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Abstract Surface-modifiedgoldnanoparticles (AuNPs)
are nanomaterials that hold promise in drug delivery
applications. In this study, the cytotoxicity, uptake, intra-
cellular localization, and the exocytosis of citrate-
stabilized (Cit-AuNP) and polyethylene glycol (PEG)-
modified gold nanoparticles with the carboxyl (COOH)
terminal functional group were assessed in human em-
bryonic kidney (HEK 293) and the human caucasian
hepatocytes carcinoma (Hep G2) cell systems,
representing two major accumulation sites for AuNPs.
The zeta (ζ)-potential measurements confirmed the neg-
ative surface charge of the AuNPs in water and in cell
growth medium. The transmission electron microscopy
confirmed the size and morphology of the AuNPs. Both
typesofAuNPswere shown to inducecytotoxic effects in
cells.TheHepG2cellsweremoresensitivecell type,with
the COOH-PEG-AuNPs inducing the highest toxicity at
higher concentrations. Dark field microscopy and TEM

imagesrevealedthat theAuNPswere internalizedincells,
mostly as agglomerates. TEM micrographs further re-
vealed that the AuNPs were confined as agglomerates
inside vesicle-like compartments, likely to be endosomal
and lysosomal structures as well as in the cytosol, mostly
as individual particles.TheAuNPswere shown to remain
in cellular compartments for up to3weeks, but thereafter,
clearance of the gold nanoparticles from the cells by
exocytosis was evident. The results presented in this
study may therefore give an indication on the fate of
AuNPson long-termexposure tocells andmayalsoassist
in safety evaluation of AuNPs.
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Background

The last decade has seen an increase in nanotechnology
research with the development of nanomaterials for a
wide range of medical applications. Gold nanoparticles
(AuNPs), in particular, have gained popularity in the
development of biomedical products (Liang et al. 2010).
The most recent application of AuNPs is in the area of
diagnostics (Baptista et al. 2008), pathogen control
(Pissuwan et al. 2010), drug delivery (Pissuwan et al.
2011), cancer detection (Sarah 2010), cancer treatment
(Chen et al. 2008; Chithrani et al. 2009), and gene
therapy (Rosi et al. 2006). This is due to the desirable
physicochemical and optical properties of AuNPs. For
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instance, the surface plasmon resonance (SPR) band of
gold provides easy detection of the AuNPs within cells,
contributing to their role in enhancing biological imag-
ing (Levy et al. 2010).

The high chemical stability of AuNPs and their nar-
row size control during synthesis, but most importantly
the ease of their surface modification through
functionalization, have generated a great interest in the
drug research field (Tiwari et al. 2011). Surface
functionalization increase the biocompatibility and cel-
lular availability of AuNPs (Patra et al. 2010; Zhang
et al. 2010; Basiruddin et al. 2010) such as the effective
delivery of the anticancer drug (oxaliplatin) to lung
cancer cells using carboxylated (-COOH) PEG-AuNPs
(Brown et al. 2010).

Poly(ethylene glycol) (PEG) is a tethered hydrophil-
ic, generally considered non-toxic polymer. Hetero-
functionalized PEGylated AuNPs with a thiol group
on one terminus and a reactive functional group on the
other end have become popular where functionalization
of nanoparticles through PEG spacers allow for flexibil-
ity in the attached molecule for efficient interactions of
the nanoparticles with biological target (Shenoy et al.
2006; Shukla et al. 2006).

The preferred end groups for hetero-functional PEG
gold nanoparticles include biotin, nitriloacetic acid
[NTA], -COOH, hydroxyl (OH), and methoxy (-O-
CH3) functional groups (Grubbs 2007). The presence
of such terminal groups on the nanoparticle surface
allows the conjugation of a variety of biomolecules such
as Streptavidin protein currently applied in many areas
of commercial diagnostics (Aslan et al. 2004).

Endocytosis has been shown to be the major route of
uptake of nanoparticles by cells and therefore is an
important process for the efficient targeting of the nano-
particles to the cells of interest and delivery of biomol-
ecules such as drugs. Most in vitro and in vivo studies
have also shown that nanoparticle accumulation in cells
through endocytosis can influence and alter fundamen-
tal cell functions and in some instances even cause cell
death (Donaldson and Stone 2003). For example, Li
et al. (2005) showed that internalized nanoparticles
may target organelles such as the mitochondria to cause
oxidative stress or the nucleus which may directly or
indirectly induce DNA damage.

While the process of endocytosis is important, the
exocytosis of the nanoparticle is equally important and
must be understood, as nanoparticles remaining in the
cell for a longer period after exposure increases the

possibility of unintended chronic toxicity (Oh and Park
2014a). Thus, it is important to not only study uptake
but also the exocytosis of the internalized nanoparticles
from cells, to decisively confirm their long-term safety.

Whereas high molecular weight PEG imparts more
stability to the nanoparticle, short-chain low molecular
weight PEG (1500–5000 Da) are preferred as they offer
sufficient surface coverage on the nanoparticle surface
and improve aqueous solubility (Tiwari et al. 2011;
Otsuka et al. 2003). The AuNPs used in this study were
therefore stabilized with low molecular weight PEGs
where the cytotoxicity of citrate-capped and COOH-
PEG-AuNP in two major cell systems were assessed.
In addition, the intracellular localization as well as the
long-term fate and exocytosis of these AuNPs in these
two cell models were investigated.

Materials and methods

Synthesis of AuNPs

The 14-nm AuNPs were prepared using the sodium
citrate as the reducing agent as previously described
(Turkevich et al. 1951). The gold (III) chloride
trihydrate (HAuCl4·3H2O) and trisodium citrate
(Na3C6H5O7·2H2O) were purchased from Sigma-
Aldrich and used without further purification. Briefly,
the 14-nm AuNPs were prepared by adding trisodium
citrate aqueous solution (10 mL, 17 mM) into 180 mL
(0.3 mM) of boiling HAuCl4·3H2O aqueous solution.
The mixture was boiled under reflux for 15 min, and the
resultant suspension was allowed to cool to room
temperature.

The deep red citrate-capped gold nanoparticle sus-
pension was further stirred overnight followed by filtra-
tion using a non-pyrogenic 0.25-μm sterile filter before
use. The COOH-PEG-AuNPs were prepared using li-
gand exchange procedures where the citrate was re-
placed with PEG-COOH. The ligand exchange experi-
ments were left to run for about 8 h before being purified
by centrifugation. The chemical description of AuNPs
that were used in this study is presented in Table 1.

Before use, the AuNPs were tested for sterility, by
placing a drop of the AuNP solution on tryptic soy agar
plates. The plates were incubated for 2 to 7 days at 37 °C
and inspected for bacterial and fungal growth. The ab-
sence of colonies (bacterial and fungal) confirmed the
sterility of the samples.
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Physiochemical characterization of the gold
nanoparticles

The physicochemical properties (size and morphology,
optical absorbance, hydrodynamic diameter, and the zeta
potential) of the AuNPs suspended in Milli-Q water and
in cell growthmediawere determined using TEM,Ultra-
violet (UV-Vis) spectrophotometer, and dynamic light
scattering (DLS), respectively. DLSmeasures Brownian
motion and thus provided the overall size distribution of
single as well as clustered particles in solution.

The AuNP samples were prepared for FTIR analysis
according to themethod ofZhou et al. (2010). Briefly the
concentratedAuNPsolutionwascentrifugedat13,000×g
for 30 min, the supernatant was discarded, and the pellet
was dried for +12 h in a 50 °C oven to remove the excess
liquid. The pellet was mounted on the sample holder of
the IR and the spectrawere recorded. The instrumentwas
operated in theabsorbancemodeata resolutionof6cm−1.
Toobtain agoodsignal tonoise ratio, 64 scanswere taken
in the range of 450–4500 cm−1.

For characterization of the AuNPs in the cell culture
media, the stock solution was centrifuged at 13,000×g
for 30 min. The supernatant (buffer or water) was re-
moved, and the pellet containing the AuNPs was resus-
pended in the culture media at the desired concentration.
TEM images were acquired with a field emission JOEL-
JEM 1010, operating at 120 kV. The absorbance of the
AuNPs was determined on the Thermo Scientific
Multiskan GO spectrophotometer. Zeta potential (ζ-
potential) measurements were performed using DLS
technique.

Toxicity studies

Cell cultures

The HEK 293 cells provided by Dr. Ely Abdullah from
the Department of Molecular Medicine and

Haematology at the University of the Witwatersrand
were maintained in Roswell Park Memorial Institute
(RPMI)-1640 medium with L-glutamine, 10 % fetal
bovine serum (FBS), and 1 % penicillin/streptomycin.
The Hep G2 cell line was purchased from the European
Collection of Cell Cultures (ECCAC, UK) and was
maintained in Eagles minimum essential medium
(EMEM) with L-glutamine supplemented with 10 %
FBS and 1 % penicillin/streptomycin solution.

Both cell lines were kept at 37 °C in a humidified 5%
CO2 and 95 % air atmosphere and were routinely tested
for mycoplasma contamination using the MycoAlert®
mycoplasma detection kit (Lonza, South Africa). The
cells were grown in a 75-cm2 tissue-culture flask. After
reaching 80 % confluence, the cell monolayer was
washed with phosphate-buffered saline (PBS) and de-
tached from the flasks by a brief treatment with 1×
trypsin/EDTA. The cells were resuspended in their re-
spective growth medium. The cell viability was deter-
mined by the trypan blue cell viability assay and the cell
number determined using a countess cell counter.

Cytotoxicity measurement

The impedance technology system xCELLigence™
real-time cell analyzer (RTCA) instrument from ACEA
Biosciences with RTCA software (version 1.2) was used
in this study to measure cytotoxicity. The technology
has previously been applied to monitor viability and
proliferation of cells in vitro and to determine the
dose-dependent response of different test substances
(Atienza et al. 2006; Ürcan et al. 2010; Vetten et al.
2013).

For the present experiments, the HEK 293 and Hep
G2 cells were seeded in a 96-well sensor electrode plate
(E-plate) at 5×104 and 1×104 cells/per well, respec-
tively. The E-plates for growing Hep G2 cells were pre-
coated with poly-L-lysine (Sigma-Aldrich, South

Table 1 Chemical description of the AuNPs used in the study

Name Ligand type Functional group Molecular weight of ligand

Cit-AuNPs 2-Hydroxypropane-1,2,3-tricarboxylic acid
Spacer: C11(EG)6

225.10

COOH-PEG-AuNPs HS-PEG-Carboxyl
Spacer: C11(EG)6

COOH 526.73
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Africa) as per manufacturer’s recommendation to im-
prove cell attachment.

The background reading was performed in the pres-
ence of 50 μL of medium and in the absence of cells.
Thereafter, the appropriate number of cells in 100 μL of
culture medium was added to each well to obtain the
appropriate cell density. The E-plates containing the
cells were allowed to incubate at room temperature for
30 min in a laminar flow cabinet prior to being placed in
the E-Plate RTCA SP station in the incubator for real-
time recording of impedance.

Cells were allowed to proliferate for 24 h prior to
treatment with AuNPs, during which time the prolifer-
ation scan of the cells was acquired every 10 min. The
cells were then treated with the AuNPs at final concen-
trations of 0.5, 1, 2, and 5 nM and returned to the
incubator for further impedance reading, and their pro-
liferation and dose response to the AuNPs were moni-
tored. The information about the response of the cells
was given as the cell index (CI) which reflects the
viability of the treated cells over time. The CI scans
was acquired every minute for 2 h and then every
15 min for the remainder of the experiment.

Uptake studies

Cellular nanoparticle uptake of AuNPs using dark field
imaging

The intracellular uptake of AuNPs was assessed using a
high-resolution illumination microscopy system
(CytoViva Inc., Auburn, AL, USA). Briefly, HEK 293
and Hep G2 cells were grown at a cell density of
7.4×104 cells/cm2 overnight on clean autoclaved cov-
erslips on a 12-well cell culture plate. The AuNPs were
resuspended in cell culture media as previously de-
scribed and introduced to the cells. The cells were
incubated for 24 h at 37 °C to allow uptake of AuNPs
by cells. Themedia were removed from the well, and the
coverslips containing the cell monolayer were rinsed in
PBS. The cells were fixed in 4 % formaldehyde-Tris/
HCl buffer (pH 7.0) solution for 15 min at 4 °C.

Subsequently, the coverslips were rinsed with PBS
and allowed to dry in the biosafety cabinet for 15 min
before affixing with Kaiser’s gelatine (Sigma-Aldrich,
South Africa) onto glass slides for viewing. Dark-field
images of the cells were captured at ×60 magnification
using the CytoViva 150 Unit integrated onto the

Olympus BX43 microscope. Images were acquired
using a Dagexcel X16 camera.

Subcellular localization of AuNPs with TEM

TEM among other techniques has facilitated the detec-
tion of metal nanoparticles inside cells. AuNPs in par-
ticular are easily detected in cellular compartments be-
cause of the good contrast provided by their high density
(Ng et al. 2010). In the present study, the uptake of the
AuNPs in cells and their subcellular localization were
verified with the analysis of ultrathin sections of cells.

Briefly, the cells were grown in 25-cm2 cell culture
flasks and were allowed to reach a confluency of about
60 % before exposure to the AuNPs. After 24 h of
incubation, the medium was removed from the flask
and the cell monolayer was washed and detached from
the cell culture dish as previously described. The cell
pellets were fixed in glutaraldehyde/formaldehyde solu-
tion in 0.1 M PBS (pH 7.4) at room temperature for 1 h.
The cell suspension was centrifuged at 10,397×g for
10 min. The glutaraldehyde fixative solution was re-
moved, and the cell pellet was fixed in fresh fixative
media overnight. After centrifugation, the pellet was
washed three times in PBS and post-fixed with 1 %
osmium tetroxide for 1 h, at room temperature.

The post-fixed cell pellets were sequentially
dehydrated in ethanol (30, 50, 70, 80, 90, and 100 %)
and then in propylene oxide before being transferred to
BEEM capsules filled with epon resin. The capsules
were incubated in a 60 °C oven for 48 h, to complete
the embedding. Ultrathin sections (60–100 nm) were
prepared with a Reichert Ultracut S microtome and
transferred without any additional staining onto
formvar-coated and non-coated copper grids.

The cellular materials on the copper grids were
viewed with a field emission TEM (JEOL-JEM 2100F,
Tokyo, Japan), fitted with an energy-dispersive X-ray
spectrometer (EDS Oxford INCA spectrometer) and a
digital Gatan camera (Erlangshen ES500 W). Cell sec-
tions on the non-coated copper grids were observedwith
the JEOL 100S TEM operated with an accelerating
voltage of 80 kV. Energy-dispersive X-ray (EDX,
EDAX system) spectra were taken at distinct points to
determine the elemental composition of the internalized
nanomaterial. Chemicals and materials that were used
for TEM cell preparation were purchased from Agar
Scientific, South Africa.
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Exocytosis studies

To assess exocytosis of the AuNPs, the Cit-AuNPs and
the COOH-PEG-AuNPs were incubated with cells for
48 h (24 h post-treatment with AuNPs), 1 week (144 h
post-treatment with AuNPs), 2 weeks (312 h post-
treatment with AuNPs), 3 weeks (480 h post-treatment),
and 4 weeks (648 h post-treatment with AuNPs). Fol-
lowing each incubation period, the medium was re-
moved from the cell monolayer and analyzed for the
presence of AuNPs using dark field microscope. The
cell pellets were processed for TEM analysis as de-
scribed previously.

Statistical analysis for cytotoxicity studies

The slope for each curve of the normalized CI for the
time period between treatment point and the highest CI
value, i.e., confluency, of the untreated cells was calcu-
lated. The calculated slopes were exported to an excel
sheet. The two sample F tests (Fischer’s test) and the
two sample student’s t tests using the QI Macros soft-
ware 2014 were used to compare if the differences
between treated and untreated slopes were significant.
Differences were considered statistically significant if
p<0.01 and p>0.05 were considered non-significant.

Results

FTIR spectrophotometry results revealed structural con-
firmation of the functional groups on the AuNP sur-
faces. The prominent peaks for the citrate-stabilized
AuNPs as indicated in Fig. 1a were stretching frequen-
cies of strong vibrations around 2987.48, 2901.20 cm−1

(v (O–H)s), and 1393.93 cm−1(v (O–H)m,), characteris-
tic of the carboxylic acid of the citrate stabilizer. Fol-
lowing place exchange reaction, vibration frequencies at
1760 cm−1(ν(C=O)s) were observed (Fig. 1b), charac-
teristics of the carboxyl functional groups on the
COOH-PEG-AuNPs.

Table 2 gives a summary of the physicochemical
properties of the AuNPs in Milli-Q water and in cell
growth media. A significantly large increase in the
hydrodynamic size of the Cit-AuNPs and the COOH-
PEG-AuNPs was seen when they were suspended in
culture media. The average size of the Cit-AuNPs was
increased from 15±2 nm when suspended in water to
38 nm when suspended in RPMI-1640 medium and to

46 nm when suspended in EMEM medium. Similarly,
the size of the COOH-PEG-AuNPs was increased from
15±3 to 39 nmwhen suspended in RPMI-1640medium
and to 80 nm when suspended in EMEM medium.

The particle size increase suggests agglomeration of
the nanoparticles, possibly due to the presence of
adsorbed medium components on the gold nanoparticle
surfaces (Lacerda et al. 2010; Navya and Daima 2016).
As previously described, DLS data report the average
hydrodynamic size representing any adsorbed material
on the nanoparticle surface as well as the hydrodynamic
diameter of the particles (Graf et al. 2012). Hence, the
overestimation in the mean particle size diameters in
DLS measurements is attributed to the high scattering
intensities of larger nanoparticles (Albanese and Chan
2011).

The surface charge (zeta potential) of the AuNPs in
water and in cell growth media was measured to further
analyze the degree of stability of the nanoparticles. The
measurements were made in triplicate, and the average
values are shown in Table 2. Zeta potential analyses in
water show values of −38.5 and −46.2 mV for Cit-
AuNPs and COOH-PEG AuNPs, respectively, indicat-
ing extreme stability of negatively charged AuNPs in
water (Sabuncu et al. 2012). However, upon
resuspending in cell culture medium, the zeta potential
values were decreased with no significant difference in
the zeta potential readings of the two AuNPs in the two
growth media. The zeta potential of colloids has been
shown to decrease in physiological media, including cell
growth medium where it is indicated that the observed
decrease in zeta potential and the instability of the
nanoparticles may be due to the increased ionic strength
of the media (Sabuncu et al. 2012).

The UV-Vis absorption measurements of the AuNPs
are also presented in Table 2. The optical spectrum of
the synthesized Cit-AuNPs in water was 519 nm, which
is in agreement with the SPR absorption of nanosized
AuNPs at this size range reported in the literature (Jain
et al. 2006). Upon suspending in cell growth medium,
the SPR spectra for the Cit-AuNPs were shifted to 557
and 544 nm for RPMI and EMEM, respectively. The red
shift has been observed in the measured spectra of
AuNPs in biological medium and is attributed, once
again, to the formation of agglomerates and to the
formation of protein corona (Albanese and Chan 2011;
Maiorano et al. 2010). A similar shift in the plasmon
absorption was also observed with the COOH-PEG-
AuNPs where the optical spectrum of 522 nmmeasured
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in water was increased to 538 nm in RPMI-1640 and to
542 nm in EMEM growth medium indicating

agglomeration. The formation of such agglomeration
for the two AuNP samples could be further confirmed

b 
1760

a 

Fig. 1 FTIR spectra of citrate stabilized (a) and COOH-PEG
AuNPs (b ) , i n d i c a t i ng v i b r a t i o n f r e quenc i e s o f
2972.50 cm−1 (ν (O–H )s ) , 2907.50 cm−1 (ν (C–H )m ) ,

1394.20 cm−1(ν(C–H)m), and 1760 cm−1(ν(C=O)s) characteristics
of the carboxylic acid of the citrate stabilizer and carboxyl func-
tional groups in COOH-PEG AuNPs
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with TEM images presented in Fig. 2a, b with their
corresponding full spectra and size distribution of an
average of 16 nm for the Cit-AuNPs and 22 nm for the
COOH-PEG-AuNPs.

Cytotoxicity measurement of AuNPs

The cytotoxicity of the AuNPs was determined in HEK
293 cells using label-free real-time cell analyzer imped-
ance technology. Figure 3 shows the proliferation curves
of HEK 293 cells that were treated with Cit-AuNPs
(Fig. 3a) and COOH-PEG-AuNPs (Fig. 3b) for a period
of 56 h (32 h post-treatment).

Figure 3a demonstrates that treatment with Cit-
AuNPs decreased the viability in HEK 293 cells at the
tested concentrations. The cell index of the treated cells
began to deviate from the control at approximately 8 h
and was found to significantly lower after 22 h
(p< 0.05). The presence of citrate ions on the Cit-
AuNP surfaces have been correlated to the observed
toxicity associated with these particles (Uboldi et al.
2009). Figure 3b shows the proliferation curves of
HEK 293 cells that were treated with the COOH-PEG-
AuNPs. A cytotoxic response was seen with cells at all
four selected concentrations (p<0.01 for 5, 2, 1 nM;
p<0.05 for 0.5 nM), in a concentration-dependent man-
ner. The viability of the cells was therefore affected by
the COOH-PEG-AuNPs, as the cell index remained
lower than the control throughout the test.

Figure 4 shows the proliferation curves of Hep G2
cells treated with 14-nm Cit-AuNPs (Fig. 4a) and
COOH-PEG-AuNPs (Fig. 4b) for a period of 98 h
(74 h post-treatment with the gold nanoparticles).

The figure demonstrates that treatment with Cit-
AuNPs significantly reduced the viability of Hep G2
cells (p<0.01), indicating that the Cit-AuNPs were cy-
totoxic to Hep G2 cells at the tested concentrations. The
decrease in cell viability was evident within a few hours

after the addition of the nanoparticles to Hep G2 cells
and remained lower than the control for the duration of
the experiment.

A concentration-dependent response was also seen in
cells treated with COOH-PEG-AuNPs (Fig. 4b).
Highest tested concentration of 5 nM (p<0.01) and
2 nM (p<0.01) reduced the viability of cells to zero
immediately after the addition of the nanoparticles indi-
cating that no viable cells remained attached to the
microelectrode plate. On the other hand, the COOH-
PEG-AuNPs did not show any cytotoxic effect to Hep
G2 cells at lower concentrations of 0.5 nM (p>0.05)
and 1 nM AuNPs (p>0.05) where the viability of the
treated cells was similar to those of the control untreated
cells.

Cellular uptake

Using dark field microscopy combined with a visible
and near-infrared (VNIR) hyperspectral imaging sys-
tem, uptake of the AuNPs by the cells was studied.
Although this technology does not provide comprehen-
sive information on the localization of the AuNPs in
cells, the hyperspectral imaging system has been sug-
gested as a simple and convenient technique to visualize
cellular uptake and also to characterize the extent of
aggregation of the internalized nanoparticles (Skebo
et al. 2007; Rocha et al. 2011; Vetten et al. 2013).
Figure 5 shows dark field images of HEK 293 and
Hep G2 cells after incubation with the AuNPs where
the nanoparticles were distinguished in the images as
bright figures resulting from their intense light-
scattering ability. The hyperspectral profiles of the
AuNPs, confirming intracellular nanoparticles, are
shown in Fig. 5e, f.

Figures 5a, c shows images of HEK 293 and Hep G2
cells, respectively, that were incubated with the Cit-
AuNPs. The images showed that the majority of the Cit-

Table 2 Physicochemical properties of AuNPs in Milli-Q water and in cell growth media

AuNP Hydrodynamic average size by DLS
(nm)

ζ-potential (mV) UV-Vis (λ nm) pH at 37 °C

Water RPMI EMEM Water RPMI EMEM Water RPMI EMEM Water RPMI EMEM

Cit-AuNPs 15.2 37.8 46.2 −38.5 −10.1 −8.9 519 557 544 6.2 7.61 7.8

COOH-PEG AuNPs 15.30 39.5 80.4 −46.2 −7.1 −7.7 520 538 543 6.8 7.65 7.8
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AuNPs were internalized by cells. However, images of
cells that were incubated with the COOH-PEG AuNPs
shown inFig. 5b, d demonstrated that themajority of these

particleswere accumulated on the cellmembranes,mainly
as agglomerates. Nonetheless, a small number of these
particles were also visible inside the cells.

Fig. 2 TEM images and size distribution analysis of a 14 nm Cit-AuNPs and b COOH-PEG-AuNPs in RPMI-1640 (top image in a and b)
and EMEM (bottom image in a and b)
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Uptake and subcellular localization

TEM images were used to confirm AuNP uptake into
the cells as well as to assess their intracellular distribu-
tion and localization in different cellular compartments.
As seen in Fig. 6, the Cit-AuNPs were taken up by HEK
293 cells and accumulated inside the cells as agglomer-
ates of different sizes.

Figure 6a shows that the Cit-AuNPs were dispersed
in the cytoplasm of HEK 293 cells while in HepG2 cells
the Cit-AuNPs were confined in large cellular vesicles,
again mainly as agglomerates (Fig. 6b). Figure 6b also
shows that Cit-AuNPs are attached to the cell membrane
of Hep G2 cells, possibly during entry into the cells.
Intracellular AuNPs were confirmed by EDX analysis

(Fig. 6c) which revealed a significant Au peak at
2.3 keV in cell samples that were exposed to the Cit-
AuNPs.

The images in Fig. 7 show internalized COOH-PEG-
AuNPs in cells.

Figure 7a, b shows that the COOH-PEG-AuNPs
were localized in the cell cytoplasm of HEK 293 cells
and in cellular vesicles, most likely to be the recycling
endosomal vesicles (indicated by arrows). COOH-PEG-
AuNPs were deposited in HEK 293 cells as single as
well as agglomerated particles of different sizes.
Figure 7c, d shows COOH-PEG-AuNPs in Hep G2
cells. The AuNPs were deposited in Hep G2 cells as
individual and agglomerated particles in the cytoplasm
(indicated by circles). Some of the COOH-PEG-AuNPs

a 

b 

Control 

0.5nM

 5nM 

 1nM 

2nM 

Fig. 3 Impedance monitoring of proliferation in HEK 293 cells following 56 h incubation with 14-nm citrate-stabilized AuNPs at
concentrations of 5, 2, 1, and 0.5 nM. a 14 nm Cit-AuNPs and b 14 nm COOH-PEG-AuNPs
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were seen in invaginated areas of the cell plasma mem-
brane of Hep G2 cells (Fig. 7c). The EDX spectrum
confirming intracellular COOH-PEG-AuNPs in cells is
shown in Fig. 7e.

Cellular exocytosis of AuNPs

Following uptake of AuNPs into cells, experiments
were conducted to investigate their intracellular fate.
The HEK 293 and Hep G2 cells were therefore treated
with the nanoparticles for 24 h, and the medium con-
taining the AuNP was removed. The cells were then
incubated with fresh medium containing no particles for
an additional 48 h, 1 week, 2 weeks, 3 weeks, and
4 weeks.

Representative TEM images of HEK 293 cells incu-
bated with Cit-AuNPs and COOH-PEG-AuNPs are

shown in Fig. 8, where the uptake was much higher
with Cit-AuNPs (Fig. 8a–d) compared to COOH-PEG-
AuNPs (Fig. 8e–h).

Moreover, after 48 h and up to 3 weeks of incubation,
the majority of the Cit-AuNPs (Fig 8a–d) and a fraction
of COOH-AuNPs (Fig. 8e–h) were seen in vesicles of
HEK 293 cells with the observation that some of the Cit-
AuNPs were also deposited in the cell cytoplasm
(Fig. 8b–d). Nonetheless, there were no particles inside
the cells after 4 weeks of incubation (results not shown).

Similar observations were also seen with Hep G2
cells incubated with Cit-AuNPs (Fig. 9a–d), where the
Cit-AuNPs in vesicles of Hep G2 cells were eventually
depleted from cells after 4 weeks of culture through
excretion to the extracellular medium (Fig. 9e, f).

Figure 10 shows TEM images of Hep G2 incubated
with COOH-PEG-AuNPs. The images show the

a

b

Control 

0.5nM

5nM 

1nM 

2nM 

Fig. 4 Impedance monitoring of proliferation in Hep G2 cells following 98 h incubation with AuNPs concentrations of 5, 2, 1, and 0.5 nM.
a 14 nm Cit-AuNPs and b 14 nm COOH-PEG-AuNPs
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COOH-PEG-AuNPs in vesicles of Hep G2 cells 48 h,
1 week, and 2 weeks after culture (Figures 10a and 9d).
Ultrathin sections of cells showed that COOH-PEG-
AuNPs about to be removed from the cells are localized
close to the cell membrane 1 week after culture
(Fig. 10c). Exocytosis by vesicle secretion (Fig. 10e)
and non-vesicle secretion (Fig. 10f) was evident in
representative images of Hep G2 that were incubated
with COOH-PEG-AuNPs for 3 and 4 weeks, respective-
ly (Fig. 10e, f).

To confirm the exocytosis of AuNPs to the extracel-
lular media, the cell supernatant was analyzed for the
presence of AuNPs using dark field imaging. Cell cul-
ture media that were collected at 24 h, 48 h, 1 week,
2 weeks, 3 weeks, and 4 weeks during incubation of
Hep G2 cells with the AuNPs are shown in Fig. 11.

The images confirmed excreted nanoparticles in the
medium as agglomerates of different sizes. Similar re-
sults were obtained in cell culture medium of HEK 293
cells (results not shown).

a 

c 

b

d

HEK 293 cells 

Hep G2 cells  

e f

Fig. 5 Uptake of AuNPs byHEK
293 (a, b) and Hep G2 (c, d) cells
observed with a dark field
microscopy. Cells were incubated
for 24 h with 14-nm citrate-
capped AuNPs (a, c) and COOH-
PEG-AuNPs (b, d) before
observation with high-resolution
illumination microscopy. AuNPs
were visible as bright spectra
associated with cells at ×60
magnification. Hyperspectral
image of citrate-AuNPs (e) and
COOH-PEG-AuNPs (f) showing
a cross-sectional scan of
randomly selected individual or
aggregated nanoparticles

Element Weight 

(%) 

Atomic 

mass 

(%) 

C K 12.23 51.65 

O K 0.40 1.26 

Cu K 45.38 36.23 

Os L 5.22 1.39 

Au L 36.78 9.47 

c 

2GpeH392KEH

a bFig. 6 TEM images showing
intracellular Cit-AuNPs in a HEK
293 and b Hep G2 cells. c Shows
EDX spectra confirming the
elemental Au in cell sections
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Discussion

In this study, we have assessed the toxicity, uptake,
intracellular localization, and exocytosis of Cit-AuNPs
and COOH-PEG AuNPs. Toxicity studies were first
conducted where our findings showed a statistically
significant effect by both Cit-AuNPs and COOH-PEG
AuNPs in all tested concentrations on HEK 293 and
Hep G2 cells. Such cell-specific differences in toxicity
of AuNPs have previously been confirmed in our labo-
ratory (Vetten et al. 2013).

The present cytotoxicity studies have shown that the
Cit-AuNPs decreased the viability of HEK 293 cells
about 22 h, while cytotoxicity on Hep G2 cells was seen
after a few hours upon addition of the AuNPs. In the
literature, a number of studies were conducted to assess
the cytotoxicity of citrate-stabilized AuNPs of similar
size. For example, the cytotoxicity of 10- and 11-nm
Cit-AuNPs at different concentrations to human dermal
endothelial (HDMEC) and human cerebral endothelial
(hCMEC/D3) cells exposed for 48 h was reported
(Freese et al. 2012). On the other hand, non-cytotoxic

HEK 293 

Hep G2 

e 

ba 

dc

Fig. 7 TEM images of HEK 293
(a, b) and Hep G2 (c, d) cells
treated with COOH-PEG-AuNPs
for 24 h. Scale bar: 500 nm.
Arrows in Fig. 6b indicate cellular
vesicles containing singular and
agglomerated COOH-PEG-
AuNPs. The red circles in Fig. 6d
indicate freely dispersed AuNPs
in the cytoplasm of Hep G2 cells.
e EDX spectra of Au in cell
sections (color figure online)

a 

e h g f 

b c d 
48 hrs 1 week 2 weeks 3 weeks Fig. 8 TEM image of HEK 293

cells incubated with Cit-AuNPs
(a–d) and COOH-PEG-AuNPs
(e–h) for (a, e) 48 h, (b, f) 1 week
(c, g), 2 weeks (d, h), and 3 weeks
(indicated by arrows)
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effects, assessed by viability and membrane integrity, of
18-nm Cit-AuNPs to K562 leukemia cell line (Connor
et al. 2005) and of 20 nm Cit-AuNPs to Hep G2 cells,
assessed by cell viability and proliferation (Fraga et al.
2013), were reported.

In addition, our findings have shown that at lower
concentrations, COOH-PEG AuNPs were non-toxic to
Hep G2 cells while toxic to HEK 293 cells at all tested
concentrations. The non-toxic nature of 2 nm COOH-
PEG-AuNPs to Cos-1 mammalian cells, assessed by
cell viability and proliferation, was also reported
(Goodman et al. 2004).

The results presented in this study and those reported
in the literature may therefore suggest that the differ-
ences observed in the cytotoxicity of Cit-AuNPs and
COOH-PEG AuNPs will depend on the number of
physicochemical properties including size and surface
coating, as well as on type of cell studied (Li et al. 2015).

However, a closer scrutiny may suggest that the meth-
odologies implemented to assess this toxicity may in-
fluence the outcome of the cytotoxicity results.

All those studies reported in the literature have im-
plemented the absorbance-based XTT assay; in addi-
tion, they have used other assay systems that rely on
photometric measurements (Freese et al. 2012; Connor
et al. 2005; Goodman et al. 2004). As a result of the SPR
properties, AuNPs are shown to potentially interfere
with a number of in vitro toxicity assays that rely on
photometric measurements. It is therefore recommended
that in order to avoid such interference, alternative
methods that do not rely on photometric measurements
be employed (Vetten et al. 2013). Subsequently, the use
of label-free impedance methodology, the xCELLigence
RTCA system, in our study may have produced a more
true reflection of cellular response to these
nanoparticles.

N 

a b 

d 

c 

fe
AuNPs 

Fig. 9 Representative image
from TEM showing Hep G2 cells
incubated with 14 nm Cit-AuNPs
for a 48 h, b 1 week, c 2 weeks, d
3 weeks, and e and 4 weeks (f)

V esicle secretion

e f 

Non- V esicle secretion

d 

c 

PM 

b a Fig. 10 TEM image of Hep G2
cells incubated with COOH-PEG-
AuNPs for a 48 hrs, b, c 1 week, d
2 weeks, e 3 weeks, and (f)
4 weeks (the arrows in Fig. 9e, f
are pointing at excreted AuNPs)
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The present study has also assessed the uptake of
AuNPs in cells using dark field microscopy. Results
have indicated a high degree of internalization of Cit-
AuNPs by both HEK 293 and Hep G2 cells confirming
those reported in the literature with U937 cells (Oh and
Park 2014b) and human alveolar epithelial (A549) cells
(Brandenberger et al. 2010). The high uptake of Cit-
AuNPs was proposed to be linked to the binding of
serum proteins onto the citrate ions, thereby resulting
in a higher concentration of Cit-AuNPs uptake into cells
(Chithrani et al. 2009).

In addition, the present results have indicated that the
majority of COOH-PEG-AuNPs were not internalized
by HEK 293 and Hep G2 cells but rather have accumu-
lated on the surface of these cells, which was confirmed
with TEM imaging. These observations were confirmed
in the literature for COOH-PEG-thioactic acid (TA)-
AuNPs with kidney COS-1 cells (Oh et al. 2011) and
for methoxy-PEG-AuNPs with U937 cells (Oh and Park
2014b). This was explained to be due to the hydrophi-
licity of the PEG molecule that has been shown to

contribute to the minimal uptake of PEG-coated AuNPs
into cells (Kettler et al. 2014).

TEM images have further confirmed the intracellular
uptake and in addition the subcellular localization of
AuNPs in cells. Intracellular Cit-AuNPs were seen to
exist as agglomerates of different sizes in HEK 293 and
in Hep G2 cells 24 h after culture, the majority of which
were localized in the cytoplasm of HEK 293 cells and in
large vesicles, likely to be endosomes, of Hep G2 cells
24 h after incubation. Our observations were similar to
those reported with HeLa cells (Nativo et al. 2008),
macrophage RAW 264.7 cells (Liu et al. 2013), and
Hep G2 cells (Chu et al. 2014).

Similarly, TEM images have indicated that COOH-
PEG-AuNPs have localized in agglomerates in vesicles
of different sizes in HEK 293 cells but also in the cell
cytoplasm of both HEK 293 and Hep G2 cells. Most
importantly, our results indicated that there was no
evidence of nuclear or mitochondrial accumulation of
Cit-AuNPs or COOH-PEG-AuNPs in the cells. Lack of
localization of AuNPs in these cellular compartments

Fig. 11 Cell growth medium of
Hep G2 cells collected at a 24 h, b
48 h, c 1 week, d 2 weeks, e
3 weeks, and f 4 weeks period
during which the cells were
maintained
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was reported for 14-, 50-, and 74-nm citrate-stabilized
AuNPs in breast cancer (MCF-7) cells (Chithrani et al.
2009). However, it was shown that AuNPs with hydro-
dynamic size less than 5 nmwere likely to gain access to
the cell nucleus (Gu et al. 2009; Kim et al. 2015).

Finally, the exocytosis of the Cit-AuNPs and the
COOH-PEG-AuNPs were investigated with TEM. The
results have shown that the majority of the AuNPs were
retained in both cell types for up to 3 weeks. The
absence of AuNPs in cells after 4 weeks of culture has
confirmed that the AuNPs were eventually cleared from
cells. Additionally, dark field images of expelled AuNPs
in cell medium suggested that they were removed from
cells as agglomerates of different sizes. These observa-
tions were confirmed in the literature with 10-, 20, and
40-nm citrate-AuNPs and PEG-coated AuNPs in mac-
rophage cells (Oh and Park 2014b).

The TEM results have indicated the exocytosis of
Cit-AuNPs and COOH-PEG-AuNPs to be similar with
that of Hep G2 where vesicles filled with these nano-
particles were excreted to the medium during exocyto-
sis. Once again, the latter observations were confirmed
for citrate and PEG-coated AuNPs in macrophages (Oh
and Park 2014b). Spherical nanoparticles remaining in
endosomes after endocytosis have been shown to be
easily excreted by exocytosis when compared to nano-
particles of different morphologies (Chu et al. 2014).

In summary, this study has presented cytotoxic ef-
fects of Cit-AuNPs and COOH-PEG-AuNPs on two
major cell lines, HEK 293 and Hep G2 cells. Cytotox-
icity measurements with real-time impedance showed
that both cell types were sensitive to the AuNPs, regard-
less of the surface chemistry on these nanoparticles;
however, the COOH-PEG-AuNPs were more toxic,
with higher levels of cytotoxicity observed in the Hep
G2 cells than in HEK 293 cells. At concentrations with
low toxicity, uptake was observed for both AuNPs, with
higher uptake of Cit-AuNPs than that of the COOH-
PEG-AuNPs. Nonetheless, intracellular localization of
the AuNPs in cells did not depend on surface chemistry
where majority of the AuNPs were localized in agglom-
erates within vesicles, which were exocytosed following
longer incubations.

Conclusions

These observations emphasize the importance of surface
chemistry of AuNPs in the assessment of their uptake

and cellular compartmental distribution as well as in
their fate through exocytosis in relation to their long-
term effects. However, similar in vivo studies need to be
conducted to confirm these in vitro observations as
clearance of nanoparticles from cells prevents unintend-
ed toxicity associated with particles that have prolonged
intracellular retention.
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