.17 � 0.62 nm (Fig. 1B), and
29.86 � 0.52 nm (Fig. 1C), respectively, which were statistically
obtained by analysis of the recorded TEM images. The UVevis
spectroscopy has been proved to be a very useful technique for the
analysis of nanoparticles. The UVevis absorption spectra of AgNPs
with three sizes displayed various maximum absorption wave-
length, which were 421 nm for 3 nm AgNPs, 393 nm for 11 nm
AgNPs, and 406.5 nm for 30 nm AgNPs, respectively (Fig. 2). The
dominating feature in the optical spectra of AgNPs is usually the
surface plasmon resonance (SPR), which can be described by the
classical Mie theory. The resonance position and the peak width
depend on many factors and gain insight into several physical
properties of AgNPs. The SPR peaks of AgNPs displayed a contin-
uous red-shift with the increasing sizes of the as-prepared AgNPs
[35]. Therefore, the wavelength of maximum absorption peak of
30 nm AgNP showed a red-shift compared with that of 11 nm
Fig. 2. The UVevis absorption spectra of AgNPs with various sizes. The wavelength of
maximum absorption peak was 421 nm for 3 nm AgNPs, 393 nm for 11 nm AgNPs and
406.5 nm for 30 nm AgNPs, respectively.
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AgNPs. For small silver clusters (<10 nm), the Mie theory predicts
almost no influence of the cluster size on the position of the
resonance, which is located around 350 nm for small spherical Ag
clusters in vacuum (calculated from Mie theory). However, already
small changes in the electronic properties of the surrounding me-
dium of the cluster lead to strong shifts of the peak, and the width
increases with decreasing cluster size due to additional scattering
processes of the oscillating electrons at the cluster surface [41].
Therefore, the wavelength of maximum absorption peak of 3 nm
AgNPs displayed a red-shift compared with that of 11 nm AgNPs
and 30 nm AgNPs, and the absorbance peak was also broader
(Fig. 2). A broader SPR peak indicated a broader size distribution,
which was confirmed by the hydrodynamic diameters and the
higher polydispersity index (PDI) from DLS (Table 2). Although the
TEM image of 3 nm AgNPs showed the smaller size and distribu-
tion, there was no significant difference between hydrodynamic
diameters of 3 nm AgNPs and 11 nm AgNPs.

3.2. Effect of AgNPs on cell viability

The cells from various organs or tissues usually display the
differential susceptibility to AgNPs [22,26]. Herein, 6 AML cell lines
(NB4, HL-60, SHI-1, THP-1, HEL and DAMI cells) were used to study
their sensitivity to AgNPs by CCK-8 assay. AgNPs with various sizes
reduced cell viability in a dose-dependent manner after 24 h in-
cubation in all AML cell lines. However, various cell lines appeared
to exhibit the heterogeneous sensitivity to the toxic effect of AgNPs.
Moreover, the results revealed that THP-1 cells showed the most
significant reduction in cell viability whereas SHI-1 cells were least
sensitive to cytotoxic effects of AgNPs although both of them
generated from patients with M5 (Fig. 3), suggesting that the
sensitivity to AgNPs could not be concluded according to the FAB
classification. It was reported that both the size and surface area
played critical roles in nanoparticle cytotoxicity [42]. Based on the
fact that the smaller nanoparticles usually have the bigger surface
area and higher reactivity [43], the smaller was the size of AgNPs
the stronger cytotoxic effect they could have, which was consistent
with the comparison between 11 nm AgNPs and 30 nm AgNPs
(Fig. 3). However, the size-dependent effect was not found between
3 nm AgNPs and 11 nm AgNPs due to the fact that their hydrody-
namic diameters were not significantly different, which suggested
that the stability of nanoparticles in aqueous solution was critical
for nanotoxicity as well. All these results presented above indicated
that the size and dose of AgNPs and cells used in the test played
important roles in the cytotoxicity of AgNPs. Taken the stability and
activity of NPs with various sizes into account, 11 nm AgNPs was
used in the subsequent studies.

In vitro evaluation of AgNPs-medicated cytotoxicity can give an
indicator of the toxicity in vivo. Currently, in most of studies the
cytotoxicity of AgNPs was assessed using cultured cell lines [4,29].
Although established cell lines have been used in the toxicity
screening as well as for studies of the toxic mechanism, excessive
subculture could disturb the properties of some cultured cells over
time [44]. The cultured primary cells appear to be the most
powerful system for the in vitro new drug screening and toxicity
evaluation [45]. Therefore, the primary cells of AML patients were
Table 2
Hydrodynamic diameters and zeta potentials of AgNPs.

Sample Z-average (d nm) Polydispersity
index (PDI)

Zeta potential
(mV)

AgNPs-3 nm 27.84 � 0.1966 0.546 � 0.231 �12.5 � 1.20
AgNPs-11 nm 33.52 � 0.6658 0.365 � 0.045 �16.4 � 1.36
AgNPs-30 nm 61.47 � 0.6995 0.288 � 0.027 �19.7 � 0.60

f PVP-coated silver nanoparticles via generation of reactive oxygen
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Fig. 5. Generation of ROS in SHI-1 cells exposed to AgNPs (11 nm) at various con-
centrations in the presence or absence of antioxidants (Vit C or NAC). ROSup was used
as the positive control. The cells were incubated with 25 mM DCFH-DA at 37 �C for
30 min, and the mean fluorescence intensity (MFI) was quantified using flow cytom-
etry. Vit C: vitamin C; NAC: N-acetyl-L-cysteine.

D. Guo et al. / Biomaterials xxx (2013) 1e116
collected, and their viability was studied upon exposure of AgNPs.
As described in Fig. 4, AgNPs decreased the viability of clinical
isolates of AML patients in a dose-dependent manner and the
various patient-derived cells had differential sensitivity to AgNPs,
which was consistent with the results of the AML cell lines. Overall,
there was not significant difference in the sensitivity upon AgNPs
between the clinical isolates from AML patients and cells from
healthy donors due to their similar IC50. However, AgNPs at lower
concentration but not at high concentrations had stronger cytotoxic
effect against the isolates fromAML patients than that towards cells
from healthy donors, which was similar to our previous report that
the cells derived from a subset of chronic myeloid leukemia (CML)
patients were more sensitive to AgNPs at lower concentrations
compared to the normal control [24].

3.3. Generation of reactive oxygen species after exposure to AgNPs

It is reported that oxidative stress is one of the critical mecha-
nisms of cytotoxicity induced by AgNPs [21,27,46,47]. Increased
intracellular reactive oxygen species (ROS) will perturb the redox
potential equilibrium, bring about an intracellular pro-oxidant
environment and ultimately result in a series of adverse biolog-
ical effects. In the current study, AgNPs could stimulate ROS pro-
duction in a dose-dependent manner. Compared to the untreated
cells, those treated with AgNPs at 8 mg/mL had 3-fold increase of
ROS, which could be completely prevented by pretreatment with
the antioxidant agents, such as Vit C (50 mM) or NAC (5 mM) (Fig. 5).

3.4. Mitochondrial damage induced by AgNPs

It was further investigated whether ROS generation induced by
AgNPs was involved with mitochondrial membrane potential
(MMP) changes. It is well-known that mitochondria are the major
sites of ROS production inside cells. Excess ROS generation can
result in mitochondrial damage, which in turn leads to uncon-
trolled ROS formation. Mitochondria damage leads to the dissipa-
tion of MMP, which is an indicator of the impaired mitochondrial
integrity. MMP can be investigated using the fluorescent lipophilic
cationic dye JC-1 [27], as this dye could easily enter the mito-
chondria, aggregate, and fluoresce red. When MMP collapses, the
dye reagent can no longer accumulate within the mitochondria and
fluoresce green. As observed in Fig. 6, the intensity of intracellular
Fig. 4. Effect of AgNPs (11 nm) on the viability of isolates from AML patients and
healthy donors. The viability of cells from the AML patients and healthy donors was
determined 24 h after AgNPs treatment. IC50 of AgNPs against the primary cells from
the AML patients and healthy donors was 4.21 and 4.05 mg/mL, respectively. * denoted
significant difference (P < 0.05) between AML patients and healthy donors at the same
concentration.
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red fluorescence was decreased in a dose-dependent manner
compared to the untreated cells, which suggested that AgNPs could
cause the losses of MMP. To further elucidate the role of AgNPs-
induced ROS on mitochondrial damage, cells were incubated with
AgNPs after the pretreatment with the antioxidants. The results
showed that the mitochondrial damage could be completely
abrogated in the presence of NAC while pretreatment of Vit C could
partially rescue the losses of MMP.

3.5. Induction of apoptosis by AgNPs

It is well established that the generation or external addition of
ROS could cause cell deathby twodistinct pathways, either apoptosis
or necrosis [48]. Annexin V-FLOUS/PI assay was carried out to eval-
uate the extent and mode of cell death. The results indicated that
AgNPs exposure could lead to apoptosis, mainly late apoptosis in
SHI-1 cells (Fig. 7A and B), and the level of apoptosis was enhanced
with the increased exposure dose (Data not shown). This apoptosis
effect could be completely prevented by pretreatment with NAC but
Fig. 6. Effect of AgNPs (11 nm) on mitochondrial membrane potential in the presence
or absence of antioxidants (Vit C or NAC) for 24 h. After AgNPs-treatment, SHI-1 cells
were stained with JC-1 and the intensity of red fluorescence of the stained cells was
detected by flow cytometry. Red fluorescence was detected in FL2-H channel, the mean
fluorescence intensity (MFI) of each sample was indicated as well.

f PVP-coated silver nanoparticles via generation of reactive oxygen
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Fig. 7. Effect of AgNPs (11 nm, 8 mg/mL) on apoptosis in the presence or absence of antioxidants (Vit C or NAC) for 24 h. (A & B) The representative images and summaries of
apoptosis of SHI-1 cells induced by AgNPs exposure were presented. (C & D) The representative images and summaries of apoptosis of the primary AML cells (n ¼ 3) induced by
AgNPs were presented.
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not Vit C (Fig. 7A and B). Similar results were also confirmed in
several clinical isolates of AML patients (Fig. 7C and D).

3.6. DNA damage caused by AgNPs

ROS are highly reactive and result in oxidative damage, which
are considered to be the major source of spontaneous damage to
DNA [49]. Several studies have reported that AgNPs could cause
DNA damage [50,51]. To further investigatewhether AgNPs brought
about DNA damage, AML cells were tested for double-strand breaks
(DSBs) in DNA by confocal microscopy. Confocal images of un-
treated and treated cells were shown in Fig. 8. The nuclei were
stained bluewith Hoechst 33342 and DSBswere indicated by bright
Please cite this article in press as: Guo D, et al., Anti-leukemia activity o
species and release of silver ions, Biomaterials (2013), http://dx.doi.org/1
green FITC fluorescence foci. DSBs were seen in SHI-1 cells treated
with AgNPs but not in untreated cells. Cells pretreated with NAC
showed no DSBs, while DNA DSBs were still seen in cells pretreated
with Vit C although the proportion of cells with DNA damage was
decreased compared with the cells treated with AgNPs alone
(Fig. 8A). Importantly, similar results were obtained with the cells
from AML patients as well (Fig. 8B).

3.7. Both ROS and silver ions played important roles in the cytotoxic
effect of AgNPs

Although a number of studies have documented the toxicities
of AgNPs in variety of cells and organisms, the mechanisms
f PVP-coated silver nanoparticles via generation of reactive oxygen
0.1016/j.biomaterials.2013.07.015



Fig. 8. Confocal images of DNA damage induced by AgNPs (11 nm, 8 mg/mL) in the presence or absence of antioxidants (Vit C or NAC) measured using the expression of phospho-
H2AX. The cells’ nuclei were stained with Hoechst 33342 (blue), and the expression of phospho-H2AX was stained with FITC (green). (A) The representative images of SHI-1 cells
induced by AgNPs exposure were presented. (B) Similar experiments were done with cells obtained from 3 individual AML patients as well, and the representative images were
shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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underlying AgNPs toxicity have not been clearly determined and a
pivotal question is whether the toxicity is owing to nanoparticle
itself or silver ions released from AgNPs. A large number of in-
vestigators have reported that cytotoxicity, DNA damage and
apoptosis induced by AgNPs were through membrane peroxida-
tion, ROS and oxidative stress [28,29]. For example, AgNPs could
disrupt the mitochondrial respiratory chain, cause the accumula-
tion of ROS, and even induce DNA damage in human lung fibro-
blast cells (IMR-90) and glioblastoma cells (U251). Our results
confirmed the pivotal role of ROS as a mechanism of AgNPs-
induced toxicity in AML cells. However, the enhancement of ROS
was not only the mechanism underlying AgNPs toxicity. As
described in results above, Vit C (50 mM) could not completely
prevent the MMP change, DNA damage and apoptosis, though it
could completely reverse ROS induced by AgNPs. Meanwhile, NAC
(5 mM) could not only completely reverse the increase of ROS, but
also completely prevented the losses of MMP, DNA damage and
apoptosis. In addition to its role as an antioxidant, NAC could also
serve as a silver ion chelator [33]. Therefore, we reasoned that ionic
silver release played a role in AgNPs-mediated cytotoxicity in AML
cells. As a matter of fact, a few studies also suggests that AgNPs act
as a “Trojan horse”, bypassing typical barriers and then releasing
silver ions that damage cell machinery [52,53]. Furthermore, it has
been reported that the drastic increase in intracellular ROS level
could be detected during exposure to AgNPs and silver ions and
the toxicity of silver ions is much higher than that of PVP-coated
AgNPs in THP-1 cells [21]. Our results also indicated that silver
ions could damage mitochondria, induce ROS production, and ul-
timately led to DNA damage and late apoptosis in SHI-1 cells
(Fig. 9). Similar to the results of AgNPs, both Vit C and NAC
reversed ROS, however, only NAC could completely protect the
cells from DNA damage and apoptosis induced by silver ions.
Interestingly, when treated with the same amount of total silver
(1 mg/mL), cells exposed to AgNPs showed a similar level of
ROS production to those treated with silver ions, however,
silver ions displayed much higher toxicity than AgNPs (Fig. 9 and
Fig. S1), suggesting that silver ion had other cytotoxic mechanism
Please cite this article in press as: Guo D, et al., Anti-leukemia activity o
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independent of ROS, which was consistent with the rescue of
cytotoxic effect by NAC.

Earlier studies have demonstrated the release of silver ions
from AgNPs under abiotic conditions in water or simple buffers
[54e56]. The dissolution of AgNPs to silver ions is an oxidation
reaction. It is reported that the rate of intracellular oxidation of
AgNPs is higher compared with dissolution in water, which may
be attributed to high intracellular oxygen tension due to respira-
tion and free radical production [55,57]. A customized protocol of
cloud point extraction for separation of AgNPs and silver ions has
been recently established, which could successfully quantify
AgNPs and silver ions in mammalian cells. Their results have
documented that about 10.3% and 17.9% of Ag as silver ions existed
in HepG2 cells and MEL cells treated with PVP-coated AgNPs for
24 h [30,58]. Additionally, Singh et al. have demonstrated the
accumulation of silver ions in lysosomes using a technique based
on their accumulation in lysosomes followed by their conversion
to visible precipitates in RAW 264.7 cells [31]. Biological effects of
nanoparticles are closely related to their cellular transportation
and intracellular location. It has been reported that PVP-coated
AgNPs could enter the cells via endocytosis and localized in ly-
sosomes [24,59]. NPs can induce ROS production directly once
they are exposed to the acidic environment of lysosomes [60]. ROS
contain superoxide anions (O2�), hydroxyl radicals (�OH) and
hydrogen peroxide (H2O2). AgNPs can induce �OH production in
the presence of H2O2 in the acidic environment [61]. �OH is
generally considered as one of the most toxic ROS species and is
able to oxidize almost all the cellular components [62]. Both
AgNPs and silver ions escaped from lysosomes could interfere
with mitochondrial activity and further induce the increase of
intracellular ROS. In turn, ROS could promote the oxidation of
AgNPs and further significantly lead to the enhancement of the
liberation of silver ions from AgNPs especially in the lysosomes
due to the lower pH there [31,61,63]. Thus, AgNPs would cause a
sustained ROS production and release of silver ions once inside
cells, and ultimately result in a series of adverse effects on these
cells.
f PVP-coated silver nanoparticles via generation of reactive oxygen
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Fig. 9. Effect of silver ions (1 mg/mL) on SHI-1 cells. (A) The cells were incubated with DCFH-DA before their treatment with silver ions with or without Vit C or NAC, and then the
mean fluorescence intensity (MFI) was measured using flow cytometry. (B) After silver ion-treatment, cells were stained with JC-1 and the MFI was measured with flow cytometry.
(C) Cellular apoptosis of various silver ion-treated cells was detected with Annexin V-FLOUS and PI co-staining. (D) DNA damage (indicated as the expression of phospho-H2AX,
green) of various silver ion-treated cells was detected with confocal microscopy, and the nuclei were stained with Hoechst 33342 (blue). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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4. Conclusion

In this report, we demonstrated the PVP-coated AgNPs with
various sizes had anti-leukemia effect against multiple human
AML cell lines and primary isolates from AML patients; and the
cytotoxic effect against AML cells was stronger than that against
normal hematopoietic cells. We also explored the mechanism for
AgNPs to inhibit the growth of AML cells, and our data supported a
model in which both the generation of ROS and the release of silver
ions were important for their cytotoxic effect. These data might
provide a novel approach for the treatment of the disease in the
future.
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