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T
here is currently a significant effort to
elucidate the interactions of nanopar-
ticleswithmolecules, cells, and tissues.1

These studies could provide a foundation
for engineering the next generation of non-
toxic nanomaterials that can effectively tar-
get and accumulate in diseased cells. This
would lead to improvements in diagnostic
imaging or therapeutic responses using nano-
particles as carriers, contrast agents, or
therapeutic agents. Researchers started
to investigate the effect of a nanoparticle's
size,2�4 shape,5,6 surface charge,7,8 and che-
mical composition9 on intracellular traffick-
ing, toxicity, and gene expression. While
researchers cannot generalize correlative re-
lationships between the nanoparticle physi-
cochemical properties with specific biological
responses, nanomaterials on a case-by-case
basis have been demonstrated to elicit inter-
esting biological responses, kinetics, and
transport. For example, a change in the size
of spherical gold nanoparticles coated with
the protein Herceptin can lead to changes in
the protein's binding avidity to the receptor
target, cellular uptake, gene expression, and
cell death.4 Surface charge of cerium oxide
nanoparticles influenced cellular localiza-
tion and toxicity profile.10 The transport of
noncationic quantum dots from the lung
to the mediastinal lymph nodes and clear-
ance via the kidney was dependent upon
size.11,12

When working with nanoparticles, it is
always crucial to quantify the morphology,
size, uniformity, and dispersity postsynth-
esis before attempting experiments. How-
ever, they may aggregate in cell culture
media due to exposure to ions and protein
which may cause unexpected results.6,13�16

Aggregation occurs when the van derWaals
attractive forces between particles are
greater than the electrostatic repulsive

forces produced by the nanostructure
surface.17,18 First, high concentration of ions
in biologicalmedia can decrease the screen-
ing length of charged chemical groups
on the nanoparticle surface. Second, the
high protein content will eventually cause a
thermodynamically favored replacement of
surface-associated molecules with serum
proteins.19 The destabilization of the nano-
particle surface by both these mechanisms
will inevitably cause a population of well-
characterized nanoparticles dispersed in a
buffered solution to aggregate/agglomer-
ate in a biological medium such as
blood, saliva, lung surfactant, or cell culture
media.
More recent studies have attempted to

coat nanoparticles with a stabilizing shell
consisting of PEG, proteins, DNA, etc.
Although these stabilized nanoparticles do
not aggregate in the short term, several
experiments have demonstrated eventual
aggregation both in vitro14 and in vivo.20

Electron microscopy imaging has revealed
the majority of nanoparticle aggregates
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ABSTRACT Aggregation appears to be a ubiquitous phenomenon among all nanoparticles and

its influence in mediating cellular uptake and interactions remain unclear. Here we developed a

simple technique to produce transferrin-coated gold nanoparticle aggregates of different sizes and

characterized their uptake and toxicity in three different cell lines. While the aggregation did not

elicit a unique toxic response, the uptake patterns were different between single and aggregated

nanoparticles. There was a 25% decrease in uptake of aggregated nanoparticles with HeLa and A549

cells in comparison to single and monodisperse nanoparticles. However, there was a 2-fold increase

in MDA-MB 435 cell uptake for the largest synthesized aggregates. These contrasting results suggest

that cell type and the mechanism of interactions may play a significant role. This study highlights the

need to investigate the behavior of aggregates with cells on a case-by-case basis and the importance

of aggregation in mediating targeting and intracellular trafficking.
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to be heterogeneous in both size and shape.1�3 The
presence of unwanted aggregates in synthesized na-
nomaterials can presumably affect the experimental
reproducibility in biological applications and impede
the targeting efficiency of nanoparticles to cells and
tissues. Furthermore, aggregation/agglomeration of
nanomaterials can affect the degree of uptake and
toxicity based on the nanoparticle composition and
the cell type. All of these studies were designed to
mimic environmental exposure to industrial bypro-
ducts such as cerium oxide,21 carbon nanotubes,22

metal oxides,23 etc. This is the first study to examine
the effect of protein-coated aggregates on cellular
interactions. Several obstacles have prevented this
type of study in the past. First, most of the previous
work has been donewith agglomerated nanomaterials
produced from “the top down”where various states of
nanoparticle dispersion are achieved by altering soni-
cation, power and time. These agglomerates are not
likely to mimic aggregates occurring in vivo but rather
model aggregates formed prior to exposure into bio-
logical media. Second, none of the previous studies
used an actively targeting nanoparticle. This is likely
due to the inability to synthesize actively targeting
nanoparticle aggregates of various sizes. Here we
developed a simple strategy to create actively target-
ing gold nanoparticle aggregates and used them to
systematically evaluate the effect of aggregate size on
uptake kinetics and toxicity on three cell lines expres-
sing varying levels of the target receptor.

RESULTS AND DISCUSSION

There are a number of controlled techniques to
assemble nanoparticles into aggregates. These techni-
ques include aliphatic R,ω-dithiols,24,25 light-induced
self-assembly,26 DNA-directed assembly,27�32 and
DNA cross-linking33 to induce assembly of nanoparti-
cles to form well-organized assembled structures of
defined geometric structures (hexagons,26 cubes,27,28

and spheres).34 However, “naturally” occurring nanoparticle
aggregates are not perfect structures and are not
homogeneous, and the results of studying the inter-
actions of thesewell-defined aggregate structuresmay
not be representative of the interactions of aggregates
with biological systems. We therefore developed a
crude but simple method to prepare different sized
nanoparticle aggregates by manipulating the kinetics
and stoichiometry of salt, proteins, and gold nanopar-
ticles (AuNPs). As a model protein, we used transferrin
because the iron-transporting transferrin protein is
typically taken up by cells through the process of
receptor-mediated endocytosis, can be overexpressed
in cancer cells andhas been used as targetingmolecule
for contrast agents or drug molecules.35�40

The reactants of the aggregates were 16 nm AuNPs
coated with citric acid,41 NaCl, and transferrin. When
NaCl is added to water, it dissociates into Naþ and Cl�,

and Naþ binds to the carboxylic acid on the citric acid
groups at the AuNP surface, neutralizes the surface
charge, and induces the instantaneous and irreversible
aggregation of NPs into large structures that sediment
out of solution as a dark gray precipitate (Figure 1).
The use of NaCl in aggregate synthesis has already
been demonstrated for both gold and other types of
nanoparticles.42,43 However, to control aggregate size
and prevent precipitation of AuNPs, it was necessary to
stabilize early aggregates and limit NP assembly to
defined aggregate sizes. Preventing NaCl-induced ag-
gregation is possible by adsorbing proteins onto the
AuNP surface.44 By simultaneous addition of NaCl and
transferrin in various proportions, we were able to
determine the conditions required to obtain nonpre-
cipitating NP aggregates of various sizes. Using this
system, it is possible to adjust the rates of both AuNP
aggregation by NaCl (k1) and AuNP stabilization by
transferrin (k2). When conditions are optimized where
k1 > k2, the brief time between surface charge neu-
tralization by Naþ and adsorption of transferrin creates
a moment of cluster�cluster diffusion-limited aggre-
gation. In aqueous solution, diffusion (Brownian motion)
is the predominant force driving NP movement and
can be used to calculate aggregation kinetics using
Smoluchowski's coagulation equation.45,46 Diffusion-
limited aggregation is a well-characterized process
which produces predictable fractal structures.42,47 At
the end of this transient diffusion-limited aggregation,
protein adsorption will stabilize AuNPs from further
aggregation. To fully quench the aggregation reac-
tion, we added additional transferrin after 1 min of
reaction (see Methods section). It should be noted that
although the words “agglomerate” and “aggregate”
are often used interchangeably, we specifically chose
to use aggregate since the NaCl-induced agglomera-
tion of AuNPs is to our knowledge irreversible. Since

Figure 1. Scheme of aggregation mechanism. NaCl neu-
tralizes the stabilizing electrostatic forces (EES) on the
citrate-capped AuNPs, and this causes the van der Waals
forces (EvdW) to drive aggregate formation. When protein is
added to this reaction, it can bind onto the surface of AuNPs
and early aggregates and stabilizes them from NaCl, which
prevents additional aggregation.
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NaCl is the force behind aggregate assembly and our
experiments reveal relatively long stability of synthe-
sized aggregates (vide infra), we can confidently de-
scribe our nanomaterials as aggregates.
Aggregates were produced by fixing AuNP and

transferrin concentrations at 2.6 nM (1.6 � 1012 AuNP/
mL) and 64 nM (5 μg/mL), respectively, and varying the
NaCl concentration between 0 and 400 mM. AuNP
aggregation occurred as evidenced by an instantaneous
color change from red to purple (Figure 2a). Electro-
phoresis confirmed the presence of aggregates using
our synthesis method (outlined in the Methods
section) since samples prepared with NaCl showed a
slower electrophoretic mobility than monodisperse
AuNPs (Figure 2b). Analysis of the UV�vis absorbance
spectra revealed a red shift in the main surface plas-
mon resonance band from 525 nm in samples with
protein alone to 527, 533, and 538 nm when NaCl
concentration was 25, 100, and 400 mM, respectively
(Figure 2c, Table 1). We also detected the appearance
of a second red-shifted band at 700 nm as the con-
centration of NaCl increased. This second band is
characteristic of the interparticle coupling effect48,49

where metal NPs in close proximity possess a long-
itudinal plasmon resonance that absorbs light of high-
er wavelength.
Dynamic light scattering (DLS) was used to deter-

mine average aggregate hydrodynamic diameters

(Table 1, Figure S2 in the Supporting Information).
Since light scattering is exponentially proportional to
NP size, we report our DLS data as a percentage of total
volume and not percentage of measured intensity.
Using this technique, we observe an ∼11 nm increase
in the hydrodynamic diameter of 16 nm AuNPs after
addition of transferrin due to the presence of a protein
corona. The radius of the AuNP plus protein corona
would be 14.4 nm, which would include an 8.9 nm
AuNP radius plus a 5.5 nm transferrin layer. Consistent
with our other findings, DLS data revealed a NaCl-
dependent increase in the average aggregate size,
although large polydispersity indexes suggest a het-
erogeneous population. Due to the large polydisper-
sity indexes (PDI in Table 1), we concluded DLS to be
unreliable in determining the overall size distribution
of the aggregates. DLS can also overestimate mean
particle size due to the high scattering intensities of
larger objects which makes our data difficult to
interpret.43 Another concern with the light scattering
measurements is that our instrument uses a 633 nm
laser, and the increased absorbance of this wavelength
by aggregates makes it difficult to convert data as a
percentage of intensity to percentage of volume. Also,
accurate data regarding the precise scattering proper-
ties of AuNP aggregates in solution are not available.
Due to theuncertainty of theDLSdata, wedecided to

establish a method based on TEM to improve the

Figure 2. Characterization of aggregates. (a) Appearance of monodisperse (M; 0 mM NaCl), 26 nm (25 mM NaCl), 49 nm
(100 mM NaCl), and 98 nm (400 mM NaCl) aggregates. (b) Gel shift assay of aggregates; electrophoresis was performed in
0.5% agarose migrated at 50 V for 2 h at 4 �C. (c) UV�vis spectra of aggregates that were prepared according to the protocol
outlined in the Methods section and washed twice with 0.1% BSA.

TABLE 1. Characterization of Materials Used in the Experiments Presenteda

UV�vis DLS TEM

λmax (nm) d (nm) PDI d (nm) standard deviation N standard deviation n

AuNPs 15 nm 517.5 17.7 0.052 16.22 1.09 148
30 nm 525.0 31.28 0.116 31.55 3.72 262
45 nm 528.0 45.05 0.049 44.54 5.39 95

TF-AuNP Aggregates Mb 525 28.80 0.109 21.38 5.08 0.96 0.33 764
26 nmb 526.5 31.97 0.235 26.43 11.39 1.26 0.78 1729
49 nmb 532.5 65.71 0.233 48.83 33.84 3.36 3.95 2753
98 nmb 537.5 171.46 0.255 97.69 87.68 12.52 19.82 543

a Top of the table shows data from bare AuNPs postsynthesis. Bottom of the table shows data from transferrin-functionalized aggregates. b TEM size was determined using
ImageJ macro described in the Methods section.
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accuracy in aggregate size measurements (Figure S3).
Aggregate size was determined by analyzing multiple
TEM images using ImageJ in order to determine the
maximumdiameter and surface area of each aggregate
structure. To validate our method, the first step was to
determine howmany “false aggregates”were detected
in monodisperse transferrin-coated 16 nm AuNP TEM
images. Multiple experiments revealed that even at
high concentrations transferrin-coated 16 nm AuNPs
do not form aggregates after air drying on the TEM grid
(Figure 3a). Once the TEM imageswere processed using
our algorithm, we noticed ∼5% of the monodisperse
16 nm AuNPs in close proximity to one another were
detected as aggregates. The accuracy of our image
analysis method was therefore estimated to be able to
distinguish∼95%of the aggregates from single AuNPs.
Since the majority of monodisperse AuNPs were not
detected as aggregates using this method, we consid-
ered all aggregates observed by TEM as products of our
synthesismethod. This assumption that near-neighbors
on the TEM image are covalently linked at relatively
dilute conditionswas previously usedbyHussain et al.50

and validated by our data.
Under TEM, the aggregates possessed a fractal-

like morphology consistent with diffusion-limited
aggregation.42,45,46 The aggregates constituted a het-
erogeneous population of different sizes within a single
preparation. Image analysis allowedus to estimate both
the maximum diameter (Figure 3) and surface area for
each aggregate. The maximum diameter was used
since it is likely to represent more accurately the
hydrodynamic diameter of each aggregate. The surface
area was obtained in order to estimate the average
number of AuNPs per aggregate (Figures S4 andS5). Due
to the three-dimensional structure of aggregates, it is
difficult to accurately determine the number of NPs per
aggregate when they consist of more than 3�4 AuNPs.
For this reason, we opted tomeasure the aggregates as
a function of maximum diameter that can be accu-
rately determined using TEM. Although the heteroge-
neity of the samples resulted in large standard
deviations, there was a significant trend toward larger
aggregates as the NaCl concentration increased (p <
0.001, ANOVA). This large polydispersity is character-
istic of diffusion-limited aggregation and has been
present in previous aggregate synthesis studies.50,51

To work around the large polydispersity of our sam-
ples, we selected conditions that produced aggregates
of different size ranges (Figure 3). For example, 25 mM
NaCl produced some doublets and triplets among a
predominantly monodisperse population; 100 mM
NaCl produced samples where >80% of the sample is
within the 20�80 nm size range; 400 mM NaCl gener-
ated aggregates where >60% aggregates are in the
80�200 nm size range. For simplification, the nomen-
clature we selected to represent the aggregates as a
single number and not a size range in this article. This

single number is aggregates' average size as deter-
mined by TEM (Table 1). For example, the aggregate
size range of 20�80 nm is denoted as 49 nm.
These different aggregate preparations presumably

mimic the early and late stages of naturally occurring
aggregation in biological environments where doub-
lets and triplets appear initially followed by progressive
growth of aggregates into larger structures. When NPs
aggregate in a biological environment, local destabili-
zation of the surface chemistry will cause multiple NPs
to bind together. Therefore, destabilized regions will
become the site of NP-to-NP interaction, whereas areas
of intact surface chemistry will form the outer surface
of the aggregates. In the case of actively targeting NPs,
naturally occurring aggregates will possess a surface
whose majority contains the active targeting moiety.
To properly mimic naturally forming aggregates, we
wanted to confirm the presence of transferrin on their
surface. Sandwich enzyme-linked immunosorbent as-
says (ELISA) were used to confirm the presence of
transferrin on the surface of aggregates (Figure S6). It
should be noted that an equal amount of AuNPs were
added to each well in the assay; however, it was
impossible to quantify the number of AuNPs bound

Figure 3. TEM-based sizing of aggregates. Appearance and
size distribution of aggregates prepared with 0 (a), 25 (b),
100 (c), and 400 mM (d) NaCl. On the left, representative
images were taken at 85 000� (scale bars represent 50 nm).
In the middle, images were processed with the ImageJ
macro used for aggregate sizing.On the right, histogramsof
maximumaggregate diameterwere obtainedusing ImageJ.
Data are presented as the percentage of all structures
detected by TEM.
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to the capture antibody. Also, sandwich ELISA was
designed to measure concentrations of soluble mol-
ecules, not proteins bound onto a surface. ELISA data
should not be considered quantitative andwere simply
used in a qualitative context to confirm the presence of
transferrin. Another concern that arose fromproducing
aggregates was whether they continued to grow or
broke apart over time. Once synthesized, aggregates
were stable for at least 14 days in 0.1% BSA with no
detectable change in UV�vis spectra or hydrodynamic
diameter (Figures S7 and S8). We also confirmed that
our aggregates were stable in cell culture media at
37 �C in 5%CO2 for at least 8 h, which is the longest cell
incubation time in our experiments (Figure S9).
Once we were able to confirm the presence of

transferrin and aggregate stability, cell uptake experi-
ments were conducted. After preparing and character-
izing our nanomaterials, aggregates were incubated
with cultured cells andgold uptakewas quantifiedusing
the technique of inductively coupled plasma-atomic
emission spectroscopy (ICP-AES). Prior to incubation
with cells, monodisperse AuNPs and aggregates were
quantified using ICP-AES in order to determine each
material's concentration. When comparing the different
sized aggregates and monodisperse nanoparticles, we
chose to use a constant number of AuNPs in our cell
culture experiments. We added 1 mL of 0.2 nM mono-
disperse AuNPs (1.2 � 1011 NP/mL) and the equivalent
mass of gold under various states of aggregation. Using
this method, cells exposed to 100 individual AuNPs
would be compared to 50 2-NP aggregates or one
aggregate made up of 100 NPs. This approach gener-
ates experimental conditions where aggregate size is
reversely proportional to concentration of structures in
solution. These conditions mimic an experiment where
100 individual AuNPs are injected into an animal and
progressively assemble into a single large aggregate.
The monodisperse and aggregated AuNPs were

coated with the transferrin protein, which typically
enters cells via the process of receptor-mediated en-
docytosis. We chose three commonly used human cell
lines and quantified their expression of transferrin
receptor (CD71) using flow cytometry. Results revealed
that CD71 expression was HeLa > A549 >MDA-MB-435
cells (Figure S10). The amount of fluorescently labeled
transferrin bound to the cell surface also correlated
with CD71 expression (Figure S11). When we assessed
the effect of aggregate size on uptake in HeLa cells,
which express the highest levels of CD71, the total
amount of AuNPs taken up by cells was reduced for 49
and 98 nm aggregates. There was a 25% decrease in
the uptake of both the 49 and 98 nm aggregates in
comparison to monodisperse nanoparticles (Figure
4a). For both the single and aggregated AuNPs,
we observed a time dependent increase in uptake
from 2 to 8 h. The 25% reduction in uptake of 49 and
98 nm aggregates was apparent at the 2 h time point

(Figure 4a; p < 0.05) and persisted until 8 h (p < 0.001).
For A549 cells, all aggregates (26, 49, and 98 nm)
show on average a 25% reduction in uptake com-
pared to single AuNPs (Figure 4b). Behav-
ior of A549 cells was comparable to HeLa cells with
an additional reduction in the uptake of the smallest
(26 nm) aggregates at 8 h. These findings suggest that
A549 cells may be more selective in AuNP uptake.
When comparing these two cell lines, the earliest
detectable differences between the uptake of single
and aggregated AuNPs occurred at 2 h for HeLa cells
(p< 0.05) and at 4 h for A549 cells (p< 0.01) (Figure 4). It
should be noted that, for A549 cells, detection of gold
at 2 h (13�19 μg/L) and 4 h (17�30 μg/L) was slightly
below our smallest standard (25 μg/L). Since we are

Figure 4. Aggregate uptake in HeLa, A549, and MDA-MB-
435 cells. Uptake of monodisperse (white), 26 nm (gray),
49 nm (lines), and 98 nm (black) aggregates in HeLa (a),
A549 (b) and MDA-MB-435 (c) cells. Cells were harvested at
2, 4, and 8 h and analyzed for gold content using ICP-AES.
Aggregate uptake was compared to monodisperse AuNPs
at each time point using ANOVA († p < 0.01, ‡ p < 0.001).
Data represent the average of three replicate wells with
standard deviation.
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near the limit of detection of ICP-AES, uptake differ-
ences may not be detectable at early time points for
A549 cells.52 For these two cell lines, it can be con-
cluded that transferrin-labeled aggregates will de-
crease AuNP uptake into cells.
The MDA-MB-435 cells displayed a different uptake

trend in comparison to the HeLa and A549 cells. Surpris-
ingly, the 98 nm aggregates show a 2-fold increase in
uptake (p < 0.001) when compared to the smaller sized
aggregates at 4 h. Interestingly, increased uptake is only
apparent for the largest aggregates, suggesting that
increased uptake only occurs above a certain size
threshold not achieved by the 26 or 49 nm aggregate
preparations. These findings were unexpected since
theoretical models predict the optimal diameter for
NP uptake to be ∼50 nm in receptor-mediated
endocytosis.53�55 Since MDA-MB-435 cells possess the
lowest expression of transferrin receptors, it is unlikely
that large aggregates are using receptor-mediated en-
docytosis to enter the cells. In theory, large aggregates
require more receptor�ligand interactions in order to
drive the thermodynamic process of membrane wrap-
ping around the aggregates.53,54,56 Thus, increased
uptake in MDA-MB-435 cells suggests that larger AuNP
aggregates may enter cells through other mechanisms
in addition to receptor-mediated endocytosis. To vali-
date this hypothesis, we compared the uptake of
monodisperse single and 98 nm aggregates in the
presence or absence of 1 mg/mL transferrin. We hy-
pothesized that, in the presence of a high transferrin
concentration, the AuNPs would not enter the cells due
to saturation of the CD71 receptors on the cell surface.
High transferrin concentration was able to reduce up-
takeofmonodisperseAuNPsby91, 85, and73% inHeLa,
A549, and MDA-MB-435 cells, respectively (Figure 5).
In contrast, free transferrin was much less efficient
at blocking uptake of aggregates in all three cell lines.
Whereas A549 and HeLa cells only show an appreciable
reduction in uptake of 98 nm aggregates at 51 and
60%, respectively, MDA-MB 435 cells show a 10%
reduction in uptake. These findings suggest that addi-
tional cell uptake pathways (in addition to transferrin
receptor-mediated endocytosis) may be involved in
the internalization of 98 nm aggregates. Although
these additional pathways play a minor role in A549
and HeLa cells, it is apparent that MDA-MB-435 cells are
highly efficient at receptor-independent uptake. It re-
mains unclear, however, whether aggregates are enter-
ing MDA-MB-435 cells using a different cell surface
receptor or are interacting nonspecifically with the cell
membrane.
Next, we wanted to assess whether the observed

uptake trends were unique to aggregates or simply a
consequence of the aggregates' larger size compared
to disperse AuNPs. We quantified uptake of monodis-
perse and single transferrin-coated AuNPs with dia-
meters of 30, 45, and 100 nm in the three cell lines. All

samples were normalized to the same volume of gold
in order to adequately mimic the inverse relationship
between size and concentration in the aggregated
samples. Cells were analyzed by ICP-AES, and data
were calculated as the average mass of gold interna-
lized per cell (pg/cell). Unfortunately, we were unable
to adequately assess the internalization of 100 nm
AuNPs since NPs of this size tend to quickly settle at
the bottom of 6-well plates by 2�3 h. The rapid settling
speed of large AuNPs can increase the local concentra-
tion of the AuNPs near the cell surface, and this may
alter uptake kinetics.57 In this comparative study, ag-
gregated AuNPs did not follow the same trends as the
size-matched spherical AuNPs. The uptake of different
AuNP sizes followed the same trend for each cell line
where the volume of internalized gold increases pro-
portionally with AuNP diameter (Figure 6a). We con-
clude that aggregate uptake cannot be predicted by
measuring the internalization of similar-sized mono-
disperse AuNPs. Other than the aggregates' increased
diameter, various additional parameters can influence
uptake. These include the high surface curvature of
16 nm AuNPs versus larger spherical particles, which
lowers the density of targeting moieties on the gold
surface.4 Theoretical models suggest that ligand den-
sity may be crucial in cell uptake kinetics,54,56 and since
aggregates aremade up of small 16 nmAuNP subunits,
they likely possess a lower surface density of transferrin
compared to size-matched spherical nanoparticles.
Another factor to consider is that the irregular shapes
of aggregates can possess aspect ratios larger than 1,
and this is known to influence endocytosis rates.6

Furthermore, the asymmetrical structure of aggregates
can also increase the complexity of interactions with a
cell's membrane. For example, a diamond-shaped
aggregate made of four AuNPs can interact with a cell
either at the tip of the aggregate where a single
NP interacts with the cell membrane or at one of the
edges where two AuNPs interact with the membrane
(Figure 6b). Multivalent receptor-to-ligand interactions
lead to an increase in binding avidity,4 and in effect,

Figure 5. Inhibitionof receptor-mediateduptake.Uptakeof
monodisperse AuNPs (white) and 98 nm aggregates (black)
in the presence of 1 mg/mL transferrin. Data are presented
as the “% suppression” when compared to controls where
cells were incubated with monodisperse and 98 nm aggre-
gates in the absence transferrin in solution.
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this affects the amount and rate of nanoparticle inter-
nalization, cellular signaling, and the availability of
receptors during the endocytic process. The aggre-
gates are non-uniform and could interact with cellular
receptors through a variety of different multivalent
interactions. In our example, a perfectly symmetrical
diamond-shaped aggregate can interact in two differ-
ent conformations with cell receptors. However, if
there are asymmetrical aggregate conformations, the
number of unique potential interactions with cell sur-
face receptors will increase. This phenomenonmakes it
difficult to model uptake of aggregates and highlights
the inability to predict a cell's response to aggregates
by simply assuming a larger NP diameter.
On a broad scale, we observed two distinct re-

sponses to aggregated AuNPs: a small reduction or
large increase in cellular uptake. For both HeLa and
A549 cells, aggregate uptake occurs predominantly via
receptor-mediated endocytosis and is less efficient
compared to monodisperse AuNPs. The MDA-MB-435
cells have a highly efficient receptor-independent
uptake mechanism for aggregates. To better under-
stand the role of transferrin receptor in aggregate
uptake, we compared uptake of monodisperse AuNPs
and 98 nm aggregates at a series of concentrations in
order to saturate receptor binding. For these experi-
ments, we simplified our conditions by comparing
MDA-MB-435 andHeLa cells since they possess distinct
aggregate uptake mechanisms. The dose response
experiments revealed that MDA-MB-435 cells main-
tained an increased uptake of 98 nm aggregates
compared to monodisperse AuNPs at all concentra-
tions tested (0.2�1.0 nM). We also determined the
percentage of AuNPs taken up by the cells relative to
the administered dose using the following equation:

% dose ¼ total internalized NPs
total NPs per well

For MDA-MB-435 cells, the data series for both
disperse and aggregated NPs did not have a slope

significantly different than zero. The percentage uptake
of monodisperse AuNPs and 98 nm aggregates was
constant at 0.84 and 1.39%, respectively (Figure 7b).
HeLa cells, in contrast, did not maintain a reduced
uptake of aggregates at all concentrations. Interest-
ingly, above 0.6 nM, we could not detect any statistically
significant difference in the uptake of monodisperse and
aggregated AuNPs (Figure 7c). At concentrations be-
low 0.6 nM, the difference in uptake between mono-
disperse and aggregated NPs is inversely proportional
to AuNP concentration (Figure 7c). When uptake as a
percentage of total administered dose was compared,
HeLa cells consistently internalized ∼2.5% of 98 nm

Figure 6. Uptake of spherical transferrin-coated AuNPs. (a) Amount of gold internalized per cell at 8 h. The A549, HeLa, and
MDA-MB-435 cellswere incubatedwith transferrin-coated spherical AuNPswhose sizewas similar to average aggregate sizes.
All data represent the average of three replicate wells with standard deviation. (b) Scheme comparing uptake of 30 nmAuNP
(left) with a diamond aggregate of similar size (right). Whereas the 30 nm AuNP has one way of interacting with the cell
membrane, the aggregate has twopossible interactions: tip or edge of the aggregate.When the aggregate's tip interactswith
cell membrane, there is not enough free energy produced by ligand�receptor binding to drive uptake.

Figure 7. Aggregate dose response. Uptake of monodis-
perse AuNPs (closed circles) and 98 nm aggregates (open
squares) at various concentrations in MDA-MB-435 cells
(a,b) and HeLa cells (c,d). Data are plotted either as number
of NP per cell (a,c) or percentage of total dose (b,d). Data
represent the average of three replicate wells with standard
deviation.
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aggregates, independent of the concentration. In
contrast, monodisperse AuNPs were internalized at
5.61% at 0.1 nM, and this decreased to 4.36, 3.54, and
2.62% for 0.2, 0.4, and 0.6 nM, respectively (Figure 7d).
These findings suggest that high level of transferrin
receptor expression on HeLa cells increases their
affinity for monodisperse AuNPs at concentrations
below 0.6 nM, and this caused higher uptake relative
to aggregates. Once the effect of high receptor
expression is saturated at 0.6 nM, aggregates
and AuNPs behave similarly. These findings reveal
two separate trends in the dose response to aggre-
gates which is consistent with distinct uptake
mechanisms.
To better understand how MDA-MB-435 and

HeLa cells differ in their NP uptake mechanism, we
analyzed TEM images of cells incubated with single
AuNPs and 98 nm aggregates (Figure 8 and Figure S12
in the Supporting Information). These images confirm
the internalization of both single and aggregated NPs
in the two cell lines. All images taken of cells treated
with either monodisperse or aggregated AuNPs clearly
show that intracellular AuNPs are contained within
vesicles. We were unable to find any AuNPs directly
in the cytosol, and this suggests that trafficking inside
the cells occurs predominantly through the endocytic
pathway. In agreement with previous studies,2,3 the
majority of monodisperse AuNPs appeared as aggre-
gates inside the vesicles of both HeLa and MDA-MB-
435 cells. When we quantified the number of NPs per
aggregate inside the vesicles, a mean aggregate size of
5.52 and 4.99 AuNPs per vesicle was observed for HeLa
and MDA-MB-435 cells, respectively. The difference
between the two cell lines was not found to be
significant and reveals a similar sequestration ofmono-
disperse AuNPs. When we analyzed the internalization
of the 98 nm aggregates, MDA-MB-435 cells contained
noticeably larger AuNP aggregates inside intracellular
vesicles. HeLa cells had on average 14 AuNPs per
aggregate, whereas MDA-MB-435 cells had 40 NPs
per aggregate. Some previous studies have demon-
strated that aggregated silica58 and metal59 nanopar-
ticles remained on the cell surface membrane during
uptake experiments. Our data reveal that aggregates
are in fact internalized and do not simply remain
associated with the cell surface.
Characterization of our nanomaterials before the cell

experiments reveal that 98 nm aggregates possess an
average of ∼12.5 AuNPs per aggregate (N column in
Table 1), and this value is comparable to the average
size of internalized aggregates in HeLa cells. In con-
trast, the average size of internalized aggregates in
MDA-MB-435 cells is approximately triple this value. In-
depth analysis of our 98 nm aggregates reveals that
aggregates larger than 40 AuNPs represent less than
10% of the entire population. Thus, the high frequency
of large aggregates inside theMDA-MB-435 cells is due

to one of two possibilities. The first is that the largest
aggregates in the extracellular environment are pre-
ferentially internalized; the second is that due to
trafficking of aggregates in the endocytic pathway,
an accumulation of large AuNP structures occurs inside
the cells. Preferential internalization of the largest
aggregates may be caused by their faster sedimenta-
tion rate compared to smaller nanostructures in
solution. Sedimentation-driven uptake was previously
reported in lung fibroblasts exposed to aggregated
cerium oxide nanoparticles.21 When we calculated the
theoretical settling time of aggregates, our largest
detected aggregate using TEM consisted of ∼130
NPs and possessed a settling time of ∼18 h in our
reaction volume compared to ∼160 h for a 16 nm
AuNPs (calculations are outlined in the Supporting
Information). Since 40 AuNP aggregates require a
maximum of ∼30 h to settle, our calculation suggests

Figure 8. Size of internalized aggregates. (a) Average size of
internalized NP aggregates inside vesicles of MDA-MB-435
and HeLa cells treated with monodisperse AuNPs or 98 nm
aggregates. Data represent mean and SD of n > 25; ‡
denotes p < 0.001 using the statistical test ANOVA. Shown
below are representative TEM images of HeLa cells incu-
bated with monodisperse AuNPs (b) or aggregates (c) and
MDA-MB-435 cells treated with monodisperse (d) or ag-
gregated NPs (e). Bars represent 100 nm, and arrows high-
light internalized AuNP aggregates.
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that settling velocity of larger aggregates may increase
uptake in MDA-MB-435 cells and lead to accumulation
of large intracellular aggregates. Nevertheless, addi-
tional research will be required to elucidate the precise
mechanism (i.e., phagocytosis, pinocytosis, clathrin- or
caveloe-dependent or independent endocytosis) of
aggregate uptake inMDA-MB-435 cells. Some previous
work with citrate-coated AuNPs suggests that uptake
can occur via macropinocytosis, and this may be the
predominant pathway of aggregate uptake in the
MDA-MB-435 cells.60

On the basis of our findings, the effect of aggrega-
tion on cell uptake will be difficult to predict and
will require a case-by-case analysis. Factors such as
increased sedimentation rate, reduced diffusion
speed, irregular morphology, and reduced concen-
tration of aggregates will play a role in the uptake
mechanism. Basic uptake experiments of disperse
nanoparticles already demonstrate that no universal
mechanism can describe the endocytosis of all nano-
materials. Instead, uptake depends on the physico-
chemical properties of the NP itself, the biological
properties of the active-targeting ligand and the phe-
notype of the cell interacting with the NPs.61 Elucidat-
ing the uptake mechanism of aggregates adds yet
another level of complexity. At present, the limited
data available for cellular uptake of nontargeting
aggregates already eliminate the possibility of a “uni-
versal mechanism”. One study reported no change in
the lung's inflammatory response to aggregated or
monodisperse AuNPs.62 Another study describes no
change in cytoplasmic uptake of tungsten carbide
nanoparticles when agglomeration occurs.63 Stark's
group reports an increased uptake of agglomerated
cerium oxide NPs in lung fibroblasts due to increased
sedimentation.21 In contrast, two separate studies
show that aggregates localize to the cell membrane
and are not internalized as efficiently as monodisperse
AuNPs.58,59 It is difficult to compare the aforemen-
tioned studies since each utilize different cells,
nanomaterials, and experimental conditions. This
highlights the need for more cohesion when design-
ing future aggregate uptake studies, which will be
required for a better understanding of nano�bio
interactions.
After assessing the effect of aggregate size on

cellular uptake, we also wanted to determine
whether a change in the plasmonic properties of
the AuNPs led to cellular toxicity. It has been
speculated that the unique properties of NPs could
cause various toxic responses.64,65 We incubated
the three cell lines at multiple aggregate concen-
trations for 72 h and assessed viability using the XTT
assay. Our results show that cell viability is not
affected by the presence of either monodisperse
or aggregated AuNPs. Thus, the shift in the absor-
bance profile of the aggregated AuNPs did not

influence toxicity to the cells (Figure 9 and
Figure S13).

CONCLUSIONS

This work is one of the first studies to examine the
effect of aggregation on the cellular uptake of nano-
particles designed for a biomedical application. Pre-
vious studies on the interactions of aggregates with
biological systems predominantly modeled their stud-
ies on the effect of unwanted exposure to nanoparti-
cles from the environment. This is the first study to
produce different aggregate samples which mimic the
inevitable and progressive aggregation of active-tar-
geting nanoparticles in biological media. Our findings
demonstrate that multiple cellular responses are pos-
sible when nanomaterials are aggregated. Predicting a
cell's response to a population of heterogeneous and
asymmetrical aggregates is difficult since it depends
on a number of parameters including expression of
target receptor, endocytosis mechanism, and cell phe-
notype. Our work highlights the need to study the
effect of aggregation for each NP designed and its
target cell(s) in order to confidently predict the effects
and safety of NP-based therapeutics. This subject is
extremely important since aggregation appears to be
an inevitable occurrence in vivo when designing long-
circulating NPs. In the context of our current study, we
can conclude that aggregation of transferrin-coated
AuNPs reduces uptake via receptor-mediated endocy-
tosis in HeLa and A549 cells. For MDA-MB-435 cells,
aggregates enter the cells independently of trans-
ferrin receptor via unknown mechanisms, and this
leads to the accumulation of large structures inside
the cell's vesicles. This study not only highlights the
need for more thorough studies regarding the
downstream effects and toxicity of long-circulating
nanomaterials that are prone to aggregation but
also provides a synthesis technique for preparing
nanoparticles aggregates (Figure S14). Continued

Figure 9. Toxicity of aggregates. Effect of aggregates on
cell viability after 72 h incubation with monodisperse
(black), 26 nm (gray), 49 nm (lines), and 98 nm (white)
aggregates in three cell lines. Cell viability was determined
at 72 h, by replacing cell media containing AuNPswith fresh
media containing XTT and incubated for 2 h. All conditions
were performed in triplicate. Data represent the average of
three replicate wells with standard deviation.
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research in this topic will provide a better under-
standing of aggregation and will undoubtedly help

the design of safe and effective nanoparticle plat-
forms for biomedical applications.

METHODS
Instrumentation and Measurements. For absorbance spectra, a

Shimadzu UV-1601 UV�vis spectrophotometer was used. For
ELISA experiment measurements, we used a TECAN Sunrise
plate reader. Transmission electron microscopy (TEM) images
were obtained by deposition of a dilute particle solution onto
carbon-coated copper grids and imaged using Hitachi
HD2000 STEM at 200 kV(Hitachi Corp). Hydrodynamic dia-
meter of different samples was measured by dynamic light
scattering (DLS) on a 633 nm laser Nano ZS Zetasizer
(Malvern), and all measurements are presented as a percen-
tage of volume.

Gold Nanoparticles. Citrate-capped 16 nm gold NPs were
synthesized using the Frens method41 and sized using TEM.
The 30, 45, and 100 nm single AuNPs were synthesized using
hydroquinone-mediated growth of the 16 nm seeds.66 The 30,
45, and 100 nm AuNPs were washed using a solution of
0.05% Tween-20 and 5 mM sodium citrate. Protein adsorption
was performed using 5 mM citrate and 0.5, 1, and 4 mg/mL
transferrin for 30, 45, and 100 nm NPs, respectively. The
different transferrin concentrations used for each AuNP size
were determined experimentally as the minimum amount of
transferrin required for full surface coverage. Full surface cover-
age was assessed by stability of transferrin-coated AuNPs in 5%
NaCl.44 After 30 min incubation at 37 �C, bovine serum albumin
(BSA) was added to the transferrin-coated AuNPs at a 0.1%
concentration to ensure AuNP stability during centrifugation
steps.4 The AuNPs were washed twice following transferrin
adsorption in a 0.1% BSA solution.

Aggregate Synthesis. For aggregate preparation, a 10� solu-
tion of NaCl and transferrin is added to 16 nm AuNPs directly
after synthesis under vigorous vortex mixing. After 1 min, more
Tf was added to achieve a final concentration of 50 μg/mL. After
10 min at room temperature, 0.1% BSA was added and incu-
bated for an additional 10 min. Depending on the aggregate
conditions, different centrifuge speeds were used. For 0 mM,
samples were centrifuged at 15 000g for 15 min. For 25 mM,
samples were centrifuged 6500g for 10 min. For 100 mM,
samples were centrifuged at 500g for 10 min, and the super-
natant was removed and centrifuged at 4500g for 10 min. For
400 mM, samples were centrifuged at 2500g for 10 min. The
aggregate pellets were then resuspended in 0.1% BSA, soni-
cated in a water bath for 1min, and centrifuged under the same
conditions to further improve size distribution. After this step,
aggregates were characterized and used in cell uptake experi-
ments. For cell experiments, aggregates were quantified using
ICP-AES. Using the total concentration of gold in solution, it was
possible to calculate the concentration of monodisperse AuNPs
using the mass of a 16 nm gold sphere.

TEM Image analysis. For TEM, 10 μL aliquots of aggregation
preparations were placed on Formvar type B grids (Ted Pella),
left for 15 min, and then wicked off. For each sample, 10�30
images were taken at 55 000�. The images were analyzed using
ImageJ software using the following macro: Gaussian blur = 8,
make binary, crop image, analyze particles (Figure S2). Data
shown represent the maximum diameter (Ferret's diameter) for
each cluster of NPs. The number of NPs per aggregate was
determined by dividing the surface area of each aggregate by
the theoretical 2D surface area of a 16 nmNP (πr2). Although the
aggregates are 3D structures, we believe this method is accu-
rate for the measurement of small aggregates (2�6 NPs) when
each AuNP is visible. For larger aggregates, their large three-
dimensional structure makes it difficult to accurately determine
the correct number of AuNPs per cluster. However, this method
does provide a good estimate to the average composition of
aggregates. For TEM images of cell vesicles, cell sections were
prepared by fixing cell pellets in 2% glutaraldehyde in 0.1 M
sodium cacodylate buffer, postfixed in 1% osmium tetroxide,

dehydrated in a graded ethanol series followed by propylene
oxide, and embedded in Quetol-Spurr resin. Sections that were
100 nm thick were cut on an RMC MT6000 ultramicrotome and
stained with uranyl acetate and lead citrate. For each sample,
three separate tissue sections (taken at a different depth) were
placed on a TEM grid and imaged. Cells were incubated with
1 nM AuNPs for 8 h.

Cell Uptake and Toxicity. For NP uptake studies, HeLa andMDA-
MB-435 cells were seeded 2� 106 cells/well in 6-well plates and
incubated overnight to allow for cell attachment. The A549 cells
were seeded at 1 � 106 cells/well under the same conditions.
After the overnight incubation, cell medium was removed and
replaced with 1 mL of RPMI (A549, MDA-MB-435) or 1 mL of
DMEM (HeLa) supplemented with 0.2% BSA. Cells were serum
starved for 30min, and freshmedium containing the AuNPs and
0.2% BSA was added. Experiments were performed in the
absence of serum due to the large amounts of transferrin
present in fetal bovine serum. Cells were incubated for 2, 4, or
8 h in the presence of AuNPs. At each timepoint, cell supernatant
was removed and cells were washed three times with PBS.
Samples were digested in 500 μL of nitric acid for 30 min at
70 �C, and diluted in 3mL of ddH2O. Gold uptake was quantified
using ICP-AES. All conditions were performed in triplicate. The
concurrent cell viability assay was performed using the XTT
assay (Roche) in 96-well plates according to the manufacturer's
instructions.
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