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ABSTRACT: Functionalized nanoparticles (NPs) can pene-
trate into living cells and vesicles, opening up an extensive
range of novel directions. For example, NPs are intensively
employed in targeted drug delivery and biomedical imaging.
However, the real-time kinetics and dynamics of NP−living
cell interactions remained uncovered. In this study, we in situ
monitored the cellular uptake of gold NPsfunctionalized
with positively charged alkaline thiolinto surface-adhered
cancer cells, by using a high-throughput label-free optical
biosensor employing resonant waveguide gratings. The
characteristic kinetic curves upon NP exposure of cell-coated biosensor surfaces were recorded and compared to the kinetics
of NP adsorption onto bare sensor surfaces. We demonstrated that from the above kinetic information, one can conclude about
the interactions between the living cells and the NPs. Real-time biosensor data suggested the cellular uptake of the
functionalized NPs by an active process. It was found that positively charged particles penetrate into the cells more effectively
than negatively charged control particles, and the optimal size for the cellular uptake of the positively charged particles is around
5 nm. These conclusions were obtained in a cost-effective, fast, and high-throughput manner. The fate of the NPs was further
revealed by electron microscopy on NP-exposed and subsequently fixed cells, well confirming the results obtained by the
biosensor. Moreover, an ultrastructural study demonstrated the involvement of the endosomal−lysosomal system in the uptake
of functionalized NPs and suggested the type of the internalization pathway.

KEYWORDS: label-free, optical biosensor, positively charged gold nanoparticles, cells, penetration, nanoparticle uptake, adsorption

■ INTRODUCTION

Functionalized nanoparticles (NPs) may serve as carriers in
targeted drug delivery applications.1,2 The penetration of NPs
into lipid bilayers and cell membranes has significant
implications for phototherapy treatments, medical imaging,
and NP-actuated vesicles for controlled drug release as well.3−9

NPs can improve the solubility and stability of active
substances, increase their uptake, defend them from early
damage in the living systems, and elongate their circulation

time.1,10 They provide high differential uptake efficiency in the
target cells over normal ones.1,10 In this way, NP interference
with a biological system may specify its targeting impacts and
therapeutic efficacy.1,11 It has been demonstrated that gold
NPs (AuNPs) functionalized with mixed monolayers can
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penetrate into living cells12 and artificial vesicles.3 However,
the real-time kinetics and dynamics of the processes have
remained predominantly uncovered. There is a clear need for
fast, real-time, cost-effective, and high-throughput platforms to
monitor NP−living cell interactions.
There are a variety of techniques to measure and visualize

the cellular uptake of metal or other NPs by cells. Inductively
coupled plasma mass spectrometry (ICP−MS) and ICP
atomic emission spectroscopy are widely used to quantify the
number of penetrated NPs inside the cells with outstanding
sensitivities.13−22 Other methods can be applied to visualize
them; for example, fluorescence and dark field microscopies,
differential interference contrast microscopy, confocal micros-
copy, surface-enhanced Raman spectroscopy, and, probably the
most popular , transmiss ion electron microscopy
(TEM).13−15,23−27 Further techniques have also been used in
previous studies for quantifying the uptake, including
fluorometry,28 the fluorescent absorption method and the
P2T method,29 magnetophoresis, and electron spin reso-
nance.26 The drawbacks of these methods are that they require
a large number of cells, the processes and preparations are
time-consuming, and, most importantly, these end-point
detection techniques do not give information on the kinetics
and dynamics of the cellular uptake.30,31 Recently, the scientific
community has turned to label-free biosensors and techniques
(capacitance-based sensors, magnetoimpedance biosensors,
and on-chip impedance sensors) to monitor the cellular
uptake of NPs in a real-time way.25,30,31

In the present work, we exploit an evanescent field-based
optical biosensor to follow the cellular uptake of positively
charged NPs. According to the previous findings,12 we chose
positively charged AuNPs with a diameter of ∼5 nm because of
their optimal size and charge for penetration into the cells. The
principle of the evanescent-field-based detection is illustrated
in Figure 1.

The sensor measures the alteration in the RI near the sensor
surface. Optical label-free biosensors are excellent tools to
examine the mode of action of small molecules and NPs as
well.1,32 For example, in our previous study,32 we established
that the positively charged AuNPs (stabilized by (11-
mercaptoundecyl)-N,N,N-trimethylammonium bromide,
TMA) can adsorb onto the biosensor surface and, together
with the oppositely charged AuNPs (stabilized by 11-
mercaptoundecanoic acid), can form clusters on the biosensor

surface, monitored by optical waveguide lightmode spectros-
copy. The main advantages of these label-free techniques are as
follows: (i) they do not need any labels or additional chemicals
that may disturb normal cell behavior or interactions with the
cells, (ii) they can record real-time kinetic data with excellent
resolution, and (iii) they are available in high-throughput
formats, significantly decreasing the analysis time of
complicated systems. Therefore, they were suggested as perfect
candidates for investigating the NP−cell interaction and the
kinetics and dynamics of the intracellular penetration of
functionalized NPs.1

The main objective of this work is to examine the real-time
kinetics of the cellular uptake of positively charged AuNPs by
HeLa cells by using a label-free, high-throughput optical
biosensor. In most of the studies on the NP−cell interaction,
citrate-capped AuNPs were used;13 these particles are
negatively charged and the membrane of the cells is also
negatively charged because of negatively charged groups in the
lipid membrane. Therefore, we hypothesize that the cellular
uptake of positively charged NPs would be more efficient, and
thus, the toxicity would be optimal in the case of using
positively charged NPs. We proved independently the cellular
uptake by using TEM. In the kinetic experiments, NPs with
different sizes were added to the adhered cells in different
concentrations and the kinetics of the penetration into the cells
as well as the adsorption of the AuNPs onto the biosensor
surface were monitored. On the basis of control experiments
using citrate-capped AuNPs of different sizes, we show that the
efficiency of the cellular uptake of positively charged NPs by
HeLa cells is not only strongly size-dependent but 1−2 orders
of magnitude greater compared to the most widely used
citrate-capped particles.

■ MATERIALS AND METHODS
Cell Culture and Cell Adhesion Assay Buffer. HeLa cells

(ECACC 93021013 human, cervix, epitheloid, carcinoma) were
cultured in tissue culture Petri dishes (Greiner Bio-One International
GmbH, Kremsmünster, Austria) placed in a humidified incubator (37
°C, 5% CO2). The cells were maintained in Dulbecco’s modified
Eagle’s medium, completed with 4 mM L-glutamine, 10% fetal bovine
serum (FBS, Biowest SAS, France), 100 U/mL penicillin, 100 μg/mL
streptomycin solution, and 0.25 μg/mL amphotericin B. On reaching
80% confluence, the cells were detached every 3 days using 0.02% (w/
v) ethylenediaminetetraacetic acid (EDTA) solution and 0.05% (w/v)
trypsin.33,34 An assay buffer for cell adhesion was prepared by adding
20 mM 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES,
Sigma-Aldrich) to Hank’s balanced salt solution (HBSS, Sigma-
Aldrich), pH 7.0, with 1 mM NaOH.33,35

Synthesis and Functionalization of Positively Charged
AuNPs. AuNPs were synthesized using gold (III) chloride trihydrate
(Sigma-Aldrich) and functionalized with TMA (Sigma-Aldrich) using
a wet synthesis procedure published in the literature.36−42 Briefly,
TMA was dissolved in dichloromethane, and, in a separate vial,
presynthesized AuNPs were homogeneously dispersed in toluene.
The thus-prepared solutions were mixed, and an excess amount of
TMA was added to the AuNPs. Upon mixing, capping molecules on
the surface of the AuNPs were exchanged to TMA. The resulting
TMA-capped AuNPs were purified with methanol, dichloromethane,
and toluene, using a rotary evaporator. The obtained particles had an
average diameter size of 4.6 ± 0.4 nm based on TEM measurements.
A stock solution of TMA-coated AuNPs (AuTMA) was prepared with
a concentration of 15 mM (in terms of gold atoms). The number of
TMA molecules per particle is 324, assuming that the adsorption area
of thiol on gold is 0.214 nm2 and the concentration of AuNPs was
obtained from the absorbance at the maximum wavelength in the
UV−vis spectrum (see Figure S1 in the Supporting Information). For

Figure 1. Schematic illustration of the concept of evanescent label-
free biosensors in NP uptake detection. The evanescent field is a
∼150 nm thick layer above the biosensor surface. If there is a
refractive index (RI) change in this zone (e.g., the NP reaches the
evanescent field inside the cell), the biosensor detects this change and
plots the shift in the wavelength (Δλ) real-time. If the NPs do not
reach the evanescent field, there is no biosensor signal.
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further study, this stock solution was diluted with HBSS−HEPES to
obtain NP solutions of 5.00, 0.50, and 0.05 mM (in terms of gold
atoms). To investigate the size dependence of the cellular uptake,
additionally, two different sizes of TMA-coated NPs were synthesized
with the average sizes of 2.5 ± 0.3 and 9.4 ± 1.5 nm, respectively
(Figure S1). TEM images and the size distributions of the AuNPs
obtained are shown in Figure 2 with a schematic illustration of a single
functionalized AuNP. We carried out dynamic light scattering (DLS)
experiments on TMA-capped AuNPs as well; the polydispersity
indices (PDIs) for different-sized particles of 2.5, 4.6, and 9.4 nm were
0.346, 0.379, and 0.248, respectively.
Synthesis of Citrate-Capped AuNPs. For control kinetic

experiments, citrate-coated AuNPs of two different sizes were
synthesized based on the procedures described in the studies of Shi
et al.43 and Piella et al.44 For the synthesis of bigger citrate-capped
AuNPs (d = 13.0 nm), we used gold (III) chloride trihydrate (Sigma-
Aldrich) and trisodium citrate dihydrate (Sigma-Aldrich) as reducing
and capping agents, respectively. Gold salt (25 mL) and 25 mL of
trisodium citrate solutions of concentrations of 0.25 and 2.50 mM
were prepared, respectively.43 The gold salt solution was heated to 96
°C in an Erlenmeyer flask and was vigorously stirred at 500 rpm in a
heating magnetic stirrer. After 10 min upon reaching the temperature
of 96 °C, the preheated citrate solution was added to the hot gold
solution. After 15 min, we switched off the heating and stirring. The
synthesized citrate-capped AuNPs had an average size of 13.0 nm
based on the DLS measurements with a PDI of 0.389 (Figures S2 and
S3).
Smaller citrate-capped AuNPs (d = 5.5 nm) were synthesized by a

modified citrate reduction method using tannic acid (Sigma-
Aldrich).44 A mixed solution containing 150 mL of trisodium citrate
dehydrate (2.2 mM) and 0.1 mL of tannic acid (2.5 mM) was heated
to 70 °C in an Erlenmeyer flask and was vigorously stirred at 500 rpm.
After 10 min upon reaching the temperature of 70 °C, AuNPs were
synthesized by injecting 1 mL of gold (III) chloride trihydrate
solution (25 mM) into a mixed solution. After 10 min, we switched
off the heating and stirring. The synthesized citrate-capped AuNPs
had an average size of 5.5 nm based on the DLS measurements with a
PDI of 0.507 (Figures S3 and S4).
Epic Benchtop Resonant Waveguide Grating Biosensor.

The employed Epic Benchtop (BT) system (Corning Incorporated,
Corning, NY, USA) is a resonant waveguide grating (RWG) imager
biosensor, which accepts 96- or 384-well standard format biosensor

microplates. A planar optical waveguide (made of niobium pentoxide)
is incorporated at the bottom of each well.33,35 Each waveguide
contains a 2 × 2 mm optical grating to interrogate the TM0 waveguide
mode with near-infrared electromagnetic radiation. Therefore,
individually addressable sensors are located in the microplate wells.
The plate with all sensors is interrogated every 3 s by tuning the
incoupled wavelength with a 0.25 pm precision in the range of 825−
840 nm.33,35 At the resonant wavelength (λ) of the optical structure,
the waveguide mode is excited. RI variations above the sensor surface
(in the ∼150 nm thick probing depth of the mode’s evanescent wave)
shift the resonant wavelength to λ′. A dynamic mass redistribution
inside the adhered cells, cell spreading, bulk RI change, or molecular
adsorption all can cause RI changes as the biomolecules have an RI
larger than that of water.33,35 The analyzed signals of the Epic BT
system are the resonant wavelength shifts (Δλ = λ′ − λ).33,35

AuNP Solutions in the Bare Biosensor Wells. After filling the
plate wells with 30 μL HBSS−HEPES buffer, the baseline was taken
by the biosensor. We pipetted 16 μL of the buffer to the wells and
measured for 2 h to be comparable with the wells with cell addition
(see below). After the 2 h period, solutions of AuNPs were added to
the buffer (we pipetted 22 μL of the solutions of AuNPs into the
wells, and we also added 22 μL of the buffer into the control wells).
The AuNPs were measured for 2 h again. All measurements were
done in triplicate. The schematic illustration of the method and
measurements is shown in Figure 3.

AuNP Treatment of the Cells on the Biosensor Surface. After
filling the plate wells with HBSS−HEPES, the baseline was taken by
the biosensor. HeLa cells were trypsinized with a warm trypsin−
EDTA solution. Trypsin was replaced before complete detachment of
the cells, and its activity was inhibited by adding culture medium
containing 10% FBS. Harvested cells were centrifuged for 6 min at
2000 rpm, and the cell pellet was suspended in the assay buffer. The
cells were counted in a hemocytometer, and 20 000 cells were
pipetted to the wells with 30 μL of the assay buffer inside. We added
16 μL from the cell suspension into the wells, and we also added 16
μL of the buffer into the control wells, which did not contain any cells.
The cells were measured for 2 h to let them spread. After this period,
solutions of AuNPs were added to the cells (we pipetted 22 μL of the
solutions of AuNPs into the wells, and we also added 22 μL of the
buffer into the control wells). The HeLa cells were measured for an
additional 2 h. All measurements were done in triplicate. The

Figure 2. Size, size distribution by DLS measurements, and a schematic illustration of the AuNPs with three different sizes. The averaged sizes
obtained from the DLS and TEM measurements are indicated.
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schematic illustration of the method and measurements is shown in
Figure 3.
Optical Microscopy of the Cells. At the end of the Epic BT

biosensor experiments, the microplate was put into a Zeiss Axiovert
Observer microscope to image the cells.33,35 The three-dimensional
images of the adhered cells were also recorded by a digital holographic
microscope.34

Fixation of the NP-Treated Cells. HeLa cells were grown in 25
cm2

flasks until confluency. Then, the cell culture medium was
replaced by different concentrations of AuNPs suspended in the
HBSS−HEPES buffer. The cells were incubated with AuNPs for 2 h
in a CO2 incubator, trypsinized and washed twice with HBSS−
HEPES, and then were fixed for 24 h at 4 °C (3.2%
paraformaldehyde, 0.2% glutaraldehyde, 40 mM CaCl2, 1.0% sucrose
in 0.1 M cacodylate buffer, pH 7.2). After 1 h treatment, the pellets
were gently dislocated from the tube wall for perfect penetration.
Sample Preparation for TEM Investigation. TEM inves-

tigation was performed for TMA-coated AuNPs, and the samples
were rinsed for 24 h in 0.1 M cacodylate buffer containing 1% sucrose,
40 mM CaCl2, washed in 0.1 M cacodylate buffer (5 min twice), and
then treated with 1% osmium tetroxide (1 h at room temperature).
After washing in cacodylate buffer and distilled water, the pellets were
reacted with 1% aqueous uranyl acetate (30 min). Dehydration was
carried out with ascending grades of alcohol (25, 50, 75, and 96%
ethyl alcohol for 5 min each) and absolute ethanol (10 min three
times). Samples were impregnated with acetonitrile solution (10 min
twice), with an equal ratio mixture of Spurr-acetonitrile (60 min) and
finally with pure Spurr low-viscosity epoxy resin medium (Sigma-
Aldrich, 60 min twice). Polymerization was carried out at 80 °C for 48
h. Ultrathin sections were cut with a diamond knife (Diatome) in a
Reichert OM UIII ultramicrotome. Sections were stained with 2.5%

aqueous uranyl acetate (10 min) and Reynolds’s lead citrate (3 min)
and then were examined by a JEOL JEM 1011 transmission electron
microscope equipped with a Morada 11 megapixel camera and iTEM
software (Olympus).

■ RESULTS AND DISCUSSION
NP Adsorption onto the Bare Biosensor Surfaces.

First, we investigated the interaction of the solutions of 4.6 nm
AuNPs with the bare Epic sensor surfaces (without adhered
cancer cells). The results of the Epic BT measurements are
shown in Figure 4A. The buffer control did not show any

wavelength shift; the signal stayed at around 0 pm (black
kinetic curve). The 0.05 mM AuNP solution showed a long-
drawn signal, which reached a wavelength shift of around 2000
pm (green kinetic curve). The other two higher concentrations
of AuNP solutions (0.5 and 5 mM, blue and cyan kinetic
curves) gave larger signals with fast saturation at around 3000
pm (Figure 4A). It is seen that the two larger concentrations
saturate the surface; clearly, no more space is available for
further NP adsorption. We attribute the slightly larger
saturation value in the case of the 0.5 mM solution to the
slower adsorption process, which results in a larger packaging
density of the NPs.
An important question can be raised whether the AuNPs

adsorbed onto the biosensor surface or they just floated in the
evanescent field without adsorbing on the surface. One can
conclude that even the thickest solution would only give an RI
increment compared to water of 10−3, equivalent to a 127 pm
wavelength shift.45 Therefore, the 3000 pm wavelength shift
observed is due to the adsorption of NPs onto the bare
biosensor surface. The NP control curves show quick
adsorption onto the surface, especially in the case of the 5.00
and 0.50 mM NP solutions (Figure 4A, dark cyan and blue

Figure 3. Schematic illustration of the method and the process of the
biosensor measurements. All experiments (cell control, NP control,
and the cells treated with different concentrations of AuNP solutions)
were performed in triplicate simultaneously, allowed by the plate
format (for all types of measurements, one representative experiment
is shown). The typical kinetic curves recorded are also shown in the
bottom of the image.

Figure 4. Averaged kinetic curves recorded by the Epic BT high-
throughput label-free optical biosensor. (A) Adsorption of the 4.6 nm
TMA-functionalized AuNPs with different concentrations onto the
biosensor surface. (B) Kinetics of interactions of the 4.6 nm TMA-
functionalized AuNPs with adhered cancer cells.
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kinetic curves). From the saturation of the NP control kinetic
curves, we can declare that the AuNPs form an adsorbed
monolayer on the bare biosensor surface (Figure 4A, dark cyan
and blue kinetic curves).
The adsorbed mass can be calculated from the Epic BT data.

The wavelength shift [Δλ (pm)] can be easily converted to a
surface-adsorbed mass (ng/cm2) by using the calibration
equation of Orgovan et al.45 Note that the equation is valid for
a polyelectrolyte solution with an RI increment of dn/dc =
0.1955 cm3/g. The dn/dc value of the AuNP solution is 0.383
cm3/g as determined earlier by measuring the RI of the AuNP
solutions using a tabletop refractometer.32 On the basis of the
previously developed methodology,45 this value leads to the
following calibration equation:

M 0.158 ng/(pm cm )2 λΔ = × Δ (1)

where ΔM is the surface-adsorbed NP mass (ng/cm2) and Δλ
is the measured wavelength shift (pm).
The number of NPs can be determined by using the

parameters of a single NP, namely, the diameter, the density of
gold (19 320 kg/m3), and using the perfect-sphere approx-
imation. The mass of a single AuNP is 9.8 × 10−10 ng. (Note
that on the basis of a typical surface coverage value of 100 ng/
cm2, the mass of the coating is more than an order of
magnitude less and was neglected.)
The adsorbed amount (ΔM) and surface densities of the

adsorbed AuNPs on the biosensor surface are calculated and
shown in Table 1.
Interaction of NPs with the Cell-Covered Biosensor

Surfaces. Next, the effect of the solutions of the AuNPs was
investigated in the biosensor wells coated with living cells.
Microscopy images confirmed that the HeLa cells covered
roughly 50% of the sensor surface with an averaged single cell
area of around 500 μm2 (Figure S5A,B).
Figure 5 summarizes all the possible interactions of the

AuNPs and the cells in this case. (A) AuNPs can reach the
bare sensor surface by diffusion without even touching the

surface of the cells. (B) NPs can adsorb on the cell surface,
desorb, and diffuse to the bare sensor surface. (C) NPs
irreversibly adsorb on the surface of the cells. (D) NPs adsorb
on the surface of the cell, penetrate into the cell, and reach the
evanescent field. (E) NPs penetrate into the cell but do not
reach the evanescent field.
In case A, the AuNPs do not interact with the cells, and the

corresponding biosensor signals shown in Figure 4A should be
simply divided by 2 because of the ∼50% available bare sensor
surface. In contrast, the measured signals are strongly deviating
from this noninteracting behavior (Figure 4B). The inves-
tigation of the slopes of the kinetic curves right after the AuNP
addition for the bare and cell-covered surfaces is also revealing
(summarized in Table 2).

The following equation is valid for the initial slope (dλ/dt):

t kcAd /dλ ≈ (2)

where k is the adsorption rate constant, c is the concentration
of NPs, and A is the available sensor area. Again, in a
noninteracting case, the slopes recorded in the bare surface
should be divided by 2 to get the slopes in the experiments
with the adhered cells. In contrast, large deviations are seen
from this noninteracting behavior in Table 2.
Surprisingly, using the lowest NP concentration, no signal is

observed. This suggests that the AuNPs do not at all reach the
evanescent field. Importantly, they do not even adsorb at the
bare areas of the sensor surface. The data clearly suggest that at
least they are adsorbing on the surfaces of the cells (path C or
E). Therefore, the interaction between the surface of the cells
and the NPs is clearly proven by the recorded data. This
hypothesis is further supported by investigating the diffusion
times. From a simple diffusion distance calculation (supposing
a 10−7 cm2/s diffusion coefficient), AuNPs move 10 μm during
10 s by diffusion. This is a very small value compared to the
time when they saturate the surface in the case of the 0.05 mM
solution. Indeed, AuNPs can realistically reach the surfaces of
the cells before adsorbing onto the bare areas. This
phenomenon obviously dominates for the 0.50 mM concen-
tration solution as well, and just as in the case of the highest
concentration, the diffusion time is comparable with the
saturation time at the bare sensor. Note that here a shoulder

Table 1. Concentration, Wavelength Shift (Δλ), Calculated Adsorbed Mass (ΔM), and Number of AuNPs Are Summarized at
the End of the Adsorption Processes on the Bare Biosensor Surface

concentration

(mM) (mg/mL) Δλ (pm) ΔM (ng/cm2) number of NPs/mm2 number of NPs/100 × 100 nm2 number of NPs/mL

0.05 0.0098 2047.25 ± 683.43 323.47 ± 107.98 3.3 × 109 33 1.00 × 1013

0.50 0.098 3197.98 ± 43.6 505.28 ± 6.87 5.16 × 109 52 1.00 × 1014

5.00 0.98 2874.69 ± 97.91 454.24 ± 15.56 4.64 × 109 46 1.00 × 1015

Figure 5. Possible paths of a single AuNP (purple sphere). The AuNP
moves in the liquid by Brownian motion. (A) AuNPs adsorb onto the
sensor surface without reaching the cells. (B) AuNPs just reach the
cell surface but cannot penetrate; they move on and adsorb onto the
biosensor surface. (C) AuNPs reach the surface of the cell and stay
there. (D) AuNPs reach the surface of the cell, penetrate, and reach
the evanescent field inside the cell. (E) AuNPs reach the surface of
the cell and penetrate but do not reach the evanescent field inside the
cell.

Table 2. Initial Slopes of the Kinetic Curves Right after
AuNP Addition in the Case of a Bare Surface and an ∼50%
Cell-Covered Surface

concentration
(mM)

initial slope on the bare
surface (pm/min)

initial slope on the ∼50% cell-
covered surface (pm/min)

0.05 56 ± 2 0
0.50 529 ± 43 66 ± 5
5.00 >4000a 781 ± 8

aThere were not enough points to evaluate the exact value of the
initial slope.
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also appears on the kinetic curve (Figure 4B). At the highest
concentration, some of the AuNPs can adsorb onto the bare
sensor areas without interacting with the cells. However, for
the two highest concentrations, the observed signals are largely
increased compared to the signals measured on the bare
surfaces, proving that in some way the cells help the
accumulation of the AuNPs inside the evanescent field (path
D). Therefore, we can safely conclude that at the two highest
concentrations, the AuNPs not only reach the surface of the
cells but also penetrate into the cells and effectively reach the
evanescent filed. The number of NPs penetrated into the
evanescent field can be estimated by the measured wavelength
shifts and using eq 1. Supposing an averaged cell area of 500
μm2, roughly 2.2 and 3.3 pg mass increase per cell was
recorded in the case of the 0.5 nM and the 5 mM solutions,
respectively. Moreover, on the basis of the 0.25 pm sensitivity
of the biosensor,45 the values in Table 1 and the averaged
single cell area of 500 μm2 lead to the minimum detectable
number of NPs per cell to be around 4. Note that on the basis
of the sensitivity data presented in ref 46, the state-of-the-art
ICP−MS technique is around 2 orders of magnitude more
sensitive.
The penetration of the AuNPs into the HeLa cells is further

supported by the shape of the kinetic curves, showing a
sigmoidal character, a typical feature of active, living processes.
Therefore, we further suppose that the AuNPs are internalized
into the cells by an active process. For a more detailed
structural analysis about the fate of the NPs, we performed
TEM experiments on the NP-exposed and fixed cells. To
highlight the kinetics of cellular uptake of positively charged
AuNPs by HeLa cells, we carried out similar kinetic
experiments with two different-sized citrate-capped negatively
charged AuNPs (d = 5.5 ± 0.3 nm and d = 13.0 ± 0.7 nm,
Figure S6). In this case, we also started our investigation with
the interaction of the AuNPs with the bare Epic sensor
surfaces. We recorded a wavelength shift of ∼220 pm at the
highest concentration (5.00 mM) of the citrate-capped AuNPs.
This shift is less than in the case of the TMA-coated AuNPs as
the surface of the biosensor is slightly negatively charged. The
other two lower concentrations of AuNP solutions containing
smaller and bigger citrate-capped NPs provided lower signals.
Most importantly, with cells present on the surface, the
maximum shift observed was in the case of using NPs of 13.0
nm; even this is 26 times less compared to the case of the
TMA-coated 4.6 nm sized AuNPs (Figure S6C,D). It is
important to note that the citrate-capped NPs with the size of
5.5 nm generated a wavelength shift of 117 times less
compared to the case of the TMA-coated AuNPs (Figure
S6C).
Role of NP Size: Verification of Optimal Size for

Cellular Uptake. During the biosensor experiments, we
employed positively charged AuNPs with a diameter of ∼5 nm
because of their optimal size and charge for penetration into
the Rat2 fibroblast cells, according to previous findings.12 To
verify this observation in the case of HeLa cells, we performed
the above-mentioned biosensor experiment with smaller (2.5
nm) and larger (9.4 nm) NPs with a concentration of 0.5 mM.
The results showed that the NPs with a 9.4 nm diameter
adsorbed onto the biosensor surface by the highest number
(Figure 6A); however, the ∼5 nm positively charged NPs
penetrated into the cells and reached the evanescent field most
intensively (Figure 6B), well confirming the results of Pillai et
al.12 The results obtained with the living cells are further

emphasized in Figure 6C, where the signal changes after the
NP treatment of the adhered living cells are plotted. Even if we
investigated only three NP sizes, the tendency is clearly seen;
the addition of both smaller (2.5 nm) and larger (9.4 nm)
TMA-coated particles resulted in a smaller signal increase than
that observed for the 4.6 nm sized NPs.

Verification of NP Cellular Uptake by TEM. We
observed NPs on the cell surface and in relatively deep,
tubular-shaped plasma membrane invaginations. The mem-
brane-associated AuNPs formed aggregates (Figure 7B,C).
The internalized particles were detectable only in membrane-
bordered compartments in the cytoplasm (Figure 7A). This
observation excludes the possibility that the AuNPs get into
the cells directly through the lipid bilayer of the plasma
membrane in a nonregulated manner or by membrane damage.
The mentioned membrane-bordered compartments corre-

spond to the members of the endosomal−lysosomal system
(ELS) of the cells.47 The ELS is specialized in uptake, sorting,
recycling, and degrading of incoming substances (nutrients,

Figure 6. Averaged kinetic curves of the TMA-functionalized AuNPs
with different diameter sizes with a 0.5 mM concentration. (A)
Adsorption of the TMA-functionalized AuNPs onto the biosensor
surface. (B) Kinetics of the interactions of the TMA-functionalized
AuNPs with the adhered cancer cells. (C) Biosensor signal increases
after NP addition to the cells adhered on the sensor surfaces. The
diameter of 4.6 nm resulted in the largest effect, confirming an
optimal size for cellular uptake. The dotted line is only to guide the
eye.
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extracellular matrix, etc.).48 Accordingly, at first the internal-
ized AuNPs reached the early endosomal (EE) subcompart-
ment, which is identifiable on the basis of its small diameter
(Figure 7C) or irregular shape and its localization in the close
vicinity of the plasma membrane (Figure 7B). Processing of
the internalized material takes place in the round-shaped late
endosomal components. These organelles locate in the
perikaryonal cytoplasm and may also contain cytoplasmic
elements directed to degradation. A characteristic member of
this subcompartment of the ELS is the multivesicular body
(MVB), which has small intraluminal vesicles (ILVs) enclosing
the material originated from the cytoplasm. TMA-coated
AuNPs accumulated in the MVBs among these ILVs (Figure
7D).
There exist many routes of endocytic uptake into cells. The

internalization of AuNPs is presumably a fast event because it
is very rarely observed at the ultrastructural level. The exact
mechanism is questionable, but the morphology of the plasma
membrane invagination with a long tubular stalk and flared,
vesicular ending (Figure 7C) raises a possibility of both the
caveolae/caveolin1-dependent and the CLIC (clathrin-inde-
pendent carriers)/GEEC (glycosylphosphotidylinositol- anch-
ored protein (GPI-AP) enriched early endosomal compart-
ments)-like endocytosis.49−51 Both pathways are evolved for
the uptake of glycosylphosphatidylinositol (GPI)-anchored
proteins (APs), which frequently form nanometer-scale
clusters in the plasma membrane. Similar to the TMA-coated
NPs on the HeLa cell surface, GPI-AP clusters with their
membrane microdomains move together even during internal-
ization. Furthermore, the CLIC/GEEC pathway is thought to
contribute to an important fraction of the overall fluid-phase
uptake of the cell.51

Using an adequate concentration (0.50 and 0.05 mM) of
AuNPs, the internalized AuNPs were never seen separately in
the cytosol; they concentrated in membrane-bound vacuolar
elements of the ELS (Figure 7). However, a treatment with a
high concentration (5.00 mM) of NPs impaired the cells
(Figure 8A) and destroyed the lysosomal membrane, causing

AuNPs’ and lysosomal enzyme leakage (Figure 8B). Lysosomal
membrane disruption and leakage of the lysosomal content
into the cytosol lead to “lysosomal cell death”.52

We did not observe any single NP adsorption to the cell
surface. The AuNPs accumulate in the endosome from
different parts of the cells, but on the membrane we should
have seen single particles, if they aggregate in the solution
itself.
Certainly, it is not impossible that the AuNPs start to

aggregate in the liquid during storage, but generally, there is no
aggregation in the solution proved by the UV−vis spectra
(Figure S1) and DLS experiments (Figure 2). Furthermore, we
diluted the stock solutions, so if there were aggregated
particles, we should have seen them in the diluted liquid as
well. The cells were treated by AuNPs diluted in HBSS−
HEPES buffer, which contains K+, Na+, Mg2+, Ca2+, Cl−,
HPO4

2−/H2PO4
− ions (all together 155 mM, mainly NaCl)

and 2 mM glucose. The control experiments proved that these
components do not induce aggregation of AuNPs, so there are
free and unaggregated NPs in the solution (Figure S7). The
fixation liquid contains glutaraldehyde, formaldehyde, sugar,
Ca2+, and Na-cacodylate. From the experience of decades and
our control experiments, we can declare that these chemicals
do not cause aggregation of the NPs or artifact either (Figure
S7).
Discrete AuNPs were rarely detected only in the LE

elements (MVBs) and the cytoplasm after lysosomal damage.
One possibility that the TMA-coated AuNPs dissociate from
hypothesized GPI-APs (receptors) may have contributed to
their aggregated internalization. The maturation of the EEs is a
gradual process that creates a unique acidic environment in the
LEs (MVBs) and lysosomes.53 The binding of the ligand to the
receptor is dependent on the pH54 and the luminal pH
reduction causes ligand dissociation from the receptor.48

Another possibility is that lysosomal enzymes digest the
hypothesized GPI-APs or alter the coat of the AuNPs.
Moreover, the appearance of discrete NPs is not a general

Figure 7. Cellular localization of TMA-functionalized AuNPs (d = 4.6
nm). (A) Overview of a cell after internalization of AuNPs. AuNPs are
detectable as a black precipitate on the cell surface (arrows with white
arrowhead), in the elements of the EE and late endosomal (LE)
system (white and black arrowheads, respectively). (B) Magnified
area of panel A. The positively charged NPs form aggregates on the
plasma membrane (white arrow) and in irregular-shaped EE directly
beneath the cell surface. (C) Uptake of NPs takes place by forming a
deep plasma membrane invagination which has a tubular stalk and a
globular ending (arrow with double heads). Small aggregates are seen
in a vesicle that belongs to the EE system. AuNPs accumulate in the
extended LE compartment which contains the ILVs. Inset: note the
discrete AuNPs in the lumen of the LE element. (D). MVB with ILVs
and accumulated gold particles among them (Mmitochondrion,
Nunucleus, RERrough endoplasmic reticulum; scale bars: (A) 5
μm, (B,C) 500 nm, and (D) 100 nm).

Figure 8. Severely damaged cell after treatment with a high
concentration of AuNPs (5.00 mM, d = 4.6 nm). (A) Overview of
an intact but damaged cell with strange, swollen slitlike spaces (arrow
with double heads). Cell debris intensely decorated by AuNPs
surrounding it. (B) Magnified area of panel A. MVB with ILVs: the
space between ILVs is filled with AuNPs. The outer membrane of the
MVB is leaky (arrow with white head), and several AuNPs are visible
in the cytoplasm (black arrowheads). Some discrete AuNPs are also
detectable in the cytoplasm (white arrowheads; scale bars: (A) 5 μm,
(B) 100 nm).
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phenomenon; therefore, clarifying the exact mechanism
requires further studies.
Another important question is whether the positive charge

has some kind of a role in the penetration of the NPs. It has
been shown that the positively charged AuNPs adsorb to the
membrane more easily and internalize more effectively than
the negatively charged AuNPs.12 The surface of the
mammalian cells is full of sialic acid, so it is negatively
charged. Thus, the smallest negatively charged molecules do
not get through either. (The apolar ones fade into the
membrane but do not come into the cytoplasmic side.) The
AuNPs with a diameter of 4.6 nm are too large to get through
the membrane even though they are positively charged. The
other mechanism is the penetration via receptors, which can be
specific to a molecule (e.g., insulin receptor), but the larger
molecules or particles get into the cells by phagocytosis or by
the receptors which recognize some kind of molecular markers
(for instance, sugars from side chains of proteins). In this case,
the medium size is favorable because it can tie a lot of
receptors simultaneously and contracts the receptors on certain
parts of the membrane, and thus an active process can start,
which ends in the internal attachment of the membrane.
Therefore, still unidentified receptors may participate in
AuNPs’ intake as well.

■ CONCLUSIONS
In this proof-of-principle study, we monitored the penetration
of 4.6 nm sized TMA-functionalized (positively charged)
AuNPs into adhered HeLa cells by using a high-throughput
evanescent-field-based optical biosensor in a real-time and
completely label-free way. Because of the employed plate-
based format, numerous measurements can be carried out
simultaneously; thus, the experiments were relatively easy and
fast. We showed that resonant waveguide-based techniques are
well-suited for studying the cellular uptake of AuNPs.
Importantly, because of the in situ measurement platform,
not only can the last stage of the experiments and interactions
be observed, but the kinetics of the interactions can also be
analyzed in a cost-effective manner with excellent time
resolution. The shape of the recorded kinetic curves suggested
that the AuNPs are internalized into the cells by an active
process. In the case of penetration of NPs into the cells, and
especially in further NP-based therapies, the dynamics of
uptake is important and may have additional information in
store. The present configuration can also find applications in
optimizing the functional coatings of NPs in a straightforward
manner. We carried out control kinetic experiments using
citrate-capped (negatively charged) AuNPs and TMA-coated
NPs with smaller (2.5 nm) and larger (9.4 nm) sizes. These
experiments proved that their cellular uptake is less effective
than that of the 4.6 nm sized TMA-coated NPs. This finding
supports our hypothesis that the cell membrane and NPs’
interaction plays a crucial role in the penetration of the charged
NPs as the membrane composition of the cells is negatively
charged; thus, an attractive electrostatic interaction can help
NPs to be internalized into the cells.
The conclusions based on the biosensor data were further

confirmed using TEM. We observed NPs on the cell surface
and in relatively deep, tubular-shaped plasma membrane
invaginations by using TEM. The internalized particles were
detectable only in membrane-bordered compartments in the
cytoplasm. This observation with the electron microscopy
excludes the possibility that the AuNPs get into the cells

directly through the lipid bilayer of the plasma membrane in a
nonregulated manner or by membrane damage. The
mentioned membrane-bordered compartments correspond to
the members of the ELS of the cells. TMA-coated AuNPs were
accumulated in MVBs among small ILVs. Using an adequate
concentration (0.50 and 0.05 mM) of AuNPs, the internalized
AuNPs were never seen separately in the cytosol; they
concentrated in membrane-bound vacuolar elements of the
ELS. The exact mechanism is questionable, but the
morphology of the plasma membrane invagination with a
long tubular stalk and a flared, vesicular ending raises the
possibility of both the caveolae/caveolin1-dependent and the
CLIC/GEEC-like endocytosis.49−51 The appearance of dis-
crete NPs is not a general phenomenon; therefore, clarifying
the exact mechanism requires further studies.
Besides the advantages of the introduced approach, such as

real-time, label-free, and fast detection, it has also some
limitations. In the case of the 0.05 mM AuNP solution, there is
no detectable signal in the evanescent field when the NPs
interact with the adhered cells. However, TEM revealed that
only a small number of NPs penetrate into the cells. Note that
if the AuNPs move above the evanescent field, we cannot
obtain any signal by the present biosensor. Therefore, an
important way would be to develop biosensors with greater
penetration depth of the evanescent field, to possibly detect
NP admission for the lower concentrations of NPs as well. The
adaptation of deep-probing sensors55−59 into high-throughput
formats would find interesting applications in the present field.
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Andraś Deaḱ: 0000-0002-2526-1245
Robert Horvath: 0000-0001-8617-2302
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the Momentum Program
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