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ABSTRACT

Understanding the cellular uptake mechanism and intracellular fate of nanocarriers
in living cells is of great importance for the rational design of efficient drug delivery
cargos as well as the development of robust biomedical diagnosis probes. In this work,
with a dual wavelength view darkfield microscope (DWVD), the tempo-spatially

resolved dynamics of Tat peptide-functionalized gold nanoparticles (TGNPs, with size
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similar to viruses) in living HeLa cells were explored extensively. It was found that
energy-dependent endocytosis (both clathrin and caveolae mediated processes were
involved) was the prevailing pathway for the cellular uptake of TGNPs. The time-
correlated dynamic spatial distribution information revealed that TGNPs couldn’t
actively target the cell nuclei, which is contrary to previous observations based on fixed
cell results. More importantly, inheritage of TGNPs to the daughter cells through mitosis
was found to be the major route to metabolize TGNPs by HeLa cells. These
understandings on the cellular uptake mechanism and intracellular fate of nanocargos in
living cells would provide deep insight on how to improve and controllably manipulate

the translocation efficiency for targeted drug delivery.

Page 2 of 28



Page 3 of 28

Nanoscale

INTRODUCTION

Development of nonviral nanocargos for gene and drug delivery has aroused
considerable attention in nanomedicine over past years. A wide range of nanomaterials
have found to be good carriers in living cells, such as carbon nanotubes, liposomes,
mesoporous silica nanoparticles, gold nanoparticles and so on.' Among these functional
nanocarriers, gold nanoparticles received more attention because of their attractive
optical features, biocompatibility and versatile surface chemistry.*’ The pioneering
studies have demonstrated to deliver many types of biomolecules into living cells with
gold nanoparticles but displaying variable efficiencies.*'" Further investigations revealed
that different combinations of size, shape and surface coating usually result in the
nanocargo exhibiting very complex physicochemical features that significantly influence

the cellular uptake efficiency.'*"

To reach full potential in biomedical applications, a
general yet robust method is desired for the efficient delivery of nanocargos into living
cells.

A promising solution to this grand challenge is cell-penetrating peptides (CPPs),
which are typically composed of positively charged short amino acid sequences.'®"
Functionalization of CPPs to the nanocargo surface can greatly facilitate cellular uptake
of different types of cargos from nanosize particles to small chemical molecules and even
impermeable biomolecules.””* Transacting activator of transcription (Tat) peptide from
Human Immunodeficiency Virus 1 (HIV-1) is one of the most commonly studied CPPs.
Several studies have shown that covalent conjugation of Tat peptides to gold

nanoparticles with different size or shape all exhibited unprecedented cellular uptake

efficiency in various cell lines.”*?® Despite these great achievements, so far, there is still
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lacking of satisfactory model with predictive power on the mechanism of how Tat
peptide-functionalized nanocargos are internalized and metabolized by living cells. Even
for the simplest system (e.g., single peptide), various complicated cellular uptake
mechanisms are proposed owing to the ability of any biological system to react to

external and internal stimuli with a complex response.'**"%

In nanomaterial-based drug delivery system, it has been recognized that, the drugs or
functional materials have to be released into cytosol or be delivered to specific
subcellular organelles for the improvement of drug transportation and drug action,
reduced drug dosage, and minimized drug side effect.’®® Otherwise, the potential
biomedical usefulness of drugs would be limited, since those reagents would never
participate in any cytosolic or organelle-based events. Until now, the knowledge of
cellular uptake mechanism and intracellular fate of Tat peptide-functionalized nanocargo
is still at the stage of information gathering. There have fruitful yet debatable scenarios
been proposed on this concern so far.”****® For example, several reports demonstrated
that most of the nanoparticles are taken up by cells via endocytosis and generally
confined in the endocytic vesicles until they are eventually cleared by exocytosis.’**®
Alternatively, there are some experimental results also showed that distinct cellular
uptake mechanisms involve the ability of the nanoparticles to enter into the cytosol and

even exhibit the capability to specifically target the cell nucleus.”>*

Clearly, from the point of building up new generation efficient drug carriers, it is of
great importance to develop a full and detailed understanding of the complex processes
that govern the cellular uptake and intracellular fate of Tat peptide-functionalized

nanocarriers. So far, several methods have been adopted to investigate the cellular fate of
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Tat peptide-functionalized gold nanoparticles (TGNPs), such as TEM, silver enhanced
staining and so on.****° Although TEM results can provide high spatial resolution
information about the intracellular distribution; a critical limitation is that the knowledge
is not directly elucidated in-situ. During the time-consuming cell fixing process,
additional errors might be introduced."” A more convincing strategy to comprehend the
interesting yet complicated cellular dynamics of TGNPs is to track their motions in living

cells in real time.

In this work, by taking the advantage of the localized plasmon resonance property of
gold nanoparticles, we explored the dynamics of TGNPs in living cells with dual
wavelength view darkfield microscope (DWVD).* Several remarkable conclusions were
drawn based on the tempo-spatially resolved microscopic imaging results. From the
comprehensive control experiments, it was demonstrated that TGNPs entering into HeLa
cells were basically guided by energy-dependent endocytosis (both clathrin- and
caveolae-mediated were involved). The internalized TGNPs were predominantly
confined inside the endocytic vesicles. No membrane rupture was observed.
Alternatively, motor proteins guided continuous fusing and splitting on cellular
cytoskeletons were the dominant routes causing TGNPs-loaded vesicles aggregation and
redistribution inside the living cells, which also resulted in apparent nuclear targeting
during the mitosis process. More interestingly, inheritage of TGNPs to daughter cells was

found to be the dominant pathway to metabolize TGNPs by HeLa cells.
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RESULTS AND DISCUSSION

Fabrication and characterization of TGNPs.

Previous investigations have revealed that the shape, size, surface charge as well as
coating of drug carriers are the major factors controlling the cellular uptake

efficiency.'>'**

From the perspective of size effect, it was demonstrated that a spherical
nanoparticle with diameter around 50 nm would exhibit the highest efficiency for cellular
internalization owing to the favorable size dimension for membrane curvature
generation.42 In this consideration, we chose 60 nm spherical gold nanoparticles (60 = 2.5

nm based on TEM measurement) as a model system to investigate the cellular uptake

mechanism as well as the tempo-spatial distribution of TGNPs in living cells.

Since the experiments will be performed in cell culture medium and inside living
cell where high salt concentration and complicated biomolecules will exist, a good
colloidal stability should be the primary requirement for TGNPs in this study. Besides,
another important consideration is the stability and biological functionality of Tat
peptides after being coated on the nanoparticle surface. These two fundamental
requirements are satisfied through the modification strategies as shown in Figure 1. By
taking the advantage of versatile gold-thiol chemistry, we anchored Tat peptides on the
surface of gold nanoparticles with a NHS functionalized PEG linker (SH-PEG-NHS, with
a thiol group on the other end). This design exhibits two noticeable benefits. Firstly,
because of the covalent gold-thiol linkage, Tat peptides can be stably attached on the gold
nanoparticle surface even in cell culture medium. Secondly, the spacer (PEG) can shield
the direct interaction between Tat peptides and gold nanoparticle surface, which thus

maintains the native biological function of Tat peptides. In addition to the stability of Tat
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peptides, nonspecific binding of biomolecules on the nanoparticle surface might
complicate the biological functionality of Tat peptides. To handle this issue, another
thiolated PEG molecule (SH-PEG-CH3) was introduced to block those remaining

anchoring sites on gold nanoparticle surface.

A set of comprehensive characterizations was applied to estimate the stability of
TGNPs and the performance of biological modification process. Since the resonant
scattering condition of plasmonic nanoparticles is very sensitive to the dielectric constant
of the surrounding close to the nanoparticle, UV-vis absorption spectrum can then be
utilized to confirm the modification process. Figure 1b shows the typical UV-vis spectra
of 60 nm gold nanoparticles before and after Tat peptides modification. As indicated in
the inserted plot, a 3 nm red shift can be readily found after the modification process,
indicative of the successful conjugation of Tat peptides on the gold nanoparticle
surface.’” The increased zeta potential from -32 mV to -20 mV further confirms this

point.

Then we explored the colloidal stability of TGNPs in cell culture medium and
different salt concentrations. Since the objective of this investigation is to explore the
tempo-spatially resolved dynamics of TGNPs in living cells, it is more interesting to
statistically evaluate the stability of the nanocargo at single particle level rather than
ensemble spectroscopic measurement. It is well known that the scattering cross-section
of plasmonic nanoparticles scales as a function of the six power of their radius.* Thus,
the scattering intensity of individual object in the darkfield image is a sensitive and
accurate criterion to assess the stability and dispersiveness of TGNPs.>”** The statistical

distributions of scattering intensity from individual spots in different surroundings are
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shown in Figure lc. The particles modified according to above described strategy
exhibited superior stability over a broad range of salt concentrations as well as in cell
culture medium, indicative of a stable linkage between gold nanoparticles and ligands on
the surface. In sharp contrast, the particles without modification were aggregated rapidly

within 5 mins even in 50 mM NaCl solution, Figure S1.
Diffusion dynamics of TGNPs on cell membrane.

With a standard darkfield microscope, it is difficult to differentiate individual gold
nanoparticles with size down to 100 nm in living cells.***> The major obstacle is the
strong background noise from cellular organelles owing to the mismatch of refractive
index between subcellular organelles and cell cytosol. Since the elastic scattering
efficiency of cellular organelles is typically insensitive to the wavelength of light source
over a broad range as observed in our previous experiment, it is therefore possible to
differentiate small size gold nanoparticles from cellular background with a DWVD

imaging modality based on the benefit of plasmon resonance effect of TGNPs, Figure 2.*

Earlier works have shown that either energy-dependent (endocytosis) or -
independent processes (such as direct penetration) are adopted by living cells for the
internalization of CPPs, where the peptide-membrane interaction plays a dominant role
on this process.'”*’* Exploring the diffusion dynamics of TGNPs on cell membrane
would therefore afford insightful information on the accurate elucidation of cellular
internalization mechanism. In this regard, we tracked the membrane dynamics of
individual TGNPs with DWVD. Interestingly, those trapped nanoparticles on cell
membrane were not firmly adhered on the initial contact points. The majority of TGNPs

were diffusing on the cell membrane at a relatively long-range scale with a slowed
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diffusion coefficient of 0.003+0.001 pm?/s, Figure 3. This kind of long-term and large-
scale lateral diffusion is notably distinct from that of CTAB-modified gold nanoparticles
(positively charged with the same size), Figure S2. In this control, the nanoparticles were

effectively confined at the initial anchoring sites without noticeable lateral diffusions.

It is worth noting that the isoelectric point of Tat peptide is around 12. In cell culture
medium, TGNPs might exhibit a tendency to spontaneously assemble onto the negatively
charged cell membrane via electrostatic associations. In other words, the membrane
association process would not be the rate-limiting step in consideration of the vigorous
thermal diffusion. Since this kind of association is recognized to be mainly regulated by
thermal diffusion, the cell membrane can thus provide even opportunity for the
internalization of trapped nanoparticles at any anchoring site as noted in the control

(CTAB-modified nanoparticles).

Obviously, the scenario based on electrostatic association cannot well account for
the above observations. The long-range membrane diffusion indicates a heterogeneous
membrane environment where TGNPs have to diffuse and then survey suitable anchoring
sites for the concomitant penetration process. Even though the electrostatic interaction
can promote the adsorption process, it is still not sufficient to directly guide the
nanocargo in crossing the cell membrane. Further inspection of the lateral diffusion
trajectories led to an interesting observation that the majority of nanocargos underwent
noticeable hop diffusions as shown in Figure 3b. This behavior is remarkably distinct
from that in the control experiment (Figure S2) as well as the behavior of single Tat
peptides on lipid membrane (confined random diffusion).*® The anchoring time at each

step varies from time to time, indicative of heterogeneously distributed interaction
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strength not only in the spatial region but also in the temporal domain. Meanwhile, by
statistically analyzing the step size from individual particles, an apparent asymmetric
distribution can be readily observed, confirming a non-Brownian diffusion mode, Figure
3b. This kind of diffusion is analogous to previous observations from transferrin-
modified nanocargo on living cell membrane (ligand-guided endocytosis pathway) and is
also different from the confined random diffusion of Tat peptides on model lipid
membrane.***’ The above observations give rise to a strong point that the cellular uptake
of TGNPs is not guided by pure energy-independent physical association and penetration.

This argument is further confirmed by the following control experiments.
Cellular uptake mechanism.

It is well known that hydrophilic substances passing through the hydrophobic
plasma or cell membrane is a kinetically unfavorable process. For living cells,
endocytosis is the dominant pathway to import external substances. To determine the key
factors regulating the cellular uptake process of TGNPs, HeLa cells were co-incubated
with TGNPs at 4 °C where the energy-dependent endocytic process would be inhibited
due to the deactivation of ATPase.® As shown in Figure 4, a drastic inhibition of
internalization was observed in contrast to that at 37 °C, indicating that energy-dependent
endocytosis plays a dominant role on the cellular uptake process. It is worthy of note that
HeLa cells are typically considered as nophagocytosing cells, the inhibition of particle
internalization by deactivation of ATPase may reflect inhibition of either clathrin- or

caveolae-mediated endocytosis, or a combination of these two."?

In order to more clearly comprehend the role of specific endocytic pathway, the

HeLa cells were treated with two well known biochemical inhibitors for endocytosis
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processes, Dynasore (an inhibitor of clathrin-mediated endocytosis by deactivating
dynamic-GTPase) and genistein (an inhibitor of caveolae-mediated endocytosis by
deactivating isoflavone tyrosine kinase)."*** As shown in Figure 4c, when HeLa cells
were treated with Dynasore, an obvious suppression of internalization was observed in
comparison with that without drug treatment. Analogous inhibition effect was also noted
in the genistein control, Figure 4d. However, despite the reduced uptake efficiency, few
TGNPs could still be distinguished inside the cell. No complete inhibition was found in
these two controls as that in the temperature control experiment. All of these observations
lead to a strong argument that both clathrin- and caveolae-mediated endocytosis might
involve in the uptake process. To confirm this assumption, we treated HeLa cells with
Dynasore and genistein simultaneously. In this control, given the above hypothesis is
valid, we then expect to observe a more effective inhibition of cellular internalization. As
demonstrated in Figure 4e, remarkable inhibition was found which is reminiscent of the
temperature control. Taken together, the above experimental results clearly suggest that
the cellular internalization of TGNP by HeLa cell is regulated in a complex way where

both clathrin- and caveolae-mediated endocytosis processes are involved.
Clustering and redistribution of TGNPs inside HeLa cells.

Once the nanocargo was delivered into living cell, two important concerns should be
addressed: how it moves inside the cell and where it finally locates after a complete cell
cycle. These two messages are fundamentally important because the fate of those
nanocargos will finally determine their biomedical functionality. With DWVD, the
spatial distribution of internalized TGNPs within living cell can be recorded in a non-

invasive way (i.e. three-dimensional section imaging), Figure S3. As time goes on, the
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number of nanoparticles on cell membrane increased gradually. Around one hour later
(after the TGNPs was added to the culture dish), individual TGNPs appeared inside the
cytosol, Figure S3. In order to selectively and continuously track the intracellular
dynamics and map the fate of those internalized nanocargos, we chose one hour as a dead
point for the co-incubation process. Those excess nanoparticles in solution or
nonspecifically and loosely adsorbed on the cell membrane were then washed away with

cell culture medium.

Figure 5 shows a set of time evolution images at different time points. Before 3 h,
most of TGNPs were distributed around the cell and the scattering intensity from those
spots was relatively homogeneous, indicating that the cellular translocation process of
TGNPs favors a monomer way. This observation is in good agreement with previous
experimental results by using transferrin-coated gold nanoparticle as the probe.*' A clear
transition point could be observed at around 6 h. Noticeable aggregated clusters were
gradually found around the cell and the scattering intensity from them was not
homogeneously distributed. These results demonstrate that the movement of
nanoparticles within the cell is not regulated by thermal diffusion while they can still
gradually aggregate in a heterogeneous manner as time goes on. This kind of aggregation
notably deviates from the mechanism of either diffusion-controlled or reaction-limited
self-aggregation.”® More importantly, the internalized nanoparticles were still randomly
distributed around the cell even 6 h later. No active nuclear targeting effect was observed,

which is apparently contrary to the previous observations.”

Interestingly, around 12 h later, the aggregated clusters were concentrated around

the cell nuclei and the size of those clusters became much bigger. However, this kind of
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targeting is not stable. The concentrated clusters could again scatter toward the outer
sphere of membrane as shown at around 18 h. No further nuclear targeting was observed
until 36 h (after a complete cell cycle) except the slowly increased cluster dimension.
This periodic nuclear targeting process gives rise to a strong argument that those particles

within the living cells cannot actively target cell nuclei by thermal diffusion.

According to above results, it is thus significant to explore why these TGNPs
cannot actively target HeLa cell nuclei? In order to address this question, we tracked the
intracellular dynamics of individual internalized objects. As shown in Figure S4, those
particles were either moving in a directed fashion or confined within a vesicle. Thermal
energy induced random diffusion within the cell was not observed. These observations
are well consistent with the above conclusion that endocytosis is the dominant pathway
for these TGNPs. After the endocytosis process, the majority of particles were still
confined within endocytic vesicles, which effectively froze their thermal diffusion and
might guide them move along microtubules (directed movements). This argument is
further confirmed by labeling the endosomes with acridine orange (a dye that is used to
label acidic endosomes).”’ As shown in Figure S5, the majority of internalized TGNPs
within HeLa cell could be co-localized with acridine orange labeled acidic vesicles.
However, it is very strange why those trapped nanoparticles could gradually aggregated
within the living cell? Further inspection of the dynamics of individual objects, an
interesting observation was found that motor proteins directed movements on
microtubules exhibited a tug-of-war behavior, causing different endocytic vesicles fusing
together or splitting away, which clarifies the heterogeneous aggregation process for

these internalized TGNPs, Figure 6. This kind of real time dynamics are difficult to be
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elucidated with other static measurements such as TEM or SEM.*¢°

Furthermore, these
observations also confirmed that the apparent nuclear targeting effect from TGNPs is not
an active targeting process initiated by Tat peptides, which is actually regulated by motor
proteins (or the cell itself). At different cell cycles, motor proteins will guide the
nanoparticles transport on the cell cytoskeletons toward specific directions. Therefore,

more attention should be paid to interpret the intracellular fate of functionalized

nanoparticles when using static characterization methods.

Besides the tempo-spatially resolved distribution information, another important
question is the metabolic mechanism of TGNPs by living cells, which has also aroused
great debates recently. Some evidences have shown that the nanoparticles taken up by
endocytosis are generally confined in endocytic vesicles until they are eventually cleared
by exocytosis.”**'"? To explore whether similar manner was adopted herein; atomic
absorption spectrum (AAS) is applied to monitor the fluctuation of gold content within
HeLa cells. We firstly co-incubated TGNPs with several batches of HeLa cells for 1 h in
serum-free DMEM. The content of TGNPs remained in cell culture medium were washed
out and determined with AAS. Then, TGNPs-loaded HeLa cells were supplemented with
fresh culture medium and incubated for different time scales. The content of TGNPs
inside or excreted by HeLa cells at different time points were determined by digesting
HeLa cells or the fresh culture medium in aqua regia respectively. Provided the particles
could be excreted via exocytosis, the content of particles in fresh cell culture medium
should gradually increase as a function of time while those inside HeLa cells should be
decreased concomitantly. As shown in Figure 7, the content of TGNPs within HeLa cells

didn’t change as a function of time, which is also consistent with the results from original
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cell culture mediums. No detectable TGNPs were found in the fresh culture mediums
(comparable to the baseline), if any. These results directly indicate that the internalized
TGNPs were mainly kept inside the cell even after a complete cell cycle (see the results
24 h later). Exocytosis was not adopted in this case. The microscopic imaging result
further confirms this conclusion, Figure 5, where no observable particle was detected
around the cell periphery even 24 h later. Based on these experimental results, it is
reasonably to propose that inheritage of nanoparticles to the next generation cells should

be the dominant pathway to metabolize TGNPs by HeLa cells.
CONCLUSION

In summary, with DWVD, the tempo-spatially resolved cellular dynamics of drug
delivery nanocargo, TGNPs, were explored in living HeLa cells. It was found that
energy-dependent endocytosis (both clathrin and caveolae mediated processes were
involved) was the dominant pathway for the HeLa cells’ uptaking TGNPs. The single
particle tracking experiments on living cell membrane revealed unusual hop diffusions,
which is remarkably different from the dynamics in the control experiment (CTAB
modified gold nanoparticle). Alternatively, this kind of movement is reminiscent the
behavior of ligand-modified nanocargo (such as transferrin) on living cell membrane.
Based on the time-correlated dynamic spatial distribution information, it was found that
TGNPs could not actively target cell nuclei, which is contrary to previously proposed
conclusion based on fixed cell results. Motor proteins directed movement was the
essential source to drive TGNPs transporting in HeLa cells. More importantly,
propagation of TGNPs to the daughter cells through mitosis was found to be the sole

pathway to dilute (or exclude) them in living cells.
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Although above knowledge is elucidated from a model system (i.e. spherical gold
nanoparticles and HeLa cells), this work can, in principle, provide several important
insights for the rational design of high efficient drug carriers with CPPs. For example, to
improve the drug action, additional stimuli mechanisms are suggested to adopt to trigger
drug release from the endocytic vesicles such as pH change, light, and temperature
changes. To achieve subcellular targeting capability, other signaling molecules are
recommended to further attach on the nanocargo surface. The dosage of nanocargo
applied in the treatment is also an important concern from the consideration of the
metabolizing mechanism as noted above. Furthermore, because of the versatility of
DWVD, this living cell imaging platform would display broad potentials in the
exploration of dynamic nanoparticle-cell interaction mechanisms in living cells in the

future.
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Figure 1. a) schematic diagram of TGNPs functionalization. b) UV-vis absorption

spectra of 60 nm gold nanoparticles (green) and TGNPs (red). ¢) from front to back are

the scattering intensity distributions of single gold nanoparticles in water, TGNPs in 50,

100, 200 mM sodium chloride solution and cell culture medium without and with serum

respectively. d) from front to back are scattering intensity distributions of TGNPs in

serum-free cell culture medium with incubation time of Oh, 2h, 6h, 12h, 18h and 24 h

respectively.
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Figure 2. a) typical DWVD image of single HeLa cell co-incubated with TGNPs at 37 °C
for 0.5 h. The scattering images from 445 nm and 532 nm channels are shown in the left
and right sides, respectively. Due to the plasmon resonance effect, the scattering
efficiency of TGNPs in 532 nm channel is notably higher than that in 445 nm channel.
By merging the images from 445 nm (using green color) and 532 nm (using red color)
channels into a single color-coded image, the noise from cellular organelles (white arrow,
orange spot in the merged image) can therefore be effectively distinguished from TGNPs
(red arrow, red spot in the merged image) as shown in b). c) the corresponding color-
coded three dimensional section images of HeLa cell from top to down with stepping size

around 300 nm.
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Figure 3. a) representative diffusion trajectory of single TGNP on HeLa cell membrane.
Inserted is the distribution of two dimensional diffusion coefficients of TGNPs on HeLa
cell membrane. b) the corresponding one dimensional trajectories in X (green) and y (red)

directions respectively. Inserted plot is the statistical analysis of two-dimensional step

size from 68 TGNPs.
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Figure 4. a) and b) are the color-coded two channel merged images of HeLa cells co-

incubated with TGNPs at 37 °C and 4 °C respectively. Typical TGNPs are indicated with
red arrows. From c) to e) are the biochemical inhibitor studies by treating HeLa cells with

Dynasore, genistein, and both of them respectively. Scale bar 10 pm.
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Figure 5. Intracellular distributions of TGNPs in HeLa cells as a function of time. The

edges of cell membrane and nuclei are marked with white lines. Scale bar 10 um.
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Figure 6. Motor proteins guided vesicles fusing (a) and splitting (b) on cell

cytoskeletons.
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Figure 7. Atomic absorption spectrum measurements of TGNPs content within HeLa

cells (green dots) as a function of time by co-incubating TGNPs with HeLa cells for 1 h

and then washed out those left in cell culture medium (gray dots). Those TGNPs excreted

by cells at different time points are shown with red dots.
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With a dual wavelength view darkfield (DWVD) microscope, the tempo-spatially
resolved dynamics of Tat peptide-functionalized gold nanoparticles (TGNPs) in living
HeLa cells were studied. Energy-dependent endocytosis (both clathrin and caveolae
mediated processes were involved) was found to be the prevailing pathway for the
cellular uptake of TGNPs. The time-correlated dynamic spatial distribution information
revealed that TGNPs could not actively target the cell nuclei and inheritage of TGNPs to
the daughter cells through mitosis was the major route to metabolize TGNPs by HeLa

cells.



