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Cellular fate of nanoparticles is vital to application of nanoparticles to cell imaging, bio-sensing, drug
delivery, suppression of drug resistance, gene delivery, and cytotoxicity analysis. However, the current
studies on cellular fate of nanoparticles have been controversial due to complications of interplay between
many possible factors. By well-controlled experiments, we demonstrated unambiguously that the
morphology of nanoparticles independently determined their cellular fate. We found that nanoparticles
with sharp shapes, regardless of their surface chemistry, size, or composition, could pierce the membranes of
endosomes that carried them into the cells and escape to the cytoplasm, which in turn significantly reduced
the cellular excretion rate of the nanoparticles. Such features of sharp-shaped nanoparticles are essential for
drug delivery, gene delivery, subcellular targeting, and long-term tracking. This work opens up a
controllable, purely geometrical and hence safe, degree of freedom for manipulating nanoparticle-cell
interaction, with numerous applications in medicine, bio-imaging, and bio-sensing.

T
he cellular fate of nanoparticles (NPs), i.e., their intracellular translocation after cellular uptake and their
final destiny, is relevant not only to their cytotoxicity1,2, but also to NP-based drug delivery3,4, gene delivery5,6,
long term tracking7,8, and bio-sensing9,10. While a large amount of research work has been devoted to

studying endocytosis (a major route of NPs’ cellular uptake11–14), only limited understanding has been obtained
on NPs’ cellular fate after they enter the cells. Right after endocytosis the NPs reside in membrane-bounded
vesicles11,15 (i.e., endosomes, which would evolve into lysosomes or autophagosomes16,17 at a later stage). The
intracellular translocation largely depends on whether the NPs can escape from the endosomes, and so does the
NPs’ final destiny. Whether or not the NPs can escape into cytoplasm before the endosomes mature into
lysosomes is critical to the efficacy of NP-assisted delivery of drugs4, DNA18, siRNA19, or protein20. Therefore
it is highly desirable to understand and control the trespass processes of NPs across the endosomal membranes.

However, the study of cellular fate of NPs has been complicated by interplay of various chemical and electro-
static interactions between NPs and the lipid bilayer membranes of endosomes. Some studies showed the
importance of the surface composition21–25 and charge3,26,27. Other recent studies revealed the effects of NPs’
aspect ratios28 on NP-membrane interaction, which allude to the relevance of morphology in membrane pen-
etration of NPs. The discovery of cell penetration of sharp-edged graphene29 also indicated the role of morpho-
logy. These apparently contradicting observations, together with the difficulty in excluding the interplay of
various chemical, electrostatic, and morphological factors by control experiments, make the mechanisms of
NPs’ cellular fate an open question.

In this study, we unambiguously demonstrated the role of the morphological features in determining the
cellular translocation dynamics and fate of NPs by a series of control experiments. We employed well controlled
surface modification to separate the morphological effects from the surface composition and charge effects
(Fig. 1). In particular, we found NPs with sharp corners and edges could easily break the endosomal membranes
and in turn reside in cytoplasm for a long time without being excreted, regardless of their surface compositions,
charges, materials, and sizes. In contrast, spherical NPs have distinctively different cellular dynamics: they stably
remain in endosomes after endocytosis, evolve with endosome maturation, and can be easily excreted via
exocytosis30. This discovery of the morphological effects on NPs’ cellular fate opens up a controllable, purely
geometrical and hence safe, approach to manipulating NP-cell interactions, which are useful for many applica-
tions such as NP-assisted drug delivery and long term tracking.
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Results
We started with the investigation of nanodiamonds (NDs) that had
irregular shapes with sharp corners. We found that such NDs
escaped from endosome to cytoplasm shortly (a couple of hours
on average) after their cellular uptake, and could hardly exit the cells
afterwards. These characteristics were completely opposite to those
of spherical SiO2 NPs (which resided in endosome or lysosome as
long as for days and had easy cellular excretion). Then we carried out
experiments that independently modified the surface composition
and morphology of the NDs, and examined the intracellular trans-
location of the modified NPs. The round-shaped NDs had cellular
dynamics similar to that of SiO2 NPs; the sharp-shaped NDs coated
with thin layers of SiO2 behaved similarly to uncoated sharp-shaped
NDs. These results evidenced the critical role of NPs’ morphology in
their intracellular trafficking. Such a mechanism was further con-
firmed by studying the cellular fate of Au NPs with different
morphological features, which had completely different surface
chemistry and electrostatic characteristics from those of NDs or
SiO2. We further established the correlation between the intracellular
translocation behavior and the cellular excretion of NPs, that is, the
NPs that pricked the endosomal membranes tended to stably retain
in cytoplasm with difficult cellular excretion.

Surprising intracellular dynamics and low excretion rate of nano-
diamonds. We employed fluorescent NDs with a physical size distri-
bution of tens to hundreds of nanometers (Supplementary Fig. S1a).
The aspect ratio of these crystalline particles was close to 1. They had
irregular shapes and most of them had at least 1–2 sharp corners
(Fig. 2a). The NDs’ average hydrodynamic radius, which reflected
their averaged ensemble size (representing the ‘‘actual size’’ during
NDs-cell interactions) when dispersed in aqueous solutions (Phos-
phate buffered saline (PBS) buffer in current study), was determined
as ,115 nm (Supplementary Fig. S2) by dynamic light scattering.
Fourier transform infrared spectroscopy (FTIR) spectrum (Fig. 2b)
of the NDs showed a peak at 1780 cm21, which is characteristic of the
C 5 O bonds, suggesting the predominance of 2COOH on the NDs’
surfaces31. The surfaces of such NDs were negatively charged, with
zeta potential measured as 228 mV at pH , 7.6 (Supplementary
Fig. S3). The nitrogen-vacancy (NV) centers in the NDs gave a
strong fluorescence peak at ,680 nm under excitation at 514 nm

(Supplementary Fig. S4), which we utilized for NDs tracking in the in
vitro experiments.

NDs were found to enter cells easily (Supplementary Fig. S5), and
endocytosis was identified as the major cellular uptaken mechanism
(Supplementary Fig. S6). Shortly after their cellular entry, the NDs
escaped from the endosomes and were translocated to cytoplasm.
After a long duration of incubation, the NDs were found mostly
outside the endosomes (overlap coefficient of NDs with endosome
markers gradually decreased from ,0.8 (1 hour) to ,0.1 (8 hours),
as shown in Fig. 2c–g & 2m). The NDs only resided in early endo-
somes, and they seldom had chance to be translocated to late endo-
some or lysosome, before they escaped to the cytoplasm (overlap
coefficient of NDs with lysotracker remained ,0.2 for all durations
of incubation, as shown in Fig. 2h–l & 2m).

Transmission electron microscopy (TEM) observations also con-
firmed that the NDs entered the cells via endocytosis and escaped the
endosomes to cytoplasm. TEM micrographs were taken for tens of
cell samples incubated with NDs for 24 hours to find the intracellular
localization of the NDs. For such a long incubation time, NDs were
occasionally observed in membrane-bounded vesicles (Fig. 2n), but a
majority of them were found in cytoplasm (TEM images in Fig. 2o–
q). In fact, some of the NDs were found in the process of ‘‘penetrat-
ing’’ the membranes of a vesicle (Fig. 2q). In addition, confocal
microscopy and TEM results showing similar NDs’ intracellular
translocation behaviors were also obtained in other cell lines exam-
ined. The only difference was the time scale of ND’s endosomal
escape (Supplementary Fig. S7 and Fig. S8).

Then we investigated excretion of the NDs. After incubation with
NDs for 12 hours, the cells were transferred to NDs-free culture
medium and incubated for another 12 hours. Confocal microscopy
images taken after the first 12 hours’ incubation showed that the
NDs had entered the cell interiors (Fig. 2r & s). Further incubation
in NDs-free medium resulted in negligible percentage of NDs
‘‘washed out’’ from the cells (Fig. 2t & u). The low excretion rate of
NDs was further confirmed by quantitative flow-cytometry data
(Supplementary Fig. S9). These results suggested correlation between
the cellular translocation and the excretion of the NPs. It has been
known that the usual route of NPs’ cellular excretion is via exocyto-
sis—a reverse process of endocytosis30,32. This process is assisted by
membrane-bounded vesicles30,33. When the NPs escaped to the

Figure 1 | Schematics of intracellular trafficking of nanoparticles with different morphological features. Left: A nanoparticle with low sharpness enters

the cell via endocytosis with the endosome as the vehicle, stably resides in the endosome, which evolves into the lysosome by endosomal maturation, and

finally exits the cell via exocytosis with the lysosome as the vehicle. Right: A sharp-shaped nanoparticle enters the cell via endocytosis with the endosome as

the vehicle and escapes the endosome by rupturing the endosomal membrane before the lysosome is formed. Without a lysosome as the vehicle, the

nanoparticle has very low excretion rate and will stay in the cytoplasm for a long time.
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Figure 2 | Intracellular translocation of sharp-shaped nanodiamonds from membrane bounded vesicles and stable residence in cytoplasm.
(a) High resolution TEM image showing the sharp corner of a typical nanodiamond. (b) FTIR spectrum of the nanodiamonds showing a characteristic

dip (1780 cm21) of a 2COOH rich termination surface. (c–g) Representative confocal microscopy images showing the fluorescent signals of endosome

markers (green) and nanodiamonds (red) in HepG2 cells after cell incubation with nanodiamonds in serum-free medium for (c) 1 hour, (d) 2 hours,

(e) 4 hours, (f) 8 hours and (g) 10 hours. The yellow spots show spatial overlap between nanodiamonds and endosomes (as marked by white arrows).

The observed low overlap for longer incubation durations indicates that the nanodiamonds escaped the endosomes. (h–l) Representative confocal

microscopy images showing the fluorescent signals of lysotracker (green) and nanodiamonds (red) in HepG2 cells after cell incubation with

nanodiamonds in serum-free medium for (h) 1 hour, (i) 2 hours, (j) 4 hours, (k) 8 hours and (l) 10 hours. Very low spatial overlap between

nanodiamonds and lysosomes was observed, indicating that most nanodiamonds escaped the endosomes before the lysosomes were formed. (m) The

overlap coefficients of nanodiamonds with endosomes (red symbols) or lysosomes (black symbols) functions of the incubation duration. (n–q) TEM

images showing the typical intracellular distribution of nanodiamonds in HepG2 cells after incubation in serum-free medium for 24 hours: (n) TEM

image of nanodiamonds residing in a membrane-bounded vesicle; (o, p) TEM images of nanodiamonds in the cytoplasm (majority); (q) TEM image of

nanodiamonds piercing the membrane of a vesicle. (r–u) Representative confocal microscopy images showing the uptake and excretion of nanodiamonds

in HepG2 cells as revealed by the fluorescence of nanodiamonds (red). The nuclei were stained by DAPI (blue). (r,s) HepG2 cells were incubated with

nanodiamonds in serum-free medium for 12 hours. Punctated red dots show effective cellular uptake of nanodiamonds. (t,u) HepG2 cells were incubated

for additional 12 hours in serum-free medium without nanodiamonds. The punctated-red-dot pattern remains unchanged, suggesting that most

nanodiamonds remained in cells without being ‘‘washed out’’.

www.nature.com/scientificreports
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cytoplasm as in the case of NDs in our experiments, their motion
became difficult. This was supported by the movement tracking
experiments of NDs inside live cells after 24 hours’ incubation
(Supplementary Fig. S10). Most of the NDs, tracked for tens of min-
utes inside cells, had small displacement (,1000 nm). The mean
velocity of NDs was estimated at , tens of nm/second, which was
two orders of magnitude lower than the typical velocity (,1 mm/
second) of molecular motors inside cells34. All tracked NDs presented
the ‘‘pearls-on-a-string’’ trajectories, which are characteristic of
immobile objective33. Immobilization reduced the probability for
the NDs to approach the plasma membrane, which is a prerequisite
for exocytosis or direct penetration to occur. Therefore the cellular
excretion rate was significantly suppressed.

The characteristics of cellular translocation and excretion of NDs
were completely different from those of amorphous SiO2 NPs
(Supplementary Fig. S11). The cellular uptake of SiO2 via endocytosis
has been well documented in literature35. Once inside the cells, they
stably resided in endosome or lysosome, and were seldom found in
cytoplasm (Supplementary Fig. S12). In addition, almost all of the

uptaken SiO2 NPs were ‘‘washed out’’ from the cells under similar
experimental conditions (Supplementary Fig. S13). We notice that
the NDs had sharp corners and edges, in contrast to the round-shape
of SiO2 NPs used in previous experiments (Supplementary Fig. S11).
While the observations suggested the role of the morphological fea-
tures of NPs, other factors such as the surface chemistry, surface
charge, and size of NPs have not been excluded yet. In our previous
study, SiO2 NPs with size ranging from 40–400 nm had been tested,
and no size effects were observed35,36.

Exclusion of the effects of surface chemistry and electrostatics. To
investigate the effect of the surface characteristics, we coated NDs
with thin layers of SiO2 (Sample ND-S-Thin). These ND-S-Thin
particles have the same morphological feature and size as uncoated
NDs (Supplementary Fig. S1b). The average hydrodynamic radius of
the NPs in such a sample was ,121 nm, similar to that of the
uncoated NDs (Supplementary Fig. S2). The thickness of the SiO2

layer was ,2 nm (inset of Fig. 3a). XPS spectra taken from such a
sample showed characteristic signals of Si and O, as originated from

Figure 3 | Intracellular translocation and excretion behaviors of (ND-S-Thin) particles (nanodiamonds coated with thin layers of SiO2). The cellular

dynamics of ND-S-Thin was observed similar to that of uncoated nanodiamonds (as shown in Fig. 2). (a) High-resolution TEM image showing a ,2 nm

silica shell on the surface of a ND-S-Thin particle, with morphology similar to uncoated nanodiamonds. (b) Similarity between FTIR spectra of ND-S-

Thin and SiO2 particles indicates that the two kinds of nanoparticles have similar surface chemistry. (c–f) TEM images showing the typical distribution of

ND-S-Thin particles in HepG2 cells after incubation in serum-free medium for 24 hours: (c–e) TEM images of ND-S-Thin particles in cytoplasm;

(f) TEM image of ND-S-Thin particles penetrating the membrane of the vesicle. (g–j) Representative confocal microscopy images showing the uptake and

excretion of ND-S-Thin particles in HepG2 cells as revealed by the fluorescence of nanodiamonds (red). The nuclei were stained by DAPI (blue).

(g,h) HepG2 cells were incubated for 12 hours in serum-free medium with ND-S-Thin particles. Punctated red dots show effective cellular uptake.

(i,j) HepG2 cells were incubated for additional 12 hours in nanoparticle-free serum-free medium. The punctated-red-dot pattern remains unchanged,

suggesting that most ND-S-Thin particles remained in cells without being ‘‘washed out’’.

www.nature.com/scientificreports
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that of SiO2 (Supplementary Fig. S14 a–e). The FTIR spectrum of the
ND-S-thin samples showed that their surface chemistry resembled
that of SiO2 NPs rather than NDs (Fig. 3b). The thin SiO2 coated NDs
had similar zeta potential to that of uncoated NDs at pH , 7.6
(Supplementary Fig. S3).

The cellular translocation and excretion characteristics of ND-S-
Thin particles were found similar to those of NDs, although their
surface chemical composition had been modified to that of SiO2 NPs.
After they entered the cells, ,90% (see Supplementary Table S1) of
the ND-S-Thin particles escaped to cytoplasm (with 24 hours’
incubation), rather than resided stably in the endosomes (Fig. 3c–
e). Similar to NDs, a few ND-S-thin particles were observed in the
process of passing through the vesicle membranes (Fig. 3f). Confocal
microscopy images (Fig. 3g & h) of the HepG2 cells taken after
12 hours’ incubation with the ND-S-Thin particles confirmed the
intake of NPs. Decrease in the amount of NPs was unnoticeable when
the cells were further incubated in NPs-free medium for another
12 hours (Fig. 3i & j). These results meant that the SiO2 like surface
chemical composition had negligible effects on the cellular fate of the
NDs.

To further confirm the morphological effect, we study the cellular
dynamics of Sample ND-S-Thick, which were prepared by growing
thicker SiO2 layers on the surfaces of the NDs with the sharp corners
of the NDs rounded up. The ND-S-Thick particles had morpho-
logical characteristics similar to those of SiO2 NPs (Supplementary
Fig. S1c). Amorphous layers of Si and O with ,15 nm thickness were
uniformly formed on the surface of the NDs (Fig. 4a). The surface
chemistry remained similar to that of ND-S-thin (Fig. 4b), and the
zeta potential (surface charge characteristic) of thickly coated NDs
(by SiO2) was similar to that of the uncoated ND at pH , 7.6

(Fig. S3). Also, the average size of the ND-S-Thick particles was only
slightly (20%) larger than that of the uncoated NDs. The average
hydrodynamic radius of the NPs was measured as ,131 nm (Fig.
S2) by DLS, only ,10% larger than that of uncoated NDs. The
cellular translocation and excretion behaviors of the ND-S-Thick
particles were completely different from those of NDs and ND-S-
Thin particles, but resembled those of SiO2 NPs. More than 90% (see
Supplementary Table S1) of the ND-S-Thick particles stably resided
in the endosomes/lysosomes upon their cellular intake (Fig. 4c & d).
Moreover, the ND-S-Thick particles were found to exit the cells
easily: The confocal microscopy images of HepG2 cells incubated
with ND-S-Thick particles for 12 hours (Fig. 4e & f) and followed
by another 12 hours’ incubation in NPs-free medium (Fig. 4g & h)
showed the amount of ND-S-Thick particles reduced to ,25% after
the ‘‘wash-out’’ process.

To further exclude the surface composition effect, we investigated
the cellular dynamics of round-shaped ND samples (Fig. 5a), which
were obtained by direct chemical etching of the prickly NDs. Such
round-shaped NDs had surface chemistry and electrostatics similar
to uncoated sharp-shaped NDs (Fig. 5b and Supplementary Fig. S3).
Contrary to the case of uncoated prickly NDs, we found stable endo-
somal residence of the round-shaped NDs (Fig. 5c & d) after their
incubation with the respective cells for 24 hours. At the same time,
the cellular excretion of the round-shaped ND was found easy, i.e.,
.85% of the round-shaped NDs were excreted after the ‘‘wash-out’’
process (Fig. 5e–h).

To investigate whether the morphological effect was universal in
determining the cellular fate of NPs, we carried out further experi-
ments on a completely different material system, namely, Au nano-
structures. The Au nanostructures had very different surface

Figure 4 | Intracellular translocation and cellular excretion behaviors of ND-S-Thick particles (nanodiamonds coated with thick layers of SiO2).
The observed cellular dynamics was similar to that of SiO2 nanoparticles (Supplementary Fig. S12 and Fig. S13). (a) High-resolution TEM image showing

a ,15 nm thick silica shell on the surface of ND-S-Thick particles. The sharp corner of the nanodiamonds was rounded up by silica coating. (b) Similarity

between FTIR spectra of ND-S-Thick and ND-S-Thin particles indicates that the two kinds of nanoparticles have similar surface chemistry.

(c–d) Typical TEM images showing distribution of ND-S-Thick particles in membrane bounded vesicles, in HepG2 cells after incubation in serum-free

medium for 24 hours. (e–h) Representative confocal microscopy images showing the uptake and excretion of ND-S-Thick particles in HepG2 cells as

revealed by the fluorescence of NDs (red). The nuclei were stained by DAPI (blue). (e,f) HepG2 cells were incubated with ND-S-Thick particles in

serum-free medium for 12 hours. Punctated red dots (fluorescent signal from ND-S-Thick) shows effective cellular uptake. (g,h) HepG2 cells were

incubated for additional 12 hours in particles-free serum-free medium. Greatly reduced fluorescent signal from the ND-S-Thick (red dots) shows .75%

ND-S-Thick particles exited the cells after the ‘‘washing’’ process.

www.nature.com/scientificreports
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chemistry and charge characteristics from those of NDs or SiO2. The
surfaces of the Au nanostructures were modified by polyethylene
glycol (PEG), leading to methoxy group dominated surface chem-
istry. The FTIR spectra (Fig. 6a) presented peaks at 2920 cm21,
2850 cm21 and 1114 cm21, which are characteristic of PEG, con-
firming the successful immobilization of the PEG chains at the Au
nanostructures’ surface. The surfaces of the Au nanostructures were
nearly neutral, with measured zeta potential ,0 mV (Supplemen-
tary Fig. S15).

Two different morphologies of the Au nanostructures were
selected for further experiments, namely, spherical Au nanospheres
of ,150 nm diameter (Fig. 6b) and prickly Au nanostars ,150 nm
size (Fig. 6d). After HepG2 cells being incubated with two respective
Au NPs for 24 hours, a majority (,90%, see Supplementary Table
S1) of the Au nanospheres were found in membrane bounded vesi-
cles (Fig. 6c), while most (,95%, see Supplementary Table S1) of the
Au nanostars were located in the cytoplasm (Fig. 6e). Consistently,
cellular excretion of the Au nanospheres was found to be easy, while
that of the Au nanostars was difficult (Supplementary Fig. S16).

Discussion
The main results of this paper are summarized in Table 1. It is
unambiguously demonstrated that the morphological features of
the NPs played a dominant role in determining the NPs’ cellular
translocation and in turn their excretion. On the contrary, the surface
chemical and electrostatic properties and the chemical compositions
of the nanoparticles are not important factors.

The present experimental results suggested the size of NPs in
determining their intracellular translocation (after endocytosis)
was not obvious. First, the uncoated, thin SiO2 coated and thick
SiO2 coated ND samples have similar average hydrodynamic radii
while the NDs with different morphological features had dramat-

ically different intracellular distributions. Second, the two types of
Au NPs had similar hydrodynamic radii but totally different cellular
dynamics. Finally, our examination on ND samples of smaller phys-
ical sizes (with average hydrodynamic radius measured as ,35 nm)
showed similar intracellular distribution to the larger sized NDs
(Supplementary Fig. S17).

To quantify the degree of NPs’ sharpness, we adopted the circular-
ity (roundness), defined by its projected cross sectional area A and
perimeter P as C 5 4Ap/(P2)37. We used high resolution TEM to
measure the geometrical parameters of the NPs. By randomly choos-
ing one hundred particles from each type of sample, we obtained the
distribution of NPs’ circularity for all six samples (Supplementary
Fig. S18 a–f). The average circularity for all samples was listed in
Table S1 in Supporting Information. The NDs (average circularity
,0.556) and ND-S-Thin (average circularity ,0.571) had the high-
est degree of sharpness among the NDs-based samples (ND-S-Thick
average circularity ,0.867, round-shaped ND average circularity
,0.780). Consistently, Au nanostars (average circularity ,0.351)
also showed a much higher degree of sharpness when compared to
Au nanospheres (average circularity ,0.931). Considering all the
samples investigated in the present study, those with average cir-
cularity ,0.6 were consistently found to reside in cytoplasm
(.90%) after cellular uptake, while those with higher average cir-
cularity values (e.g. .0.78) preferred to reside in endosome or lyso-
some compartments (,10% in cytoplasm). Therefore, the observed
endosomal release of the NPs was a result of their high sharpness.

Recently, some theoretical works38,39 suggested the NPs’ shape as a
critical factor in determining the translocation of NPs across a lipid
bilayer, although the modeling there was for different scenarios
(‘‘cutting through’’ under an external driving force39 or by switching
the NPs’ surface between hydrophobicity and hydrophilicity38).
Obviously, the ‘‘spontaneous penetration’’ observed in the present

Figure 5 | Intracellular translocation and cellular excretion behaviors of round nanodiamonds. The observed cellular dynamics was similar to that of

SiO2 nanoparticles (Supplementary Fig. S12 and Fig. S13). (a) High-resolution TEM image showing the corners and edges of such nanodiamonds

were rounded up as compared with prickly nanodiamonds (Fig. 2a). (b) Similarity between FTIR spectra of round NDs and prickly NDs indicates that the

two kinds of nanoparticles have similar surface chemistry. (c–d) Typical TEM images showing distribution of round NDs in membrane bounded vesicles,

in HepG2 cells after incubation in serum-free medium for 24 hours. (e–h) Representative confocal microscopy images showing the uptake and excretion

of round NDs in HepG2 cells as revealed by the fluorescence of NDs (red). The nuclei were stained by DAPI (blue). (e,f) HepG2 cells were incubated with

round NDs in serum-free medium for 12 hours. Punctated red dots (fluorescent signal from ND-S-Thick) shows effective cellular uptake. (g,h) HepG2

cells were incubated for additional 12 hours in particles-free serum-free medium. Greatly reduced fluorescent signal from the round NDs (red dots)

shows .85% round NDs exited the cells after the ‘‘washing’’ process.

www.nature.com/scientificreports
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study did not involve any external driving force. It did not involve
any hydrophobicity and hydrophilicity switching either. While fur-
ther study is still needed to fully understand the driving force of the
penetration through vesicle membranes by the sharp-shaped NPs,
the experimental results are consistent with the simulation38,39 in that
the penetration efficiency increased with the decrease of the contact
area or increase of NP’s local curvature at the contact point.

It should be noted that the sharp-shaped NPs were not observed to
directly penetrate the plasma membranes while they could penetrate

the endosomal membranes easily. Such difference may be explained
by the differences between the plasma membranes and the endoso-
mal membranes, including composition and curvature. Although the
endosomal membranes are derived from the plasma membrane, a lot
of modification in the lipid content of the endosomal membranes
occurs throughout the formation process of the endosome40,41. In
particular, there is a decrease in sterol, phosphatidylserine, sphingo-
lipid (the presence of which strengthen the lipid membrane), and
increase in bis(monoacylglycero)phosphate (which creates strain in a
membrane and facilitates easy particle insertion) in the endosomal
membrane as compared with the plasma membrane. Consequently,
it is possible that the endosomal membrane is more volatile to be
damaged by NPs. On the other hand, the radius curvature of mem-
brane may also play a role in its mechanical stability38.

Methods
Preparation of NPs. The NDs were obtained by high pressure high temperature
(HPHT) method44. The ND-S-Thin and ND-S-Thick particles were prepared by
growing an amorphous silica layer onto the NDs42,45,46. 1 ml aqueous as-received NDs
(1 mg/ml) particles were mixed with 10 ml (3-Aminopropyl)triethoxysilane (APTES)
(Sigma) under stirring for 2 hours at room temperature. After that the NDs were
separated by centrifugation. For ND-S-Thin particles, 3.75 ml NDs-APTES particles
(in ethanol) were mixed with 1.15 ml deionized H2O and 75 ml 30% ammonia-water
solution, before 5 ml Tetraethyl orthosilicate (TEOS) (Sigma) was added. The mixture
was stirred for 0.5 hour at room temperature and then the ND-S-Thin particles were
obtained by centrifugation. For ND-S-Thick particles, 3.75 ml NDs-APTES particles
(in ethanol) were mixed with 1.15 ml deionized H2O and 90 ml 30% ammonia-water
solution, before 10 ml TEOS was added. The mixture was stirred for 2 hours at room
temperature and then the ND-S-Thick particles were obtained by centrifugation.
Centrifugation was applied to obtain the NDs with smaller or larger physical size.
Round-shaped NDs were produced by short-term oxidation of prickly NDs in melted
potassium nitrate43. Briefly, the prickly HPHT ND powder (Microdiamant, MSY 0–
0.05) was heated with KNO3 (15200 w:w) at 535uC for 8 minutes. The quickly cooled
meltage was dissolved in water, centrifuged, treated with concentrated HF for 1 hour
at 50uC and centrifuged. The surface chemistries of the round-shaped NDs were
normalized according to common procedures47. The amorphous silica NPs were
synthesized using the modified Stober’s method, which produced spherical NPs with
controllable size and narrow size distribution. The spherical and star shaped Au NPs
were synthesized using the seed mediated method. After that, the as-synthesized
spherical Au NPs were oxidized to obtain smooth surface48. Then these Au NPs were
pegylated by mixing them with freshly prepared aqueous mPEG-SH solution (1 mM,
2 ml; NANOCS, America) in 30uC water bath overnight.

Characterization of NPs. The morphology and size of the NPs were characterized
using low magnification transmission electron microscopy (TEM, PhilipsCM120).
The detailed morphological feature of NPs was investigated using high resolution
TEM (Tecnai G2, FEG). The photoluminescence of NDs, ND-S-Thin and ND-S-
Thick particles was obtained on a home-built fluorescence spectrometer equipped
with a continuous-wave 514 nm laser49. The surface of NPs was studied by Fourier
Transform Infrared Spectrometer (FTIR; Nicolet 670, Thomas Nicolet, Waltham,
MA). The surface composition of ND-S-Thin and ND-S-Thick particles was
investigated by X-ray Photoelectron Spectrometer (XPS) (PHI Quantum 2000). The
average zeta potential of NPs in PBS buffer solution was measured using a commercial
zeta potential spectrometer (ZetaPlus, Brookhaven). The size distribution of NDs,
ND-S-Thin and ND-S-Thick particles in PBS buffer solution were measured using
dynamic light scattering (DLS) at an angle of 20u. The apparatus used for DLS
measurements was an ALV-5000 goniometer (ALV Laser) equipped with a helium–
neon laser and a digital correlator. All measurements were carried out at room
temperature (25uC). The distribution of circularity of NPs was semi-quantitatively
obtained by using TEM to examine their corresponding geometrical parameters on
one hundred randomly chosen particles from each sample. The average circularity
was obtained by Gaussian fitting of the above data.

Figure 6 | Different intracellular translocation behaviors between Au
nanospheres (low sharpness) and nanostars (high sharpness).
(a) Identical features in the FTIR spectra of Au nanospheres and Au

nanostars indicate that they have similar surface chemistry. (b) TEM image

of Au nanospheres. (c) Typical TEM images showing stable residence of Au

nanospheres in membrane bounded vesicles, in HepG2 cells after

incubation in serum-free medium for 24 hours. (d) TEM image of Au

nanostars. (e) Typical TEM images showing distribution of Au nanostars

in cytoplasm, in HepG2 cells after incubation in serum-free medium for

24 hours.

Table 1 | Summary of intracellular trafficking and cellular excretion of nanoparticles with various chemical compositions, shapes, and
surfaces. The sharp-shaped nanoparticles, regardless of their surfaces and chemical compositions, have high probability of translocation
into cytoplasm through piercing the endosomes and low probability of cellular excretion. The case is opposite for the round-shaped
nanoparticles

Material systems

Translocation from endosomes to cytoplasm Cellular excretion

Sharp shaped Round shaped Sharp shaped Round shaped

Uncoated nanodiamonds Yes No Difficult Easy
SiO2 coated nanodiamonds Yes No Difficult Easy
Au nanoparticles Yes No Difficult Easy
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Introducing NPs to cells. The human liver carcinoma HepG2 cell line, the human
colon cancer HCT116 cell line and the human breast cancer LCC6 cell line were used
in this study. The HepG2 cells and LCC6 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco), supplemented with 10% heat-inactivated Fetal
bovine serum (FBS), 2.0 g/L sodium bicarbonate, 0.1 g/L streptomycin sulfate,
0.06 g/L penicillin G and 5.958 g/L HEPES. The HCT116 cells were cultured in RPMI
1640 medium (Gibco) with same concentrations of FBS and antibiotics. The cells
were maintained in a standard cell culture incubator at 37uC in a humidified
atmosphere with 5% CO2. All of the NPs were sterilized by steaming at 115uC (NPs in
powder form) for 2 hours, before they were dispersed in the medium and introduced
to the cells, which had already been seeded and incubated for 24 hours. The feeding
concentration of the NPs was always kept at 10 mg/ml unless otherwise specified.
Different cell feeding durations were adopted, as specified in the corresponding result
description.

Characterizations of cells. For TEM study, the NP-fed cells were fixed using typical
procedures published elsewhere35 at the end of their incubation with NPs. Microtome
(Leica, EM UC6) was used to cut the cured cell cube (in Spurr resin (Electron
microscopy sciences, USA)) into thin slices (70–90 nm in thickness). The samples
were then collected on 300-mesh copper grids and double stained with 2% aqueous
uranyl acetate and commercial lead citrate aqueous solution (Leica). For each of the
sample in the present study, the TEM study has been carried out on many different
NPs in several tens of cell samples. For all confocal microscopy studies, the NP-fed
cells were fixed with 4% paraformaldehyde at room temperature, before their being
observed using confocal laser scanning microscopy (TCSP5, Leica) with a 633 water-
immersion objective lens. For all dark field microscopy studies, the NP-fed cells were
fixed with 4% paraformaldehyde at room temperature, before their being observed
using the home-built light microscope49.

The cellular uptake pathway of NDs was investigated by pretreating cells with
inhibitor NaN3 (10 mM, Sigma) or at 4uC for 3 hours in serum-free medium. After
that, the original medium was discarded and the cells were further treated with NDs
for 6 hours in serum-free medium. At the end of the incubation, the cells were washed
with PBS, fixed with 70% ethanol, and then processed for flow-cytometry (FACScan,
Becton Dickinson, Canada) analysis. The intracellular localization of NDs was
investigated by immunofluorescence, i.e., the endosome marker (C10586, Invitrogen)
for endosome study, and LysoTracker (L7526, Invitrogen) for lysosome study
according to the manufacturer’s instructions. The excretion of Au nanostructures was
investigated by dark field microscopy. The real time multiple particle tracking tech-
nique33 was adopted to study the movement of NDs inside cells after 24 hours’
incubation. By manually focusing on one selected cell within certain periods under
confocal microscope, the red bright spots (fluorescence of NDs) were monitored and
recorded. The obtained confocal microscopy images were then analyzed by ImageJ
(National Institutes of Health, USA). The intracellular distributions of various
nanostructures after their 24 hours’ incubation in serum-free medium were obtained
by randomly choosing a number of cells and analyzing .100 TEM images for each
sample. The TEM grid squares were first briefly imaged and marked to prevent
repetitive imaging. Next, the whole cells in the grid squares were imaged at lower
magnification. Each cell was scanned for areas of NPs, which were identified by their
diffractions (for crystalline samples) and energy dispersive X-ray (EDX) spectroscopy
(for non-carbon samples). These areas were further imaged at high magnification to
allow identification of nanostructures’ specific locations.
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