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Nanoparticles have been extensively used as carriers to
deliver theranostic agents into tumors through the enhanced
permeation and retention (EPR) effect,’!l and to regulate the
release of a chemical or biological effector in response to
environmental stimuli, such as temperature or pH change.”!
In these cases, cell uptake of nanoparticles has been studied to
maximize their delivery into the target cells. Cell uptake of
nanoparticles has also been extensively investigated in an
effort to understand their cytotoxicity and potential societal
impacts.”! Many reports have demonstrated that the uptake of
nanoparticles by cells depends on their sizes,” shapes,”! and
surface properties,'! among others." However, little attention
has been given to monitoring the fate of nanoparticles in cells
or tissues as a function of time, which should be of great
importance in understanding the delivery efficiency and
toxicity of nanoparticles. In a recent in vitro study, using
a statistical method it was demonstrated that nanoparticles
were distributed unequally in cells when these divided.®
However, the conclusion was drawn from an analysis of
a large number of cells rather than by tracking the nano-
particles in individual cells during their division. In addition,
no such study has been reported for cells under in vivo
conditions.

Herein we demonstrate two methods to monitor and
quantitatively analyze the fate of Au nanocages (AuNCs) in
U87-MG glioblastoma (brain tumor) cells under both in vitro
and in vivo conditions. Figure 1a shows a schematic depiction
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of the objective of this study, that is, to quantitatively measure
the distributions of AuNCs in cells as well as their clearance
from the cells during proliferation. As a new class of
nanoparticles with hollow interiors and porous walls,
AuNCs have been extensively explored for biomedical
applications, including imaging, diagnostics, controlled
release, and therapeutics,” because of their surface plasmon
resonance (SPR) properties.'”) Herein we used the two-
photon luminescence properties!'®! and strong optical absorp-
tion® of AuNCs to track and quantify them in the target
cells or in a tumor.

We used AuNCs with an outer-edge length of approx-
imately 50 nm for our study (Figure 1b). They were prepared
according to our previously published protocol."? Their
surfaces were then functionalized with cyclic Arg-Gly-Asp-
D-Tyr-Lys, c(RGDyK), a peptide that is capable of specifically
targeting the integrin receptors on U87-MG cells (Fig-
ure 1¢).

We first quantified the cellular uptake of ¢(RGDyK)-
covered AuNCs by incubating them at various particle
concentrations with U87-MG cells at 37°C for 24 hours. The
average number of AuNCs taken up by an individual cell was
then determined using a UV/Vis spectroscopic method (see
Figure S1 in the Supporting Information).!"! The number of
AuNC:s that were taken up per cell increased linearly with an
increasing particle concentration (Figure 1d).

We then used two-photon microscopy (TPM) to examine
the fate of the AuNCs that were taken up by the cells in vitro
by calculating the number of AuNCs in each cell from the
photoluminescence intensity. In this case, an incubation time
of 24 hours was used to ensure that each cell would contain
approximately 4.0 x 10> AuNCs. The cells were harvested by
trypsin treatment and reseeded in a culture plate at a density
of around 20 cells per plate. The seeded cells, referred to as
mother cells, were then imaged individually using TPM, and
the photoluminescence intensity from each cell was recorded
and integrated. Because the doubling time for the U87-MG
cells is approximately 48 hours, we were able to observe the
divided cells (i.e., daughter cells) after the sample had been
incubated for two days.

Figure 2a shows a typical TPM image of a U87-MG
mother cell at the time of seeding, and Figure 2b shows a pair
of daughter cells derived from this mother cell two days after
seeding. A total of 14 mother cells and their 28 corresponding
daughter cells were monitored (Figure S2). It is clear that all
mother cells divided into two daughter cells within a period of
two days. Although in some cases, a pair of daughter cells
(e.g.,in Figure 2b) showed different degrees of stretching and
thus different cellular areas, we assumed that they have equal
volumes because this is usually the case when mammalian
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Figure 1. a) Quantitative analysis of the distributions of AuNCs in U87-MG brain tumor cells during their
proliferation in vitro and in vivo. b) TEM image of AuNCs used for our experiments. c) Schematic

1. Distribution of Au nanocages.

2. Loss of Au nanocages.

d

) 5]
I

108N 3

per cell

N

-

e e o7

[

C/pM —»

representation of c(RGDyK)-labeled AuNCs. PEG = poly(ethylene glycol), X=cyclic RGD that can specifically

bind to the integrin receptor on U87-MG cells. d) Number of AuNCs (N) taken up by U87-MG cells as

a function of the concentration of AuNCs (C)) incubated with the cells. The numbers were calculated from
UV/Vis spectra of the supernatants with reference to a calibration curve.

cells divide. The photoluminescence intensity from each cell
was used to determine the number of AuNCs in the cell

through comparison with the calibration curve (Fig-
ure 2¢). The average numbers of AuNCs per cell for
the 14 mother cells and their corresponding 28
daughter cells after division is shown in Figure 2d.
It is worth noting that the daughter cells did not
equally share the AuNCs that were taken up by the
mother cell (per volume) during the division of the
mother cell (p=0.02). When we added up the
numbers of AuNCs in all daughter cells, the total
was reduced by around (20+8)% relative to the
number that was contained in their mother cells,
suggesting that some of the AuNCs were cleared by
the cells during the two-day culturing period. The
decrease in Au content was further confirmed by
analyzing the culture medium with inductively cou-
pled mass spectrometry (ICP-MS). During the two-
day culturing period, around 8 % of the AuNCs re-
entered into the culture medium. The drop in the
number of AuNCs per cell could be attributed to the
exocytosis and/or desorption of AuNCs that are
bound to the surface of the cells.

We also monitored the c(RGDyK)-covered
AuNCs invivo using photoacoustic microscopy
(PAM).'®! In this case, U87-MG cells containing
approximately 4.0x10° AuNCs per cell were har-
vested by trypsin treatment and resuspended in
a culture medium at a density of around 1x 10’
cells/mL. Next, 20 uL. of the cell suspension were
injected subcutaneously at the dorsal side of a nude
mouse. Immediately after the injection, a PAM image
of the cells in the nude mouse was acquired at an
excitation wavelength of 770 nm, and the growth of
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the tumor was monitored by
PAM imaging every two
days until six days after
injection. Figure3 shows
time-lapse photographs of
the tumor (indicated by the
arrow) in the mouse (Fig-
ure 3a-d) and the corre-
sponding PAM maximum
amplitude projection
(MAP) images (Figure 3e—
h, X-Y plane; Figure 3i-l,
X-Z plane; and Movies S1-
S4, 3D reconstructions; the
signals from blood vessels
were removed). The photo-
acoustic amplitude for the
tumor area  gradually
decreased over time. Mean-
while, the thickness of the
tumor (i.e., depth in the
direction from the surface
of the skin into the tissue)
greatly increased, leading to
an increase in tumor volume

from around 1.26 mm® to around 6.28 mm® in six days. By
treating the explanted tumors (in parallel control groups)
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Figure 2. Superimposed two-photon and phase-contrast images showing a) a
U87-MG mother cell and b) its two daughter cells after two days of culturing. The
photoluminescence from AuNCs labeled with cyclic RGD is shown in green.

c) Calibration curve for the photoluminescence intensity (Ir) as a function of the
number of AuNCs per cell (N) as obtained from the TPM images. The photo-
luminescence intensity and N showed a linear correlation. d) N in mother cells
and their corresponding daughter cells after division. The data was obtained by
averaging the intensities of 14 mother cells and their corresponding daughter
cells (see Figure S2), respectively, and the intensities were converted to the
number of AuNCs according to the calibration curve. The p value was obtained

from analysis of variance (ANOVA).
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Figure 3. a—d) Time-lapse photographs showing a tumor growing on the dorsal side of

a nude mouse after subcutaneous injection of U87-MG cells containing AuNCs. The
tumor was non-invasively monitored up to six days after injection using PAM. e-l) Time-
lapse in vivo PAM MAP images of the tumor growing in the same nude mouse. The cells
initially contained approximately 4x10° AuNCs per cell. MAP =maximum amplitude

projection.

with a combination of collagenase and trypsin, the number of
tumor cells increased from around 2.0 x 10° to around 9.4 x 10°
in six days.

Based on the PAM images shown in Figure 3, we
estimated the total number of AuNCs (N,) within the
tumor at each time point. We first obtained a calibration
curve for in vivo conditions (Figure 4a and Figure S3). The
photoacoustic amplitude, which was averaged from the entire
region of the proliferating tumor at each time point (Fig-
ure 4b), was then converted to the number of AuNCs per cell
based on the calibration curve. By multiplying the number of
nanocages per cell by the number of tumor cells at each time
point, we were able to estimate N, in the tumor. N,
decreased by approximately (12+10)% in six days (Fig-
ure 4c), implying that the AuNCs were likely cleared from the
cells and then carried away from the tumor site through blood
flow. However, the decrease in N, did not linearly correlate
with time. Instead, N, decreased rapidly in the first two days
and then stabilized until day six.

The present study provides an important, quantitative
understanding of the distribution and clearance of AuNCs in
U87-MG tumor cells both in vitro and in vivo. A plot of N
as a function of time indicates that some of the AuNCs that
were taken up by the cells were cleared by the cells over time
(Table 1). We determined the percentage of reduction in N,y
by ICP-MS, TPM, and PAM. In general, the cells or tumor lost
approximately 10-20 % of the initial AuNCs over a period of
two to six days both in vitro and in vivo. This data suggests
that the clearance of AuNCs from the tumor cells did not vary
significantly, whether the cells were grown in vitro or in vivo
for the period of time tested (4-6 days).
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Day 6 In addition, the standard deviation of the
number of AuNCs per cell in the entire cell
population over time represented the distri-
bution of the AuNCs in the cells or the tumor
during their proliferation. Table 2 shows the
percentage standard deviation relative to the
number of AuNCs per cell obtained from
UV/Vis, TPM, and PAM. On day0, the
percentages obtained from the three tech-
niques were in good agreement with each
other (with variations in the range of 18-
20%). The percentages increased over time
both invitro and invivo. The increasing
value of standard deviation implies that the
number of AuNCs in the cells or in the tumor
differed increasingly among the cells during
their proliferation. In other words, this result
suggests that the cells likely did not share the
AuNCs equally when they divided.

In conclusion, we have quantitatively
analyzed the fate of target-specific AuNCs
in a brain tumor cell line both in vitro and
in vivo. As a novel class of nanoparticles with
hollow interiors and porous walls, AuNCs are
finding wide use in drug delivery and cancer
therapeutics.’’ The tunable scattering and
absorption peaks of AuNCs in the near-

2 mm

Table 1: Percentages of AuNCs cleared from the cells.?!

AuNCs cleared from cells [%)]

Day 2 Day 4 Day 6
ICP-MS (in vitro)®! 8 _ el
TPM (in vitro) 2048 _ el
PAM (in vivo)™ 12410 846 1644

[a] At day 0, immediately after cell uptake, all the mother cells contained
roughly the same number of AuNCs, about 4 x 10° per cell. [b] The
number of mother cells used for the measurement was around 3x10°.
[c] The number of mother cells used for the measurement was 20. [d] The
number of cells used for the measurement was around 2x10°. [e] Not
measured, because the in vitro studies were only conducted over

a period of two days, during which the number of cells was doubled.

Table 2: Percentages of standard deviation (STD) for the average
number of AuNCs per cell in the entire cell population.?!

Standard deviation [%]

Day 0 Day 2 Day 4 Day 6
UV/Vis (in vitro)® 18.3 _ e el
TPM (in vitro) 18 42 ) 1
PAM (in vivo)!¥ 20 29 31 38

[a] At day O, immediately after cell uptake, all mother cells contained
roughly the same number of AuNCs, about 4 x10* per cell. [b] The
number of mother cells used for the measurement was around 3x10°.
[c] The number of mother cells used for the measurement was 20. [d] The
number of cells used for the measurement was around 2x 10°. [e] Not
detected, because of limitations of the technique. [f] Not measured,
because in vitro studies were only conducted over a period of two days,
during which the number of cells was doubled.
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Figure 4. a) Calibration curve for photoacoustic amplitude (PA) as

a function of the number of AuNCs in U87-MG cells. Four sets of cells
containing different numbers of nanocages per cell were injected
subcutaneously into the dorsal side of a nude mouse, and the
photoacoustic amplitudes were obtained in vivo immediately after
injection of the cells. The amplitudes were linearly proportional to the
number of nanocages in the cells. b) Change in the photoacoustic
amplitude of the tumor containing AuNCs and growing in a nude
mouse over time. c) Total number of AUNCs (N,,,) estimated from
PAM data as a function of tumor growth time by multiplication of the
number of AuNCs per cell (calculated from the calibration curve) and
the number of cells at each time point.

infrared region also make them excellent contrast agents for
a number of optical imaging methods. All of these applica-
tions require a quantitative understanding of the fate of
nanoparticles once they have been delivered into cells. In the
present study, by using TPM and PAM, it was found that cells
did not share the AuNCs equally during their division. We
believe that a comparison between the fate of AuNCs in
in vitro and in vivo studies could also provide useful informa-
tion on the biological activities of tumor cells under different
physiological conditions. The present study is important for
future studies involving nanoparticles for biomedicine and
nanotoxicology, in which it is critical to know the delivery
efficiency and/or the fate of nanoparticles in cells during
prolonged periods of proliferation.
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