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ABSTRACT: Nanoparticles with ultrasmall sizes (less than 10 nm) offer many
advantages in biomedical applications compared to their bigger counterparts,
including better intratumoral distribution, improved pharmacokinetics (PK),
and efficient body clearance. When functionalized with a biocompatible
coating and a target-specific antibody, ultrasmall nanoparticles represent an
attractive clinical translation platform. Although there is a tremendous body of
work dedicated to PK and the biological effects of various nanoparticles, little
is known about the fate of different components of functionalized
nanoparticles in a biological environment such as in live cells. Here, we
used luminescence properties of 5 nm gold nanoparticles (AuNPs) to study
the intracellular trafficking and fate of the AuNPs functionalized with an
organic layer consisting of a polyethylene glycol (PEG) coating and epidermal
growth factor receptor (EGFR)-targeting antibody. We showed that intracellular uptake of the targeted 5 nm AuNPs results in
a strong two-photon luminescence (TPL) that is characterized by broad emission and very short lifetimes compared to the
fluorescence of the nanoparticle-conjugated fluorophore-tagged antibody, thereby allowing selective imaging of these
components using TPL and two-photon excited fluorescence lifetime microscopy (2P-FLIM). Our results indicate that the
nanoparticle’s coating is detached from the particle’s surface inside cells, leading to formation of nanoparticle clusters with a
strong TPL. Furthermore, we observed an optically resolved spatial separation of the gold core and the antibody coating of the
particles inside cells. We used data from two-photon microscopy, 2P-FLIM, electron microscopy, and in vitro assays to propose
a model of interactions of functionalized 5 nm AuNPs with live cells.
KEYWORDS: hybrid nanoparticles, two-photon microscopy, fluorescence lifetime imaging, colocalization, ultrasmall nanoparticles,
molecular imaging

Development of nanoparticles for biomedical applica-
tions commonly requires designing multicomponent
hybrid structures to achieve a desired function in a

complex biological environment. Nanoparticle cores com-
monly consist of either organic materials such as polymers1−3

and lipids4−8 or inorganic elements including gold, silver,
semiconductor, and iron oxide.9−16 Further, the cores can
include a mixture of various organic and inorganic materials
with imaging and therapeutic functionalities.17−22 Nanoparticle
surface coatings are aimed at providing stability, including
protection from opsonization and biofouling, and often include
moieties such as peptides or antibodies to enable specific
binding to biological targets such as cancer cells.23−26

A tremendous amount of research has been aimed at
understanding and manipulating nanoparticle toxicity, target-
ing, biodistribution, and excretion in various biomedical
applications.27−31 Of particular interest is the intracellular
fate of nanoparticles targeted through specific cell surface

binding to accumulate in the cell’s interior. Many studies had
focused on the fate of a single component of hybrid
nanoparticles (e.g., an inorganic core).32−34 However, it has
been well-established that hybrid nanoparticles, which are
stable in solution or even serum, can lose their integrity in
complex biological environments, particularly after cellular
uptake. Once internalized, nanoparticles are subjected to
intracellular trafficking, accompanied by significant changes in
the local chemical environment.35 A gradual decrease in pH
values in endosomal pathways and the presence of proteolytic
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enzymes and reactive oxygen species can adversely (or
usefully) affect the integrity of organic components, resulting
in a slow decomposition of some inorganic materials (e.g., iron
oxide).36,37 Further, elevated concentration of some biomole-
cules inside cells, such as glutathione (GSH), may lead to
disruption of chemical bonds, including thiol binding to the
gold surface or disulfides.38 Little is known about the relative
fates of the nanoparticle core versus the organic components of
hybrid nanoparticles after their cellular uptake or in vivo
administration. This knowledge is critical in further developing
multicomponent nanoparticles for biomedical applications, as
it could provide innovative design ideas, such as improving
therapeutic efficacy, imaging contrast, and nanoparticle
clearance and limiting off-target toxicity in vivo.
Comprehensive studies focused on examination of the fate

of different components of functionalized nanoparticles include
a dual-labeling technique that was recently implemented to
independently monitor the biodistribution of a core and a shell
of polymer-coated gold nanoparticles (AuNPs) where the gold
core contained 198Au radioactive isotope and the polymer shell
was labeled with 111In.39 Levels of radioactivity were measured
from excised organs, blood, urine, and feces collected at
different time points postinjection into normal rats using γ-
spectrometry. It was shown that the hybrid gold nanoparticles
were partially degraded in vivo with cores and shells having
different biodistribution patterns. In a follow-up study,

polymer coating of quantum dots (Qdots) and physisorbed
human serum albumins (HSA) were labeled using two dyes
with distinct fluorescence maxima to observe intracellular fate
and exocytosis of these tricomponent particles (polymer,
Qdots, HSA) over 72 h.40 Using flow cytometry and confocal
microscopy, this study indicated that HSA was desorbed from
the surface of Qdots faster than the polymer coating
degradation inside HeLa cells. Further, each component was
exocytosed by the cells at a different rate. Such quantitative
experiments are the first step in understanding how complex
hybrid nanostructures are processed by cells that provide a
foundation for evaluating in vivo scenarios.
Here, we used two-photon luminescence (TPL) to

investigate the fate of antibody-conjugated spherical AuNPs
with ultrasmall 5 nm gold cores targeted to epidermal growth
factor receptor (EGFR) (5 nm aEGFR-AuNPs) after receptor-
mediated uptake by cancer cells. This study was motivated by
our and others’ interest in developing inorganic nanoparticles
with core dimensions less than 10 nm for potential clinical
applications.41−43 Nanoparticles in this size range have several
significant advantages over their bigger counterparts, including
longer circulation time, improved biodistribution, and better
tissue penetration.44 Furthermore, the ultrasmall particles can
be efficiently excreted via renal and bile clearance pathways
that can significantly reduce the toxicity associated with

Figure 1. Two-photon fluorescence images of A431 cells after incubation with 5 nm aEGFR-AuNPs for 24 h showing (A) luminescence from
5 nm aEGFR-AuNPs, (B) fluorescence from CellLight Plasma Membrane-CFP BacMam 2.0, and (C) overlay of the two signals. Green color
indicates 5 nm AuNP luminescence, and red corresponds to the CFP fluorescence. (D) Quadratic dependence of the luminescence signal
from AuNPs on the incident femtosecond-pulsed laser average power at 880 nm wavelength. Scale bars are 15 μm.
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prolonged body accumulation45 and, thereby, can improve
clinical translation potential.

RESULTS AND DISCUSSION
Two-Photon Luminescence of Antibody-Targeted

Gold Nanoparticles. We previously described the 5 nm
aEGFR-AuNPs used in this study.41 Briefly, anti-EGFR
antibodies were conjugated to 5 nm AuNPs using directional
conjugation chemistry through a periodate-oxidated carbohy-
drate antibody moiety and a bifunctional linker with a dithiol
group for a stronger attachment to the gold surface.41,46 The
particles had the optical absorbance maximum at ∼516 nm
that was shifted to ∼524 nm after conjugation of anti-EGFR
monoclonal antibodies labeled with AF647 fluorescent dye.
The number of antibodies per gold core was 2.7 on average,
estimated based on the AF647 absorption peak at 650 nm, the
AuNP absorption at 524 nm, and known extinction coefficients
of the fluorescently labeled antibodies and the nanoparticles.
The hydrodynamic diameter of the spherical AuNPs changed
from 7 ± 2 nm to 22 ± 6 nm after antibody conjugation. TEM
images of aEGFR-AuNPs showed core sizes with a ∼5 nm
diameter (Supplementary Figure 1). Size-exclusion chromatog-
raphy confirmed complete removal of free antibodies after
washing of the conjugates by ultracentrifugation.41

Our first goal was to image the AuNP cores with a high
degree of signal specificity and sensitivity inside living cells.
Initially, we attempted this using confocal reflectance
microscopy, relying on the phenomenon of light scattering
by AuNP cores. However, we found that this approach
provided only low image contrast due to a relatively strong
background scattering from cellular organelles (data not
shown). Previously, it was shown that gold nanoparticles
exhibit a strong, shape-dependent TPL47−50 that can be used
for high-contrast imaging of AuNPs in cells.51 Therefore, we
explored the technique of TPL in which AuNPs are induced to
emit light upon two-photon absorption of light from a
femtosecond-pulsed laser. In this regime, cellular background
signals are small, and fluorescence is selectively detected at
specific wavelengths of endogenous chromophores. Cancer
cells were transfected to express a cyan fluorescent protein
(CFP) on their membranes and were incubated with 5 nm
aEGFR-AuNPs at a 2.36 μg/mL concentration for 24 h. No

cellular cytotoxicity was observed for 5 nm aEGFR-AuNPs up
to 75 μg/mL (Supplementary Figure 2). Cellular uptake of 5
nm aEGFR-AuNPs was associated with strong TPL (Figure
1A−C). The intensity of luminescence had a quadratic
dependence on the excitation power (Figure 1D), confirming
a nonlinear, two-photon process. Considering prior work
showing that spherical AuNPs have a relatively low two-photon
cross-section compared to nonspherical shapes,52 we wanted to
determine whether TPL from our 5 nm aEGFR-AuNPs was
coming from individual particles or their clusters. For this
purpose, we compared the TP excitation spectra of intracellular
5 nm aEGFR-AuNPs with the TP spectra of colloidal
(unaggregated) 5 nm aEGFR-AuNPs and the TP spectra of
a suspension of uncoated 5 nm AuNP core aggregates (Figure
2A). In addition, we compared the TP excitation spectra of
intracellular 5 nm aEGFR-AuNPs with that of the targeted
particles that were cross-linked in vitro using the NHS-PEG-
NHS molecules. We found that the clustering of 5 nm aEGFR-
AuNPs led to an increase in their red-NIR absorbance
comparable to the absorbance of aggregates of 5 nm AuNP
cores (Supplementary Figure 3). The TP excitation spectra of
the colloidal unaggregated versus the intracellular 5 nm
aEGFR-AuNPs were strikingly different (Figure 2A). However,
both the cross-linked 5 nm aEGFR-AuNPs and aggregated 5
nm AuNP cores in suspension exhibited practically identical
TP excitation spectra to the signals from intracellular 5 nm
aEGFR-AuNPs (Figure 2A). These data indicated that the TP
signals from 5 nm aEGFR-AuNPs in cancer cells came from
AuNP aggregates or clusters of AuNPs inside endosomes
rather than individual particles. While colloidal 5 nm aEGFR-
AuNPs showed TP excitation spectra (Figure 2A) that
resembled the profile of their absorbance spectra (Supple-
mentary Figure 3), the intracellular 5 nm aEGFR-AuNPs
exhibited an increased excitation efficiency between 830 and
920 nm with a peak at ∼880 nm (Figure 2A). Moreover,
intracellular 5 nm aEGFR-AuNPs had a ∼46-fold brighter TPL
signal than individual colloidal particles at 880 nm excitation.
Also, emission spectra of the intracellular 5 nm aEGFR-AuNPs
showed broad luminescence emission in the 400 to 700 nm
region when excited at 830 and 880 nm (Figure 2B).
Interestingly, this broad emission spectrum was similar to the
TP emission of NIR-absorbing AuNPs such as gold

Figure 2. Excitation and emission spectra of 5 nm AuNPs in labeled cancer cells and in suspension. (A) Two-photon luminescence excitation
spectra of colloidal 5 nm aEGFR-AuNPs (blue); intracellular 5 nm aEGFR-AuNPs (red); and 5 nm aEGFR-AuNP aggregates in suspension
(green); all spectra are normalized to one at their corresponding maxima. The emission was measured using a 560−680 nm filter. (B) Two-
photon emission spectra of intracellular 5 nm aEGFR-AuNPs and AF647-labeled antibodies. Excitation wavelengths: 830 (red) and 880
(green) nm for 5 nm aEGFR-AuNPs and 830 nm for AF647 (blue).
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nanocages53 and gold nanorods.50 Note that there was no
detectable signal from unlabeled cells under the same imaging
conditions that were used to image intracellular antibody-
conjugated nanoparticles.
As mentioned above, spherical AuNPs were shown to have

the lowest TPL cross-section compared to other shape types
such as gold nanocages, nanorods, and nanostars.52 It is also
known that the efficiency of TPL of spherical AuNPs is greatly
increased in assemblies of spherical AuNPs due to the plasmon
resonance coupling effect.47,54 This assembly-mediated en-
hancement of TPL is strongly dependent on the interparticle
distance with an enhancement factor of ∼115-fold reported for
21 nm diameter spherical AuNPs separated by 2.0 nm edge-to-
edge. The enhancement factor decreased to ∼4.0 at the 12.2
nm separation.54 Together with these previous reports, our
above-mentioned data provide strong support to the
conclusion that the TPL from intracellular 5 nm aEGFR-
AuNPs was due to the local formation of closely spaced gold
nanoparticle clusters.

Emission spectra of AF647 at 830 nm TP excitation had a
minimum overlap with the emission from intracellular 5 nm
aEGFR-AuNPs (Figure 2B). Therefore, we selected AF647 to
label the AuNP-conjugated antibodies and to independently
monitor the fate of antibodies and 5 nm AuNP cores following
cellular uptake of 5 nm aEGFR-AuNPs.

Tracking 5 nm aEGFR-AuNPs in Live Cells Using Two-
Photon Microscopy. Three-dimensional TPL images were
acquired from cancer cells labeled with 5 nm aEGFR-AuNPs
for 1, 3, and 6 h to explore the fate of AuNP conjugates during
the early stages of interactions with cells (Figure 3A).
Qualitatively, the fluorescence signal from cells had a
predominantly circular/spheroidal distribution after 1 h
incubation that gradually changed to a more uniform spread
inside cells at 3 and 6 h. These changes are likely associated
with a progressive trafficking of nanoparticles from the cellular
cytoplasmic membrane toward the perinuclear space pre-
viously reported for AuNP antibody conjugates.55 Two-photon
microscopy (TPM) images were analyzed using scatterplots

Figure 3. Two-photon microscopy imaging of 5 nm aEGFR-AuNPs in A431 cells. (A) Time-course maximum projection images at 1, 3, and 6
h after addition of 5 nm aEGFR-AuNPs to cells; the nanoparticles were conjugated with AF647-labeled anti-EGFR antibodies. The
magnified cross-sectional images (insets) in the top row show colocalization between AuNP (green) and antibodies (red); the yellow color
indicates colocalized voxels with AuNPs and antibodies. Scale bars are 20 μm. (B) Corresponding intensity scatterplots for 5 nm AuNP
luminescence (green, x-axis) and the fluorescence from AF647 (red, y-axis) from TPL images.
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where each point indicates antibody fluorescence and AuNP
luminescence values of an imaging voxel (Figure 3B). As can
be seen in the example in Figure 3B, there is a significant
increase in the number of voxels with a strong AuNP
luminescence at the 6 h time point relative to 1 and 3 h.
Further, it is evident that a substantial number of voxels with a
high AF647 fluorescence signal do not coexhibit a strong TPL
from AuNPs, while some voxels with strong nanoparticle
luminescence have a negligible AF647 fluorescence. Quantita-

tive analyses of these signal intensity data, including
colocalization coefficients, are shown in Figure 4.
There was no significant increase in either intensity or the

number of voxels with antibody fluorescence signal per labeled
cell over time (Figure 4B and D) that could be due to a
balance between antibody uptake and exocytosis. In contrast,
there was a significant increase in the TPL signal from AuNP
aggregates in individual cells after 6 h of incubation (Figure
4A). This increase was due to both the increased number of
voxels with AuNP luminescence (Figure 4C and E) and the

Figure 4. Image analysis of two-photon microscopy images of 5 nm aEGFR-AuNPs in A431 cells. (A) Distribution of mean intensities of
AuNP luminescence and (B) of antibody fluorescence from labeled cells at different time points. (C) Scatterplots of voxels with either AuNP
luminescence or (D) antibody fluorescence that are not colocalized with each other inside labeled cells. (E) The number of colocalized
voxels containing both the antibody fluorescence and the AuNP luminescence. (F) Pearson’s correlation coefficient between AuNP
luminescence and antibody fluorescence in voxels with colocalized signals. (G) Mander’s colocalization coefficients for AuNP luminescence.
Note that after 1 h incubation of cancer cells with 5 nm aEGFR-AuNPs, ∼65% of AuNP luminescence was colocalized with antibody
fluorescence, and this fraction increased to ∼84% after 6 h incubation. (H) Mander’s colocalization coefficients for antibody fluorescence.
Fluorescence from antibodies was marginally colocalized with AuNP luminescence with MCCs increasing from just ∼1% after 1 h to ∼6%
after 6 h of incubation. Labels “ns” and “s” denote values that are statistically “not significant” and “significant”, respectively (p-value <
0.05). Each data point in the plots represents an individual cell.
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greater number of voxels with a relatively high AuNP
luminescence (Figure 3B). Considering that TPL of AuNPs
is greatly enhanced with an increase in cluster size,56 this
observation is consistent with an increase in the number of
nanoparticle clusters in a cell and the formation of clusters with
larger sizes. It is noteworthy that, on average, there were at
least ∼17-fold more voxels with antibody fluorescence than
with AuNP luminescence. The relative abundance of voxels
with antibody-only fluorescence indicates that the formation of
clusters of AuNPs is a rare event. Previously, an enhancement
factor of ∼40-fold similar to the one in our study was observed
in clusters of 21 nm spherical AuNPs separated by ∼6.1 nm
edge-to-edge.54 TPL enhancement increases with an increase
in strength of the plasmon resonance coupling between
spherical nanoparticles, which in turn scales as (d/D)−3 for
pairs of AuNPs smaller than 80 nm diameter, where d is the
center-to-center distance between particles and D is the
particle’s diameter.57−59 Therefore, a pair of 5 nm diameter
AuNPs would have a similar plasmon resonance coupling
strength at ∼1.5 nm edge-to-edge distance as a pair of 21 nm
AuNPs at the 6.1 nm separation. It is important to note that
this estimate is not intended to extrapolate the separation
between 5 nm AuNPs in our cell study; it is only an illustration
of relative changes in the strength of plasmon resonance
coupling with the core size. Indeed, the effect of plasmon
coupling also depends on the number of nanoparticles in a
cluster,55 which complicates estimations of AuNP separation
solely based on a TPL enhancement factor.
Unexpectedly, a significant number of voxels with AuNP

luminescence was not colocalized with antibody fluorescence,
indicating spatial separation of gold cores from antibody

coating inside cells (Figure 4C). The total number of isolated
AuNPs increased after 6 h of incubation (Figure 4C).
However, Mander’s colocalization coefficients (MCCs) for
the AuNP luminescence versus antibody fluorescence changed
from ∼65% at 1 and 3 h to ∼84% at 6 h, indicating that there
was a significant decrease in the relative average amount of
isolated AuNP luminescence voxels per cell (Figure 4G;
Supplementary Figure 4). Interestingly, MCCs showed only
marginal colocalization of antibody fluorescence signal with
TPL of gold cores (Figure 4H). This result suggests a relatively
rare occurrence of AuNP clustering and a dominant number of
voxels with antibody fluorescence compared to ones with TPL
of gold cores, as discussed above. Pearson’s correlation
coefficient was used to evaluate the correlation between the
intensity of AuNP luminescence and antibody fluorescence in
voxels with colocalized signals. The coefficient was close to 0
for all time points, indicating a lack of a linear correlation
between TPL from 5 nm AuNPs and antibody fluorescence
(Figure 4F). This result is likely due to a nonlinear effect of
nanoparticle aggregation on their luminescence intensity.

Fluorescence Lifetime Imaging of Cells Labeled with
5 nm aEGFR-AuNPs. TPL of AuNPs is characterized by very
short, almost instantaneous lifetimes (<1 ns).60,61 This
fundamental property can be used to distinguish this type of
luminescence from fluorescence, whose lifetimes are typically
much greater than 1 ns. Lifetime-based imaging microscopy,
often somewhat narrowly referred to as fluorescence lifetime
imaging microscopy, or FLIM, is used to generate different
image contrasts by measuring light emission lifetimes in
response to pulsed illumination for each image voxel. This
imaging modality is highly advantageous by effectively

Figure 5. FLIM of 5 nm aEGFR-AuNPs in A431 cells. (A) Fluorescence lifetime curves obtained from (i) intracellular 5 nm aEGFR-AuNPs
conjugated with unlabeled anti-EGFR antibodies (green); (ii) cells incubated with AF647-labeled anti-EGFR antibodies (red); and CFP that
was used for cell plasma membrane labeling. Note that the lifetime of each fluorescence component was measured without the presence of
any other components. (B) FLIM intensity and (C) FLIM with three lifetime components corresponding to gold cores (green), AF647-
labeled antibodies (red), and cell membrane CFP (blue) after incubation of CFP-transfected A431 cells with 5 nm aEGFR-AuNPs prepared
using AF647-labeled anti-EGFR antibodies. (D) FLIM of each individual component shown in (C). Cells were incubated for 24 h in all
experiments. Scale bars are 20 μm.
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separating the short-lived luminescence from any fluorescence
components including in a situation of spectral overlap. Here,
we carried out an initial evaluation of FLIM in monitoring gold
cores and antibody coating of 5 nm aEGFR-AuNPs following
their uptake by cancer cells. First, TP fluorescence lifetime
curves were measured for three entities: (1) cancer cells
labeled with EGFR-targeted 5 nm AuNPs conjugated with
unlabeled anti-EGFR antibodies; (2) cells incubated with
AF647-labeled anti-EGFR antibodies (AF647-Ab) alone; and
(3) cells that were transfected to express CFP on their

membranes (Figure 5A and Supplementary Figure 4). The
lifetime measurements were carried out in cells rather than in
suspension to better account for any potential influence of the
intracellular environment. The TPL of intracellular 5 nm
AuNPs was characterized by a double-exponential decay with a
major (99.7% amplitude) very short lifetime component of
∼80 ps and a minor (∼0.27% amplitude) longer lifetime
component of ∼1.6 ns. Previous analyses of TP fluorescence
lifetime of gelatin-coated ∼80 nm spherical AuNPs, gold
nanorods (AuNRs), and gold triangles inside ovarian cancer

Figure 6. Transmission electron microscopy (TEM) of A431 cell labeled with 5 nm aEGFR-AuNPs. The cells were incubated with the
nanoparticles for 1, 3, and 6 h, respectively. (A, B) TEM images at 1, 3, 6 h time points. Scale bars are 100 nm. The colors of arrows
correspond to various cellular compartments shown in (D). (C) Histograms of interparticle center-to-center distances at each time point.
(D) Subcellular localization of 5 nm AuNPs at different time points from TEM images. (E) Histogram of minimum interparticle distances
summarizing TEM data from all time points obtained from 48 TEM images.
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cells revealed a single-decay photoluminescence with a time
constant of ≤100 ps.61 A similar decay constant was obtained
for CTAB-coated AuNRs in canine kidney cells.60 On the
other hand, a much slower decay constant of ∼1.0 ns was
observed in large gold nanorods with a long axis of up to 540
nm.62 This report also stated that the TP fluorescence decay
can vary from 0.8 to 2 ns depending on the size and shape of
AuNPs. In general, the effect of TPL of AuNPs is attributed to
a combination of recombination processes between excited
electrons in the sp-band and holes in the d-band.49 It was
hypothesized that the long lifetime component is associated
with excited electrons located near the Fermi level.62 However,
a correlation between specific gold nanostructures and their
luminescence lifetime has not been clearly established. It is
conceivable that the double-exponential decay curve of 5 nm
AuNPs reflects heterogeneous clustering of nanoparticles
inside cells. AF647-Abs and CFP signals were characterized
by single-exponential decays with lifetime components of 1.3
and 2.17 ns, respectively, that is, at least 16-fold longer than the
fast decay component of 5 nm AuNPs.
Next, we evaluated the feasibility of using lifetimes to image

the intracellular distribution of AuNP core aggregates (τ = 80
ps) and AF647-labeled antibody (τ = 1.3 ns) in the context of
cell morphology labeled by CFP fluorescence (τ = 2.17 ns)
(Figure 5). An example of a total intensity-based image of
femtosecond pulse-excited emission spanning the wavelengths
of 5 nm AuNP TPL and CFP and antibody-AF647
fluorescence is shown in Figure 5B. Using the three mean
lifetime constants obtained from signal decay analysis in the
previous step, the total intensity image was clearly separated
into three images corresponding to the cell membrane (CFP),
gold cores, and AF647-antibodies (Figure 5C, D). Closer
inspection of these images revealed that the spatial distribution
patterns of AuNPs and antibodies inside cells were not
identical, and, in fact, they were quite different. It was evident
that some cell regions contained predominantly either gold
cores or the antibody; this result agrees with the TPL imaging
discussed above. Interestingly, multiple cells exhibited a
doughnut-like pattern where antibodies surround a central
region with the predominant signal from gold cores (Figure
5C). These results indicate that 2P-FLIM is a powerful
technique to analyze the fates of hybrid gold nanostructure
components, e.g., the gold cores and attached antibodies, in
living cells.
TEM of 5 nm aEGFR-AuNPs in Cells. TPL imaging

showed clustering of 5 nm aEGFR-AuNPs inside cancer cells.
To gain more detailed and independent information about the
specific location of gold cores and their spacing, we imaged the
specimens using TEM.
Cancer cells were incubated with 5 nm aEGFR-AuNPs for 1,

3, and 6 h to allow nanoparticle endocytosis and trafficking
inside the cells (Figure 6A and B and Supplementary Figure 6).
Fixed specimens were counterstained such that TEM images
revealed both the gold densities and intracellular structures.
We found the nanoparticles predominantly in four intracellular
locations: the plasma membrane, membrane-encased intra-
cellular vesicles, cytosol (nonencased), and a small subset of
vacuole-like structures (Figure 6D). At the 1 h incubation time
point, more than 44% of the particles were located in
“membrane-encased” vesicles, and ∼37% were located on the
“plasma membrane”, which is consistent with a typical
receptor-mediated uptake.37,55 At later time points (3 and 6
h), gold particles were found mostly in endocytic structures

(∼52% at 3 and 6 h) with a decreased fraction (∼23 and
∼13% particles at 3 and 6 h, respectively) associated with the
plasma membrane. In addition, we observed a small fraction of
nanoparticles ranging from ∼1.5% to 8.8% in vacuoles that
might indicate early stages of autophagy due to nanoparticle-
induced stress.63

Unexpectedly, ∼15% (1 and 3 h) and ∼31% (6 h) of gold
particles were located outside of any membrane-encased
organelles. Since 5 nm aEGFR-AuNPs are too big to be
translocated directly through the plasma membrane, we
hypothesized that these nanoparticles entered the cytosol
through an endosome disruption mechanism. Endosomal
rupture by the “proton sponge effect” has been used for
cytosol delivery in several nanoparticle formulations.64 Usually,
nanoparticle coatings enriched in cationic groups are used for
this purpose, such as peptides with positively charged lysine
and arginine side chains.65 However, the introduction of
histidine residues with a pK3 of just 6.0 was also shown to
significantly increase the cytosol delivery through the proton
sponge effect.66,67 It was also reported that the pK3 of citrate
molecules is 6.4, comparable to histidine.68 Previously, we
showed that 5 nm aEGFR-AuNPs have a negative zeta-
potential of ∼47 mV at neutral pH,41 which indicates a high
residual amount of citrate ions on the nanoparticle surface.
These ions could have sufficiently high buffering capacity
similar to histidine side chains, thus inducing endosomal
escape of gold nanoparticles. Also, an increase in osmotic
pressure inside an endosome associated with encapsulation of
AuNPs and antibodies could further increase the destabiliza-
tion of the endosomal membrane due to influx of equilibrium
restoring water molecules. If the antibody coating is detached
from 5 nm aEGFR-AuNPs inside endosomes, the cytosol
fraction of AuNPs is likely responsible for the spatial separation
of gold cores and antibodies that was observed by TPM, as
discussed above. Indeed, after endosomal uptake both the gold
cores and the antibodies are located in the same spatial
confinement where they are transported together to late
endosomes and, then, to lysosomes during the time frame of
our observations. Regular TPM does not have sufficient
resolution to separate signals from AuNPs and antibodies
inside these intracellular compartments. Below, we provide
arguments supporting the intracellular detachment of antibod-
ies from gold cores.
Based on TEM analysis (Figure 6E), AuNPs tended to be

closely spaced on average by a ∼5.4 nm center-to-center
distance, which corresponds to ∼0.4 nm side-by-side
separation with ∼54% of the particles in even closer proximity.
This separation is substantially closer than the hydrodynamic
diameter (∼22 nm) of the 5 nm aEGFR-AuNPs. Furthermore,
virtually all AuNPs in closely spaced clusters were separated by
distances smaller than the hydrodynamic diameter of their
antibody conjugates (Figure 6E). These data suggest that
nanoparticles were not sterically hindered by conjugated
antibodies, likely due to the antibody coating degradation.
However, it is also important to note that the distances
measured from TEM are subject to artifacts.69 Perhaps the
most significant one in our studies could be due to the
thickness of TEM slices being 70 nm; therefore, some particles
can overlay on top of each other, which could create a
perception of a closer spacing. This artifact is most likely
responsible for some center-to-center distances being less than
the nanoparticle’s diameter.
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Antibodies were conjugated to 5 nm aEGFR-AuNPs
through a thiol−gold bond that has a ∼4.6 nM dissociation
constant.41 Therefore, a potential antibody displacement
mechanism from gold cores is by a ligand exchange reaction
with other thiol-containing molecules.38,70 For example, GSH
is a tripeptide with a thiol group from a cysteine residue that is
present at the concentration of 5 mM inside mammalian
cells.71 To evaluate the possibility of antibody becoming
separated from the gold surface by ligand exchange with GSH,
we took advantage of the effect of AF647 fluorescence
quenching in the proximity of the gold surface. In particular,
we measured the intensity of AF647 fluorescence in a cuvette
containing 5 nm aEGFR-AuNPs before and after adding GSH.
Dithiothreitol (DTT) at a high concentration of 10 mM was
used as a positive control because of its well-known ability to
displace thiolated molecules from gold surfaces.38,72,73 We
found that GSH at a 0.65 mM concentration was almost as
efficient as DTT in displacing fluorescently labeled antibodies
from AuNPs (Figure 7). This experiment confirmed the

feasibility of biodegradation of the dithiol-bound antibody
coating of 5 nm aEGFR-AuNPs by intracellular thiols such as
GSH, likely within minutes of cellular uptake. The antibody
displacement reached a plateau after ∼60 min with an overall
displacement efficiency of ∼87%. Furthermore, we showed by
UV−vis spectrophotometry, DLS measurements, and TEM
that displacement of antibodies leads to aggregation of AuNPs
(Supplementary Figure 7). Interestingly, all methods indicate
the formation of larger aggregates after incubation with DTT.
It is consistent with our previous observation that a GSH layer
on gold nanoparticles can provide some protection from
irreversible aggregation.74

In addition, it is important to note that the proteolytic
activity of endosomal proteases can also contribute to the
nanoparticle’s coating biodegradation. Previously, a model
system consisting of gold nanoparticles coated with dye-
quenched ovalbumin (Au@Ova-DQ) was developed to probe
the proteolytic activity of cellular endosomes.75 Au@Ova-DQ
nanoparticles exhibited a time-dependent fluorescence signal

increase following uptake by 3T3 fibroblasts, indicating
proteolysis of the coating with the initial fluorescence signal
visible ∼1 h after cell treatment with the nanoparticles.
Therefore, proteolysis of antibodies is also likely to be involved
in the biodegradation of 5 nm aEGFR-AuNPs.

CONCLUSIONS
In this study, we observed a strong TPL from cancer cells
labeled with anti-EGFR antibody-conjugated ultrasmall
spherical AuNPs (5 nm aEGFR-AuNPs). Using TP excitation
fingerprinting, we showed that this photoluminescence signal is
associated with the intracellular formation of clusters of 5 nm
AuNPs that exhibited ∼40-fold brighter TPL than unclustered
(colloidal) 5 nm AuNPs. We used this effect of 5 nm AuNPs
clustering-associated TPL enhancement to study the intra-
cellular fates of both the anti-EGFR antibody coating and the
gold cores of 5 nm aEGFR-AuNPs after cellular uptake of these
hybrid nanoparticles by cancer cells. Our data from TPM,
FLIM, TEM, and in vitro assays suggest the following sequence
of events (Figure 8). After receptor-mediated endocytosis,

antibodies conjugated to 5 nm aEGFR-AuNPs undergo thiol-
mediated dissociation that releases the 5 nm gold cores into
the lumen of endosomes, where the individual nanoparticles
begin forming clusters with a strong TPL. Since the AuNPs
lose steric stabilization due to the biodegradation of their
coating, the aggregation is likely driven by ions present at
physiological concentrations that are sufficiently high to reduce
any residual electric double layer on the nanoparticles’ surface.
The number of voxels in TPM images with strong
luminescence from AuNPs remained the same at 1 and 3 h

Figure 7. Changes in fluorescence of 5 nm aEGFR-AuNPs
conjugated with Alexa Fluor 647-labeled antibodies after the
addition of either glutathione (GSH) or dithiothreitol (DTT) at
pH 6 (mean ± SD, N = 3). The percentage scale on the y-axis
corresponds to changes in fluorescence intensity between the 5 nm
aEGFR-AuNPs and a mixture of free 5 nm AuNPs and free AF647-
labeled antibodies at concentrations matching their concentrations
in the 5 nm aEGFR-AuNP conjugates; therefore, the 100%
unquenching corresponds to the complete displacement of
antibodies from the nanoparticle conjugates.

Figure 8. Schematic presentation of 5 nm aEGFR-AuNPs’ fate
inside cells.
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time points, and it significantly increased at the 6 h time point
(Figures 3 and 4). We hypothesize that the increase in TPL of
AuNPs at 6 h is due to progressive accumulation of AuNPs in
late endosomes, which increases their local concentration and,
therefore, probability of aggregation. In addition, it is
conceivable that physisorption of intracellular proteins might
render temporary colloidal stability to AuNPs following the
biodegradation of their antibody coating; this possibility was
previously demonstrated.76 A decrease in this stabilization at 6
h might contribute to the increase in the number of
nanoparticle aggregates at this time point. TEM analyses
revealed the presence of AuNPs outside of any membrane-
encased intracellular organelles, which indicated the endo-
somal escape of AuNPs (Figure 6). This escape could be
triggered by the buffering capacity of residual citrate molecules
on the surface of AuNPs, which have a sufficiently high pK to
induce the proton sponge effect of endosomal disruption. The
disruption of endosomal membranes would allow clusters of
AuNPs to escape into the cytosol. These escaped clusters could
be associated with the optically resolved spatial separation of
TPL signals from fluorescently labeled antibodies and 5 nm
AuNPs (Figures 3 and 4). Approximately 35% of voxels with
AuNP luminescence were not colocalized with antibody
fluorescence at 1 and 3 h time points, with this number
being ∼16% at 6 h, indicating spatial separation of AuNP cores
and antibodies inside cells (Figures 3 and 4). This observation
was also confirmed by 2P-FLIM (Figure 5).
In our studies, TPL of AuNPs does not detect the initial

antibody detachment from the nanoparticles inside cells; it
shows the downstream consequence of the antibody layer
degradation−nanoparticle aggregation. Therefore, we cannot
unequivocally say if an antibody fluorescent signal is associated
with already detached or nanoparticle-bound antibodies.
However, TPL provides a useful tool to monitor the loss of
colloidal stability of AuNPs inside cells due to coating
biodegradation and to determine the spatiotemporal distribu-
tion of intracellularly formed nanoparticle clusters. The latter
led to an unexpected observation of an optically resolved
spatial separation of gold nanoclusters and fluorescently
labeled antibody coating. Furthermore, our data presented in
Figure 7 indicate that the initial coating degradation step could
potentially be detected using nanoparticle tracking imaging
techniques where detection of fluorescence intensity changes
(i.e., increase in fluorescence during detachment of antibodies)
can be detected if a gold nanoparticle is tracked during
imaging. Note that these results have been obtained in one cell
line. The observed trends need to be further validated in other
cell lines targeted with various antibody-conjugated nano-
particles.
The current study demonstrates that TPM and FLIM can be

powerful tools for monitoring the intracellular behavior of
hybrid AuNPs under development for imaging and therapeutic
applications. In particular, cells labeled with 5 nm aEGFR-
AuNPs could be detected with high contrast in vivo
(Supplementary Figure 8). Considering a high photostability
of spherical AuNP clusters under pulsed laser irradiation,76

TPM can be useful for a longitudinal monitoring of AuNP-
labeled cells in vivo.

MATERIALS AND METHODS
Synthesis of 5 nm Gold Nanoparticle Antibody Conjugates.

Citrate-coated spherical 5 nm AuNPs were received from Nano-
Hybrids (Austin, TX, USA) as a gift. Monoclonal anti-EGFR clone

225 (Sigma, E2156) was used as a targeting antibody. Antibody
conjugation was carried out following a protocol previously developed
by us that consists of four main steps: (1) mild oxidation of the
antibody’s carbohydrate moiety to form functional aldehyde groups;
(2) the antibody’s fluorescent labeling through amine groups; (3)
attachment of a bifunctional hydrazide-PEG-dithiol linker to the
fluorescently labeled antibody’s aldehyde group; and, finally, (4)
conjugation with AuNPs through the linker’s dithiol group.46 In this
sequence, the formation of aldehyde groups precedes the antibody’s
fluorescent labeling to prevent potential oxidation of the fluorophores.
Briefly, an antibody solution received from the manufacturer was
filtered through a 100 kDa MWCO centrifuge filter (EMD Millipore).
The purified antibodies were collected from the filter using 100 mM
sodium phosphate buffer, pH 7.5. Then, 100 μL of 100 mM sodium
periodate (Sigma) was added to 1 mL of 1 mg/mL antibody solution,
and the mixture was kept on a shaker at 350 rpm at room temperature
(RT) for 30 min in the dark. During this step, the antibody’s
carbohydrate moiety undergoes mild oxidation to form aldehyde
functional groups. The reaction was stopped by the addition of a 50-
fold volume excess of PBS. The activated antibody was washed and
concentrated by centrifugation through a 10 kDa MWCO centrifuge
filter (EMD Millipore) for 20 min at 3100g at 4 °C. The activated
antibody was then labeled (on amine groups) with Alexa Fluor 647
(AF647) dye succinimidyl ester (A20173, Invitrogen) following the
manufacturer’s protocol. A 100 μL amount of fluorescently labeled
antibodies at 1 mg/mL in PBS buffer, pH 7.5, was mixed with 4 μL of
23.25 mM (∼150-fold molar excess) of the bifunctional hydrazide-
PEG-dithiol linker (dithiolalkane aromatic-PEG6-NHNH2, SPT-
0014B, SensoPath Technologies), and the mixture was incubated in
the dark for 1 h at RT on a shaker at 350 rpm. Unreacted linker
molecules were removed by a 10 kDa MWCO filter centrifugation at
3100g for 20 min at 4 °C, and the linker−antibody conjugates were
reconstituted at 100 μg/mL in PBS. The antibody−linker solution at
100 μg/mL in PBS was added to 5 nm AuNPs at an optical density
(OD) = 1, to achieve final antibody concentrations of 47 μg/mL,
corresponding to ∼5-fold molar excesses of antibodies. The
suspension was incubated in the dark for 1 h at RT on a shaker at
350 rpm. Then, 5 kDa mPEG-SH (MPEG-SH-5000, Laysan Bio) at
0.05 mg/mL in PBS was added to the suspension to achieve the final
concentration of 3.8 μg/mL, followed by an additional 30 min
incubation at RT on a shaker at 350 rpm. Then, antibody and PEG-
conjugated 5 nm AuNPs were sedimented by ultracentrifugation at
100000g for 1 h at 4 °C. The final antibody-conjugated nanoparticles
were resuspended in PBS at an OD ≈ 1.5 and stored at 4 °C for a
future experiment. UV−vis spectrophotometry (Synergy HT, BioTek
Instruments), dynamic light scattering (DLS) (Zetasizer Nano,
Malvern), and zeta-potential analysis (DelsaNano C, Beckman
Coulter) were used to characterize spectral properties, size, and
surface charge of the nanoparticles, respectively.

In Vitro Aggregation of 5 nm AuNPs and AuNP−Antibody
Conjugates. Citrate-coated 5 nm AuNPs were aggregated using
benzylmercaptan.77 Note that benzylmercaptan requires handling in
an air-circulating fume hood. AuNPs at OD = 1 were mixed with
either 12.5 or 25 μM benzylmercaptan at a 1:1 v/v ratio and were
incubated for 30 min at RT on a shaker at 350 rpm. Aggregation of
AuNP−antibody conjugates was triggered by the addition of a ∼1000-
fold molar excess of 1 kDa NHS-PEG-NHS (NanoCS) to the
conjugates for 30 min at RT and 24 h at 4 °C. The absorbance spectra
of the aggregated samples were measured using UV−vis spectropho-
tometry (Synergy HT, BioTek Instruments). Then, 79.5 μL aliquots
of the samples were mixed with 69 μL of 10.76 mg/mL collagen and
1.5 μL of 1 M NaOH. The mixtures were loaded into Lab-Tek II 8-
well chambered coverglass (Nalge Nunc International), and the gels
were allowed to solidify at 37 °C for 20 min before TP imaging.
Excitation spectra of the aggregated nanoparticles were measured
from 740 to 990 nm in 10 nm increments stepped manually using the
Mai Tai control software (Spectra Physics, Mountain View, CA, USA)
with the emission detected using a Leica nondescanned detector with
a 560−680 nm bandpass emission filter (see the full system
description below). Emission spectra were measured from 400 to
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730 nm with 830 and 880 nm excitation wavelengths, using the
descanned optical path of the Leica SP5MP confocal spectral scanner.
Two-Photon Microscopy Imaging. EGFR-positive A431 cells

(human epidermoid carcinoma) were cultured in HyClone DMEM/
high glucose (GE Healthcare Life Sciences) media supplemented with
10% FBS and 1% PS penicillin−streptomycin (Life Technologies) in a
humidified atmosphere and 5% CO2 at 37 °C. Cells were seeded in a
Nunc glass base dish (Thermo Fisher Scientific, 150682, 27 mm) at
500 000 cells/well. The cell membrane was stained with CellLight
plasma membrane-CFP, BacMam 2.0 (Molecular Probes) according
to the manufacturer’s instruction. Then, 5 nm aEGFR-AuNPs were
added to cells at a final concentration of 2.36 μg/mL and incubated at
37 °C. After incubation, cells were washed with warm PBS containing
Ca2+ and Mg2+ to remove free nanoparticles before cell collection
using trypsinization. Cells were collected by centrifugation at 300g for
10 min. The cell pellets were reconstituted in 100 μL of 4%
paraformaldehyde (Electron Microscopy System) in PBS. Then, 79.5
μL of fixed cells was added to 69 μL of 10.76 mg/mL collagen mixed
with 1.5 μL of 1 M NaOH. The mixtures were added to Lab-Tek II
eight-well chambered coverglass (Nalge Nunc International) and
incubated at 37 °C for 20 min to form a collagen gel. TP imaging was
performed using a Leica TCS SP5MP/DMI6000-based laser scanning
microscope system (Leica Microsystems). The system included two
Mai Tai titanium sapphire femtosecond-pulsed lasers (Spectra
Physics), two electro-optical modulators (EOM, Linos), custom
polarization-based merge optics, and a 25× NA 1.1 water immersion
objective (Nikon). The emitted light was detected using a four-
channel nondescanned detector (Leica) consisting of two photo-
multiplier tube detectors and two hybrid avalanche photodiode
photomultiplier tube detectors (HyD) optically arranged with
appropriate dichroic mirrors and bandpass filters (450−500, 500−
520, 518−558, and 560−680 nm, Semrock). Excitation at 830 nm was
used for most image capture except for excitation scanning. Some
spectral emission overlap exists between CFP, AuNP, and AF647
signals depending on each channel wavelength bandpass and detector
amplification settings. The spectral bleed through, typically ∼33%
(CFP to AuNP channel) and 34% (AuNP to CFP channel), was
removed by linear unmixing using the Dye Separation function in the
LAS software. For quantitative analysis of cell images, intensity-based
thresholds were applied at 10% and 4% of the maximum intensity of
the AuNP luminescence and AF647 fluorescence, respectively. The
degree of colocalization was analyzed using the colocalization function
in Imaris software (Bitplane) in terms of the Pearson’s or Mander’s
coefficients.
Using constant microscope illumination and detection settings, the

brightness of TPL of colloidal 5 nm aEGFR-AuNPs and intracellular 5
nm aEGFR-AuNPs was determined as the average pixel intensity in
the regions of interest segmented at 10% of the maximum intensity
threshold. The TPL brightness values obtained from intracellular 5
nm aEGFR-AuNPs were divided by the intensity of the colloidal 5 nm
aEGFR-AuNPs to determine the relative signal intensity.
Two-Photon FLIM Setup. Two-photon excited lifetime imaging

was performed using the same Leica SP5 TCS system as above, by
laser gating and time-correlated single-photon counting managed by
the SPC-150/DP-120 lifetime imaging subsystem (Becker & Hickl).
The 1 femtosecond laser was tuned to 830 nm with ∼1.4 W infrared
power at the laser output, and the beam intensity was decreased to
12.5% or 25% by a neutral density filter and passed through one EOM
and dual-stacked broadband polarizers. Infrared power at the
objective back aperture was in the 25−55 mW range. Time-correlated
single photon counting was performed with bidirectional scanning in
512 × 512 or 1024 × 1024 formats (2.42 or 1.21 μm pixel size at
zoom setting 1, respectively). Lifetime images were generated using
the SPCImage software (Becker & Hickl). Characteristic lifetimes of
each component5 nm AuNPs, AF647, and CFPwere determined
using control samples, respectively: (1) cells incubated for 24 h with 5
nm AuNPs conjugated with unlabeled aEGFR antibodies; (2) cells
incubated for 24 h with aEGFR-AF647 antibodies; and (3) cells
expressing CFP on their membranes.

For experimental specimens, images of component lifetime
amplitudes were calculated, on a pixel-by-pixel basis, by curve fitting
to double- or triple-exponent models:
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where ai= amplitude of the lifetime components.
TEM Preparation and Analysis. Cells labeled with 5 nm aEGFR-

AuNPs were fixed with a solution containing 3% glutaraldehyde and
2% paraformaldehyde in 0.1 M cacodylate buffer, pH 7.3. Then, the
samples were washed in 0.1 M sodium cacodylate buffer and treated
with 0.1% Millipore-filtered cacodylate-buffered tannic acid, followed
by treatment with 1% buffered osmium and staining en bloc with 1%
Millipore-filtered uranyl acetate. The fixed, stained samples were
dehydrated in increasing concentrations of ethanol and embedded in
LX-112 medium. The resin was polymerized in a 60 °C oven for
approximately 3 days. Ultrathin sections were cut using a Leica
Ultracut microtome (Leica, Deerfield, IL, USA), stained with uranyl
acetate and lead citrate in a Leica EM stainer, and examined in a JEM
1010 transmission electron microscope (JEOL, USA, Inc., Peabody,
MA, USA) at an accelerating voltage of 80 kV. Digital images were
obtained using the AMT imaging system (Advanced Microscopy
Techniques Corp, Danvers, MA, USA). Nanoparticles in 48 TEM
images were manually counted (2866 AuNPs in total) to categorize
the cellular location based on organelles’ morphological features.
Nanoparticles in vesicles, including endosomes and lysosomes, were
called “membrane-encased”. Particles located in the cytosol away from
any membranous structures were classified as “nonencased”. Particles
closely located in the plasma membrane without being encased in a
subcellular membrane were categorized as having a “plasma
membrane” localization. Particles were assigned to be in a “vacuole”
if a membrane-encased organelle was bigger than 500 nm in diameter
and had no submembrane organelles inside. To estimate center-to-
center distances between particles, particles from TEM images were
outlined using the spots function in IMARIS (Bitplane). Then,
interparticle distances were plotted as a histogram.

Fluorescence Measurements of 5 nm aEGFR-AuNPs
Incubated with GSH and DTT. Samples of 5 nm aEGFR-AuNPs
conjugated with AF647-labeled antibodies were prepared at OD =
0.906 of the plasmonic peak of AuNP cores, corresponding to 95.3
nM of AuNPs. The concentration of gold nanoparticles was
determined using their optical density.78 Nanoparticle conjugates
were mixed with glutathione (Thermo Fisher Scientific) and
dithiothreitol (Thermo Fisher Scientific) at pH 6 in PBS at a
concentration of 650 μM and 10 mM, respectively. AF647
fluorescence was recorded immediately after addition of GSH or
DTT every 2.5 min over 120 min using a Synergy HT microplate
reader (BioTek Instruments, Winooski, VT, USA). AF647-labeled
antibodies without conjugating linker were mixed with PEGylated 5
nm AuNPs at 2.7 molar excess at pH 6 in PBS to create a control
representing complete displacement of labeled antibodies from the
gold nanoparticles; the antibody molar excess was based on the
average number of antibodies attached to the particles in 5 nm
aEGFR-AuNP conjugates. AF647 fluorescence of the control was
measured over time using the same conditions as for the GSH and
DTT mixtures with 5 nm aEGFR-AuNPs to account for fluorescence
quenching. Fluorescence changes were indicated as unquenching
using the following equation:
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where Ft,a is the fluorescence of 5 nm aEGFR-AuNPs mixed with
GSH or DTT at pH 6 in PBS at a specific time point and Ft,b is the
fluorescence of PEGylated 5 nm AuNPs mixed with AF647-labeled
antibodies at a specific time point at pH 6; the concentrations of gold
nanoparticles and antibodies were matched with their concentrations
in 5 nm aEGFR-AuNP conjugates; and Ft,0 is the fluorescence of 5 nm
aEGFR-AuNPs at pH 6 at a specific time point.
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Statistical Analysis. ANOVA with Tukey’s multiple comparison
tests was used to compare the means of more than two groups
simultaneously. A p-value of less than 0.05 was considered statistically
significant. Pearson’s correlation was used to evaluate a linear signal
correlation between two variables.
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(68) Piella, J.; Bastuś, N. G.; Puntes, V. Size-Controlled Synthesis of
Sub-10-Nanometer Citrate-Stabilized Gold Nanoparticles and Related
Optical Properties. Chem. Mater. 2016, 28 (4), 1066−1075.

(69) Reifarth, M.; Hoeppener, S.; Schubert, U. S. Uptake and
Intracellular Fate of Engineered Nanoparticles in Mammalian Cells:
Capabilities and Limitations of Transmission Electron Microscopy
Polymer-Based Nanoparticles. Adv. Mater. 2018, 30 (9), 1703704.
(70) Reimers, J. R.; Ford, M.; Marcuccio, S. M.; Ulstrup, J.; Hush, N.
S. Competition of van der Waals and Chemical Forces on Gold−
Sulfur Surfaces and Nanoparticles. Nat. Rev. Chem. 2017, 1, 0017.
(71) Smith, C. V.; Jones, D. P.; Guenthner, T. M.; Lash, L. H.;
Lauterburg, B. H. Compartmentation of Glutathione: Implications for
the Study of Toxicity and Disease. Toxicol. Appl. Pharmacol. 1996,
140 (1), 1−12.
(72) Li, N.; Larson, T.; Nguyen, H. H.; Sokolov, K. V.; Ellington, A.
D. Directed Evolution of Gold Nanoparticle Delivery to Cells. Chem.
Commun. (Cambridge, U. K.) 2010, 46 (3), 392−4.
(73) Sato, K.; Hosokawa, K.; Maeda, M. Non-Cross-Linking Gold
Nanoparticle Aggregation as a Detection Method for Single-Base
Substitutions. Nucleic Acids Res. 2005, 33 (1), e4−e4.
(74) Moaseri, E.; Stover, R. J.; Changalvaie, B.; Cepeda, A. J.;
Truskett, T. M.; Sokolov, K. V.; Johnston, K. P. Control of Primary
Particle Spacing in Gold Nanoparticle Clusters for Both High NIR
Extinction and Full Reversibility. Langmuir 2017, 33 (14), 3413−
3426.
(75) Chanana, M.; Rivera Gil, P.; Correa-Duarte, M. A.; Liz-Marzan,
L. M.; Parak, W. J. Physicochemical Properties of Protein-Coated
Gold Nanoparticles in Biological Fluids and Cells before and after
Proteolytic Digestion. Angew. Chem., Int. Ed. 2013, 52 (15), 4179−83.
(76) Yoon, S. J.; Murthy, A.; Johnston, K. P.; Sokolov, K. V.;
Emelianov, S. Y. Thermal Stability of Biodegradable Plasmonic
Nanoclusters in Photoacoustic Imaging. Opt. Express 2012, 20 (28),
29479−87.
(77) Kim, T.; Lee, C.-H.; Joo, S.-W.; Lee, K. Kinetics of Gold
Nanoparticle Aggregation: Experiments and Modeling. J. Colloid
Interface Sci. 2008, 318 (2), 238−243.
(78) Haiss, W.; Thanh, N. T.; Aveyard, J.; Fernig, D. G.
Determination of Size and Concentration of Gold Nanoparticles
from UV-Vis Spectra. Anal. Chem. 2007, 79 (11), 4215−21.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.0c08128
ACS Nano 2021, 15, 9495−9508

9508

https://doi.org/10.1021/nl062962v?ref=pdf
https://doi.org/10.1021/nl062962v?ref=pdf
https://doi.org/10.1021/jp502038v?ref=pdf
https://doi.org/10.1021/jp502038v?ref=pdf
https://doi.org/10.1021/nn901392m?ref=pdf
https://doi.org/10.1021/nn901392m?ref=pdf
https://doi.org/10.1021/nn901392m?ref=pdf
https://doi.org/10.1021/am502988u?ref=pdf
https://doi.org/10.1021/am502988u?ref=pdf
https://doi.org/10.1021/am502988u?ref=pdf
https://doi.org/10.1021/am502988u?ref=pdf
https://doi.org/10.1021/nl9018275?ref=pdf
https://doi.org/10.1021/nl9018275?ref=pdf
https://doi.org/10.1021/nl9018275?ref=pdf
https://doi.org/10.1021/ja400364f?ref=pdf
https://doi.org/10.1021/ja400364f?ref=pdf
https://doi.org/10.1016/j.jqsrt.2009.02.022
https://doi.org/10.1016/j.jqsrt.2009.02.022
https://doi.org/10.1103/PhysRevLett.93.127401
https://doi.org/10.1103/PhysRevLett.93.127401
https://doi.org/10.1021/nl100199h?ref=pdf
https://doi.org/10.1021/nl100199h?ref=pdf
https://doi.org/10.1117/1.3366646
https://doi.org/10.1117/1.3366646
https://doi.org/10.1016/j.colsurfb.2018.03.016
https://doi.org/10.1016/j.colsurfb.2018.03.016
https://doi.org/10.1016/j.colsurfb.2018.03.016
https://doi.org/10.1016/j.colsurfb.2018.03.016
https://doi.org/10.1016/j.colsurfb.2018.03.016
https://doi.org/10.1021/jp051631o?ref=pdf
https://doi.org/10.1021/jp051631o?ref=pdf
https://doi.org/10.1021/jp051631o?ref=pdf
https://doi.org/10.1371/journal.pone.0025507
https://doi.org/10.1371/journal.pone.0025507
https://doi.org/10.1371/journal.pone.0025507
https://doi.org/10.2217/nnm-2018-0326
https://doi.org/10.2217/nnm-2018-0326
https://doi.org/10.1021/nl070365i?ref=pdf
https://doi.org/10.1021/nl070365i?ref=pdf
https://doi.org/10.1021/bc100479t?ref=pdf
https://doi.org/10.1021/bc100479t?ref=pdf
https://doi.org/10.1021/acs.chemmater.5b04406?ref=pdf
https://doi.org/10.1021/acs.chemmater.5b04406?ref=pdf
https://doi.org/10.1021/acs.chemmater.5b04406?ref=pdf
https://doi.org/10.1002/adma.201703704
https://doi.org/10.1002/adma.201703704
https://doi.org/10.1002/adma.201703704
https://doi.org/10.1002/adma.201703704
https://doi.org/10.1038/s41570-017-0017
https://doi.org/10.1038/s41570-017-0017
https://doi.org/10.1006/taap.1996.0191
https://doi.org/10.1006/taap.1996.0191
https://doi.org/10.1039/B920865H
https://doi.org/10.1093/nar/gni007
https://doi.org/10.1093/nar/gni007
https://doi.org/10.1093/nar/gni007
https://doi.org/10.1021/acs.langmuir.6b04453?ref=pdf
https://doi.org/10.1021/acs.langmuir.6b04453?ref=pdf
https://doi.org/10.1021/acs.langmuir.6b04453?ref=pdf
https://doi.org/10.1002/anie.201208019
https://doi.org/10.1002/anie.201208019
https://doi.org/10.1002/anie.201208019
https://doi.org/10.1364/OE.20.029479
https://doi.org/10.1364/OE.20.029479
https://doi.org/10.1016/j.jcis.2007.10.029
https://doi.org/10.1016/j.jcis.2007.10.029
https://doi.org/10.1021/ac0702084?ref=pdf
https://doi.org/10.1021/ac0702084?ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.0c08128?rel=cite-as&ref=PDF&jav=VoR

