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In vitro experiments typically measure the uptake of nanoparticles by exposing cells at the bottom of a culture plate to a
suspension of nanoparticles, and it is generally assumed that this suspension is well-dispersed. However, nanoparticles
can sediment, which means that the concentration of nanoparticles on the cell surface may be higher than the initial bulk
concentration, and this could lead to increased uptake by cells. Here, we use upright and inverted cell culture
configurations to show that cellular uptake of gold nanoparticles depends on the sedimentation and diffusion velocities of
the nanoparticles and is independent of size, shape, density, surface coating and initial concentration of the nanoparticles.
Generally, more nanoparticles are taken up in the upright configuration than in the inverted one, and nanoparticles with
faster sedimentation rates showed greater differences in uptake between the two configurations. Our results suggest that
sedimentation needs to be considered when performing in vitro studies for large and/or heavy nanoparticles.

N
anoparticles have been used as carriers to deliver genetic
materials into cells and therapeutic agents into tumours by
taking advantage of the enhanced permeation and retention

(EPR) effect1,2, and to regulate the release of drug molecules accord-
ing to the physiological states of an organism3,4. Their superior mag-
netic, optical and/or photothermal properties have also been used
in disease diagnosis and treatment5–11. In the meantime, the poten-
tial toxicity of nanoparticles has become of public concern12–14.
All these studies of applications and toxicity rely on our ability to
quantify the interactions between nanoparticles and cells, including
their uptake by cells. Many reports have shown that the cellular
uptake of nanoparticles depends on their size15–19, shape20,21 and
surface coating22–27. Here, we demonstrate that all earlier work
may need to be re-evaluated to account for the effects of sedimen-
tation on nanoparticle dosimetry13,14.

In a typical in vitro experiment, cells are immobilized at the
bottom of a culture plate or on a substrate placed at the bottom of
a culture plate, and incubated with a suspension of nanoparticles.
The nanoparticles are assumed to be well-dispersed in the culture
medium as a result of diffusion (or Brownian motion), so the con-
centration of nanoparticles at the cell surface is assumed to be the
same as that of the initial bulk concentration. However, some nano-
particles may aggregate and change their physical characteristics
when exposed to the culture medium28. Moreover, large and
heavy nanoparticles can sediment quickly, causing the dose of nano-
particles on the cell surface to vary; in such cases, the actual concen-
tration of nanoparticles for cellular uptake could be significantly
different from the initial value. Because cellular uptake is directly
related to the concentration of nanoparticles29, the results from
such studies could be inaccurate and misleading. Although a
recent theoretical study has considered the effect of sedimentation
and diffusion of nanoparticles on their dosimetry30, it is important
to understand how the physical parameters of nanoparticles (such
as size, shape, density and surface coating) influence their transport
properties (typically described as diffusion and sedimentation) in a
culture medium, and how these properties affect cellular uptake. By
culturing cells with gold nanoparticles in both upright and inverted
configurations, we demonstrate that in the absence of particle

aggregation, the cellular uptake of nanoparticles depends on the
ratio of sedimentation to diffusion velocities, regardless of size,
shape, density, surface coating and initial concentration.

Upright versus inverted configurations
We measured the number of gold nanoparticles taken up by cells in
upright and inverted configurations (Fig. 1a) and correlated the
disparity in uptake values with the sedimentation and diffusion
velocities of the nanoparticles. We used a six-well culture plate,
with each well containing a glass coverslip on which cells were
immobilized. In the upright configuration, the coverslip containing
cells was placed at the bottom of a well and incubated with a suspen-
sion of particles as is commonly done in the literature. In the
inverted configuration, the coverslip was suspended from above
(with the cells facing the bottom of the well) by gluing a small
block of rubber on the back side of the coverslip and a syringe
needle to the inner side of the cover of the culture plate. This way,
we could easily position the cells in an inverted configuration
immediately before an uptake experiment by inserting the syringe
needle into the rubber block. The needle was cut to a length such
that the cells would hang �1.2 mm above the bottom of the well,
thus minimizing any difference in liquid height above the cells in
the two configurations. By using the same batch of coverslips for
all experiments, we could reduce the difference in cell morphology
and uptake activity caused by dissimilar surfaces31. The medium in
each well was 5.2 mm deep, and the cells were positioned �0.2 mm
and �1.2 mm from the bottom of the well for the upright and
inverted configurations, respectively. At the particle concentrations
used, all samples showed a cell viability of over 90% relative to a
control sample that was not exposed to gold nanoparticles
(Supplementary Fig. S1). No difference in cell viability was observed
for both configurations when the cells were cultured in medium
only for 24 h (Supplementary Fig. S2).

The cells in the upright configuration were expected to experience
a higher concentration of nanoparticles than the initial value if the
nanoparticles sedimented under the influence of gravity (when sedi-
mentation occurs, the concentration of nanoparticles responsible for
cellular uptake will be higher than the initial concentration).
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Conversely, cells in the inverted configuration are expected to show an
opposite trend, because sedimentation will reduce the concentration
of nanoparticles on the cell surface. We anticipate that the disparity
in cellular uptake between the two configurations will be negligible
when diffusion prevails over sedimentation, whereas the disparity
will be significant when sedimentation prevails over diffusion.

We examined six different types of gold nanoparticles: nano-
spheres of three sizes, nanocages of two edge lengths, and nanorods
(Supplementary Method S1). Figure 1b–g presents transmission
electron microscopy (TEM) images of these nanoparticles. The sur-
faces of the nanoparticles (also termed, hereafter, ‘as-prepared’
samples) were covered with citrate ions (on the nanospheres), a

Table 1 | Hydrodynamic diameters (dh) and surface charges of gold nanoparticles before and after incubation in cell
culture medium.

Gold nanoparticles dh,water (nm)* Zeta-potentials (mV)†

As-prepared PEGylated As-prepared PEGylated

Before After Before After Before After Before After

Nanospheres 15 nm‡ 17.5 24.3 21.0 22.3 213.7+1.1 214.2+1.7 0.0+4.0 29.2+3.0
54 nm‡ 55.4 84.8 67.0 75.6 216.1+2.9 212.7+1.7 21.0+3.8 29.3+1.8
100 nm‡ 96.9 133.0 108.6 124.0 217.3+2.8 215.1+2.1 21.3+3.4 212.7+3.2

Nanocages 62 nm‡ 101.4 118.0 110.3 114.8 26.6+2.8 212.5+1.3 þ0.3+3.6 212.0+1.5
118 nm‡ 144.9 187.0 164.1 165.3 225.5+1.8 215.4+1.2 þ1.4+2.9 26.6+3.4

Nanorods 16 nm× 40 nm‡ 23.4 29.2 24.0 26.3 þ20.2+2.8 215.9+2.0 þ2.8+1.8 212.7+0.5

See Supplementary Methods S2 and S3 for experimental details.
*The dh,water values were measured in deionized water. Here, ‘before’ and ‘after’ refer to samples before and after incubation in the culture medium, respectively. After incubation for 24 h, the nanoparticles were
centrifuged, collected and re-dispersed in deionized water. For dh values measured for nanoparticles dispersed in the culture medium, see Supplementary Tables S6 and S7. The difference between ‘after’ and
‘before’ corresponds to the thickness of serum proteins adsorbed from the culture medium.
†Surface charges were measured while the nanoparticles were dispersed in deionized water. The errors are standard errors (n≥ 2).
‡Sizes were measured from TEM images.
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Figure 1 | Experimental setup and gold nanoparticles used in this study. a, Schematic of upright (left) and inverted (right) configurations for measuring

cellular uptake of nanoparticles. Cells are not drawn to scale, and each well of a six-well culture plate contains only one glass coverslip on which cells are

immobilized. b–g, TEM images showing the six types of gold nanoparticles used to examine the effects of size, shape and density on the disparity in cellular

uptake between the two configurations: 15 nm (diameter) nanospheres (b), 54 nm nanospheres (c), 100 nm nanospheres (d), 62 nm (outer edge length)

nanocages (e), 118 nm nanocages (f), nanorods (g, 16 nm× 40 nm, diameter by length). The 50 nm scale bar applies to all images.
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mixture of poly(vinyl pyrrolidone) and trifluoroacetate ions (on the
nanocages) and hexadecyltrimethylammonium bromide (on the
nanorods). These surfaces could change following exposure to a
culture medium as a result of physical and/or chemical adsorption
of biomacromolecules such as serum proteins32,33. When serum
proteins in the culture medium adsorb onto the nanoparticles, the
hydrodynamic diameters of the nanoparticles increase and
their surfaces became negatively charged, even though their
initial surface charges measured in water typically vary from
sample to sample (Table 1). The adsorbed serum proteins may
induce and facilitate receptor-mediated endocytosis of the
nanoparticles32,34.

We also coated gold nanoparticles with poly(ethylene glycol)
(PEG) to examine the influence of a surface coating on cellular
uptake in the two configurations (Supplementary Method S1).
Similar to the as-prepared samples, the surface charges of
PEGylated nanoparticles changed signs when transferred to the
culture medium, and this is probably owing to adsorption of
serum proteins (Table 1). However, because of the antifouling prop-
erties of the PEG layer, a much smaller amount of serum protein
was able to adsorb onto the PEG layer than on the as-prepared
samples, and the impact of protein adsorption on cellular uptake
should also be reduced35–37.

Cellular uptake of nanoparticles
We determined the number of gold nanoparticles taken up by the
cells using a UV-vis spectroscopic method38. According to the
Beer–Lambert law, there is a linear correlation between the concen-
tration of gold nanoparticles and the absorbance of their localized
surface plasmon resonance (LSPR) peak. As such, the concentration
of gold nanoparticles in a cell culture medium can be directly and
quickly obtained without extensive sample preparation. We vali-
dated this method by comparing the cellular uptake data with
those obtained using the conventional method based on analysis
of gold content by inductively coupled plasma mass spectrometry
(ICP-MS; Supplementary Tables S1 and S2). Supplementary
Fig. S3 shows the UV-vis spectra of the as-prepared gold nanopar-
ticles dispersed in a culture medium, before and after 24 h incu-
bation with cells in the two different configurations. We used
Dulbecco’s modified Eagle’s medium (DMEM), which is free of

phenol red, because this dye has a strong absorption at 550 nm,
which overlaps with the LSPR peaks of both gold nanospheres
and nanorods38. Following incubation of the nanoparticles with
the cells, the intensity of the LSPR peaks decreased. Notably, the
drop was greater in the upright configuration than in the inverted
configuration for the same sample of nanoparticles. We also
observed a similar trend for the PEGylated nanoparticles
(Supplementary Fig. S4).

Based on the UV-vis spectra, the corresponding calibration
curves (Supplementary Fig. S5) and the number of cells in each
sample, we calculated the number of nanoparticles taken up per
cell in the two different configurations (Fig. 2). The uptake values
of the as-prepared nanoparticles were much higher than those of
the PEGylated nanoparticles. Furthermore, uptake was generally
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Figure 2 | Uptake values of various types of gold nanoparticles for cells positioned in upright and inverted configurations. a–f, Number (N) of particles

taken up per cell, for both as-prepared and PEGylated samples, using the UV-vis method. The nanoparticles (and their concentrations, based on particle

number) incubated with the cells: 15 nm nanospheres (a, 120 pM); 54 nm nanospheres (b, 20 pM); 100 nm nanospheres (c, 2.8 pM); 62 nm nanocages

(d, 20 pM); 118 nm nanocages (e, 2.6 pM); and nanorods (f, 20 pM). Error bars are standard errors with n¼ 4.
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Figure 3 | Comparison of the disparity in cellular uptake between upright

and inverted configurations for different types of gold nanoparticles.

The disparity in uptakes between the two configurations is expressed as

1 – (Nin/Nup), where Nup and Nin are the number of nanoparticles taken

up per cell in the upright and inverted configurations, respectively. The

disparity increases with particle size for both nanospheres and

nanocages. Furthermore, the disparity is insensitive to surface coating

for all types of nanoparticles. Error bars are standard errors with n¼ 4.
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higher for cells in the upright configuration than in the inverted
configuration, and the disparity in cellular uptake between the
two configurations was dependent on the physical parameters of
the nanoparticles.

Figure 3 summarizes the disparity in cellular uptake between the
two configurations for all the gold nanoparticles tested. In the plot,
we express the disparity as 1 – (Nin/Nup), where Nup and Nin are the
number of nanoparticles taken up per cell in the upright and
inverted configurations, respectively. It should be emphasized that
the disparity in cellular uptake cannot be attributed to the change
in cellular activity that might be caused by the upside-down orien-
tation, because the uptake values of the 15 nm nanospheres were
essentially the same (within experimental error) for both configur-
ations. Similar to the 15 nm nanospheres, the nanorods also showed

little disparity. Significantly, the disparity showed a strong depen-
dence on the size of the nanoparticles; for both nanospheres and
nanocages, the disparity increased as they became larger. The dis-
parity was insensitive to surface coating for all nanoparticles
tested. Furthermore, the disparity for the as-prepared 54 nm and
100 nm nanospheres did not depend on the initial concentration
of the nanoparticles (Supplementary Fig. S6). Finally, the disparity
was found to be dependent on incubation time, as shown by
time-dependent uptake studies with the as-prepared gold nano-
spheres (Supplementary Table S2 and Fig. S7). In the present
work, we focused only on data obtained with just one incubation
time of 24 h.

To explain the disparity in cellular uptake observed for all the
different types and concentrations of gold nanoparticles, we
assumed that uptake proceeded through the following stages:
transport of nanoparticles to the interaction zone, attachment of
nanoparticles to the cell surface through adsorption, and inter-
nalization of the nanoparticles (Fig. 4a). For a specific type of
nanoparticle with a particular surface coating, the adsorption and
internalization steps were expected to be essentially the same,
regardless of configuration, as was confirmed by the results for
the 15 nm gold nanospheres. In the interaction zone, the gravita-
tional forces (1× 10219 to 1× 10216 N) are too small (compared
with those of specific and non-specific binding, 1× 10212 N to
1× 1029 N)39–43 to have any impact on the adsorption and deso-
rption of the nanoparticles. Therefore, the disparity in cellular
uptake for the gold nanoparticles between the two configurations
should be largely caused by the difference in particle concentration
in the interaction zone. For cells in the upright configuration, nano-
particles can be transported into the interaction zone through diffu-
sion and sedimentation. In contrast, for cells positioned in the
inverted configuration, the nanoparticles can only be transported
into the interaction zone through diffusion; sedimentation of nano-
particles in the medium below the cells will tend to reduce the con-
centration of nanoparticles. Although other factors such as
convective forces in the culture medium induced by thermal fluctu-
ations, liquid flow, and vibrations from the incubator motor may
influence the concentration profiles of nanoparticles, they were
excluded from consideration because we did not purposely apply
any of these factors. The lack of difference in cellular uptake for
15 nm nanoparticles in these two configurations also suggests that
these factors were far less significant than sedimentation.

To quantify the effects of diffusion and sedimentation on cellular
uptake, we determined the diffusion (Vd) and sedimentation (Vs)
velocities of the nanoparticles from their hydrodynamic sizes
(Fig. 4b,c; Supplementary Fig. S8 and Table S4)13,44. The Vd and
Vs values increased in the following order: 15 nm nanospheres.
nanorods. 54 nm nanospheres. 62 nm nanocages. 100 nm
nanospheres. 118 nm nanocages for Vd; 100 nm nanospheres.
118 nm nanocages. 54 nm nanospheres. 62 nm nanocages.
nanorods. 15 nm nanospheres for Vs. It is worth noting that the
values of Vs for the 54 nm and 100 nm nanospheres were higher
than those of nanocages with equivalent sizes, although the values
of Vd for these nanospheres were higher than those of the nano-
cages. This can be attributed to differences in elemental compo-
sition (the nanocages were made of gold–silver alloys;
Supplementary Method S1), shape (spherical versus cubic), struc-
ture (solid versus hollow) and thicknesses of the surface coating
(serum proteins and PEG).

Considering these transport parameters together with the cellu-
lar uptake data, it is clear that the nanoparticles (15 nm nanospheres
and nanorods) with high Vd and low Vs could move quickly to the
interaction zone before sedimenting, and could therefore be sup-
plied to the cells at similar doses in both configurations, resulting
in very little disparity. However, other types of nanoparticles
showed greater disparity than the 15 nm nanospheres and
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Figure 4 | Different zones involved in cellular uptake of gold nanoparticles

and the two factors affecting the uptake process. a, Schematic showing

transport, interaction and uptake zones when the cell is positioned in upright

(left) or inverted (right) configurations. The concentration of nanoparticles in

the interaction zone for both configurations may differ depending on the

sedimentation (S) and diffusion (D) characteristics of the nanoparticles.

b, Diffusion (Vd) and sedimentation (Vs) velocities of the as-prepared

nanoparticles. c, Ratios of sedimentation and diffusion velocities (Vs/Vd)

for various types of nanoparticles. The ratios determine which factor is

dominant in transporting the nanoparticles to the cell surface, thereby

affecting the uptake process.
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nanorods. This result implies that, in the inverted configuration,
large nanoparticles (low Vd and high Vs) tend to sediment quickly
before reaching the interaction zone through diffusion; more nano-
particles would therefore accumulate in the interaction zone in the
upright configuration, owing to sedimentation.

To better understand the effects of Vs and Vd on the
disparity in cellular uptake between these two configurations, we
plotted 1 – (Nin/Nup) as a function of log(Vs/Vd) in Fig. 5.
Because all the physical parameters (size, shape and density) of
the nanoparticles are reflected in Vs/Vd, we could express the dis-
parity in terms of this dimensionless ratio, regardless of the other
parameters. To make the plot more general, we included 1 –
(Nin/Nup) values obtained from the as-prepared 54 nm and 100 nm
nanospheres at other initial concentrations (Supplementary
Fig. S6) and for a different sample of as-prepared nanorods
(Supplementary Fig. S9). Furthermore, we included the 1 –
(Nin/Nup) values calculated using the data obtained by ICP-MS
analysis of the gold content in cells (Supplementary Table S1).
From this plot, one can clearly see how the disparity was affected
by the composite effect of sedimentation and diffusion. In
general, the disparity increased with increasing log(Vs/Vd).
Somehow, the experimental data can be grouped into two linear
regions with the two regression lines crossing at a value of 3 for
Vs/Vd, which corresponds to a disparity of 0.3. This point lies
between those for the nanorods and those for the 54 nm nano-
spheres (or the 62 nm nanocages), suggesting that caution must
be taken when designing an experiment to study cellular uptake
using gold nanoparticles with hydrodynamic diameters .40 nm,
especially if one wants to determine how the size of nanoparticles
affects cellular uptake.

Discussion
The model shown in Fig. 4a suggests that the disparity in cellular
uptake between the two configurations was caused by the difference
in particle concentration in the interaction zone resulting from sedi-
mentation. This argument is based on the assumption that free

diffusion of all components in the culture media (including the dif-
fusion of nanoparticles) is the same in both configurations. Based on
the uptake values for 15 nm nanospheres, we can conclude that the
volume of the culture medium and the components in the medium
to which the cells were exposed (which we call accessible volume)
were more or less identical for the two configurations. If a major
difference in accessible volume existed, we would expect to see a
clear difference in cellular uptake for the 15 nm nanospheres in
the two configurations, because such small particles should not sedi-
ment. Because the cellular uptake values were essentially the same,
the cells in both configurations must be supplied with a similar dose
of 15 nm nanospheres in the interaction zone. Experimentally, the
separation (1.2 mm) between the cells and the bottom of the well
in the inverted configuration was sufficiently wide to allow the
culture medium to easily pass through without being trapped. No
back flow was observed for the culture medium in the inverted con-
figuration when we pipetted the medium. Furthermore, cell viability
was almost identical for the two configurations, indicating that the
separation was wide enough to allow for free bulk diffusion of all
components in the culture medium.

We also compared the diffusion (Vd) and sedimentation (Vs) vel-
ocities of the nanoparticles to see if back diffusion owing to the con-
centration gradient was a problem (Supplementary Method S8). For
the 15 nm nanospheres and nanorods, Vd was larger than Vs
(Vs/Vd, 1), indicating that diffusion was the prevailing means
for transporting nanoparticles to the cell surface, and back diffusion
should not have been involved owing to the lack of a concentration
gradient. For the 100 nm nanospheres and 118 nm nanocages, Vs
was much higher than Vd (Vs/Vd≫1), and the concentration
decayed exponentially with increasing distance from the bottom of
the culture plate owing to sedimentation. In these cases, back diffu-
sion was also not significant45,46. In contrast, the Vs/Vd ratios were
7.03 and 6.38 for 54 nm nanospheres and 62 nm nanocages, respect-
ively. It is therefore necessary to include back diffusion of these nano-
particles when estimating their concentrations as a function of
height. As shown in Supplementary Fig. S10, the concentration
still decayed with height, even though back diffusion was involved.

When the amount of nanoparticles taken up by cells reached a
level comparable to the initial concentration, the uptake itself
could also alter the concentration profile of nanoparticles in the
culture medium. For the 54 nm nanospheres and the 62 nm nano-
cages in the upright configuration, the particles depleted by cellular
uptake over a period of 24 h corresponded to a concentration of
1 pM, which was much lower than the initial particle concentration
of 20 pM. As such, the change in concentration induced by cellular
uptake should be much smaller relative to the change induced by
sedimentation. A similar argument also holds for the 100 nm nano-
spheres and the 112 nm nanocages.

For the inverted configuration, sedimentation of nanoparticles
on the upper side of the coverslip may also influence the cellular
uptake data, but the trend should be consistent with the observation
and argument we make in the present work. It does not matter if the
nanoparticles are deposited on the upper side of the coverslip or the
bottom of the well owing to sedimentation; the end result should be
the same, with a reduction in concentration of nanoparticles on the
cell surface relative to the initial solution. As such, the cellular
uptake would be reduced relative to the case without sedimentation.

Conclusions
We have demonstrated that the uptake of gold nanoparticles by cells
is sensitive to the configurations in which the cells are positioned.
Generally, nanoparticles that sediment faster demonstrated greater
differences in cellular uptake between the two configurations. So
far, virtually all studies on the cellular uptake of nanoparticles
have been conducted with cells in the upright configuration,
which may have given rise to erroneous and misleading data,
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depending on the Vs/Vd ratio. Our experimental data indicate that
the issue of sedimentation (or cell culture configuration) must be
considered when performing studies of cellular uptake with large
and/or heavy nanoparticles.

Our study also has important implications for those who conduct
permeation tests with nanoparticles and biological tissues (such as
skin), which are also typically carried out with the tissue placed at
the bottom of a suspension of nanoparticles47,48. Taken together,
these results are expected to improve our understanding and mod-
elling of the interactions between nanoparticles and cells (or
tissues), and thus offer a better and more efficient way to apply
nanoparticles in various biomedical applications.

Methods
Methods for the preparation and surface modification of gold nanoparticles can be
found in Supplementary Method S1. Human breast cancer cells (SK-BR-3, ATCC
HTB-30) were cultured on coverslips (22× 22 mm2, Corning Life Sciences) in
DMEM (no phenol red, Hyclone Laboratories) supplemented with 10% fetal bovine
serum (FBS, ATCC) and 1% antibiotics (penicillin and streptomycin, Invitrogen).
The medium was changed every other day, and the cells were incubated at 37 8C in a
humidified atmosphere containing 5% CO2. See the main text for a detailed
discussion of the experimental setup.

The cells were used for uptake studies once they had reached �90% confluence.
Typically, the cells were positioned in an upright or inverted configuration and
incubated with 5.0 ml of culture medium containing gold nanoparticles at 37 8C in a
six-well culture plate. After 24 h, we removed the medium from each well and added
0.8 ml of pristine medium (containing no gold nanoparticles) to wash off the loosely
bound nanoparticles on the cell surface. The washing procedure was repeated twice
more. A UV-vis spectrophotometer (CARY50, Varian) was used to record extinction
spectra of the culture medium containing nanoparticles. We first obtained the
background from 300 nm to 1,100 nm with DMEM containing FBS and antibiotics.
We then recorded a spectrum of the culture medium (containing FBS, antibiotics
and nanoparticles) before it was used for cell culture (denoted ‘before’). After
incubation with cells, we recorded a spectrum of the medium that also included
solutions from the three washing steps (denoted ‘upright’ or ‘inverted’ in
Supplementary Figs S3 and S4). When the removed medium was mixed with the
three washing solutions, the concentration of nanoparticles was reduced as a result
of dilution. For this reason, we adjusted the spectrum by accounting for the total
volume (2.4 ml) of the added washing solutions. In addition, from control
experiments, we found that the LSPR peak intensity tended to drop with time for the
as-prepared 112 nm nanocages (this sample only) in the absence of cells, probably
owing to adsorption onto the surface of the culture well (for both configurations)
and the upper side of the coverslip (for the inverted configuration). For this type of
nanoparticle, we corrected the uptake data by taking into account the reduction
caused by surface adsorption.

We calculated the number of nanoparticles taken up by the cells based on the
extinction spectra (Supplementary Figs S3 and S4) and calibration curves
(Supplementary Fig. S5). At the end of each experiment, we counted the number of
cells in each well using a haemocytometer. The cell number was then used to
calculate the uptake value of gold nanoparticles per cell. For the inverted
configuration, we found that �3% of the cells would have migrated from the glass
slide to the bottom of the well during the 24 h incubation. Therefore, for this
configuration, our calculation was corrected by considering the uptake of
nanoparticles by cells that migrated to the bottom of the well. For the upright
configuration, the number of cells migrating from the coverslip to the culture well
was negligible when compared with the inverted configuration. Each data point was
obtained from four parallel samples.
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