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ABSTRACT: Cell-membrane-camouﬂaged nanoparticles (CMCNPs) have been increasingly exploited to develop various therapeutic
tools due to their high biocompatibility and cell-type-speciﬁc tumortargeting properties. However, the molecular mechanism of CMCNPs for homotypic targeting remains elusive. Here, we develop a
plasmonic imaging method by coating gold nanoparticles (AuNPs)
with cancer cell membranes and perform plasmonic imaging of the
interactions between CMC-NPs and living cells at the single-cell
level. Quantitative analysis of CMC-NPs in a diﬀerent clustering
status reveals that the presence of cell membranes on CMC-NPs
results in a 7-fold increase in homotypic cell delivery and nearly 2
orders of magnitude acceleration of the intracellular agglomeration
process. Signiﬁcantly, we identify that integrin αvβ3, a cell surface
receptor abundantly expressed in tumor cells, is critical for the
selective cell recognition of CMC-NPs. We thus establish a single-cell plasmonic imaging platform for probing NP−cell interactions,
which sheds new light on the therapeutic applications of CMC-NPs.
KEYWORDS: Cell-membrane-camouﬂaged nanoparticles, AuNPs, plasmonic imaging, homotypic targeting, integrin αvβ3

■

INTRODUCTION
Cell-membrane-camouﬂaged nanoparticles (CMC-NPs) represent an emerging biomimetic platform in nanomedical research.
Various cell types have been utilized as membrane sources for
the fabrication of diﬀerent classes of NPs. CMC-NPs inherit
both the unique physiochemical characteristics of the nanoparticulate cores and the biological features of the membraneproviding cells.1 A cell membrane coating strategy was
successfully employed to enhance the performance of multiple
theranostic nanoconjugates and has shown great potential in
cancer therapy.2,3 Red blood cell (RBC) membrane coating
signiﬁcantly prolongs the in vivo circulating time of NPs by
evading immune clearance.4 Platelet-membrane-coated NPs can
be eﬀectively located on the damaged vasculatures and
selectively bind to platelet-adhering pathogens in animal
models.5 In addition to blood cells, stem cells, pancreatic beta
cells, and cancer cells have been exploited as membrane sources
for the fabrication of a wide range of NPs, which are utilized in
drug delivery, imaging, phototherapy, detoxiﬁcation, and
immune modulation.6−10 Particularly, cancer-cell-membranecamouﬂaged nanoconjugates draw great attention due to their
abilities of targeting homotypic tumors as well as antigen
presentation.11−14 Despite the encouraging therapeutic performance of CMC-NPs in tested animal tumor models, the
molecular mechanism underlying their interfaces with various
© 2020 American Chemical Society

cell types remains elusive. For example, certain CMC-NPs show
exclusive self-targeting and minimal uptake by other types of
cancer cells,15 whereas many CMC-NPs show moderately
enhanced cellular uptake in heterotypic cancer cells or immune
cells.8,12,16−18 Such controversial observations on the selectivity
of CMC-NPs reﬂect the heterogeneity and complexity of the
bioactive components on the cancer cell surface. For RBC or
platelet-membrane-derived CMC-NPs, key proteins such as
CD47 and CD55 have been identiﬁed as critical factors for the
cell-mimicking properties including the evasion of immune
clearance and complement activation.4,5,19,20 It is yet unclear
how cancer-cell-membrane-camouﬂaged nanoparticles acquire
the speciﬁcity for the recognition. The presence of certain cell
adhesion molecules (N-cadherin, EpCAM, and galectin, etc.) on
the coated cell membrane is proposed to be responsible for
homotypic cancer cell targeting.13,15,21 However, direct
evidence for the correlation of particular proteins on the cancer
cell membrane with the homotypic targeting property of CMCReceived: April 9, 2020
Revised: June 8, 2020
Published: June 8, 2020
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Figure 1. Construction of AuNP@CCMs and in situ annotation of the DFM images. (a) Schematic drawing of the preparation of AuNP@CCMs by
coextrusion. (b) TEM images of AuNPs, CCMVs, and AuNP@CCMs. (c) Size distribution (left), average size (center), and zeta potential (right) of
AuNPs, CCMVs, and AuNP@CCMs were measured by dynamic light scattering. (d) Representative images of three types of plasmonic signals in
DFM images (top, scale bar = 200 nm) and calculated scattering light spectrum (bottom); the shadow represents the 95% conﬁdence interval (for each
type, n = 5). (e) Grouping of signals for single, cluster, and background noise according to the color distribution (saturation to hue) (for each type, n >
80). (f) Automatic in situ annotation of noise (bluish gray) and plasmonic signals representing single (green) and clustered (yellow) AuNPs (scale bar
= 5 μm).

ments and biochemical veriﬁcation demonstrated that the
cellular uptake eﬃciency of CMC-NPs correlated well with the
expression levels of integrin αvβ3, a cell surface receptor related
to cancer progress.30,31 Our study presents the ﬁrst characterization of the interface between individual CMC-NPs and living
cells at the nanoscale. The identiﬁcation of receptors responsible
for homotypic cell targeting provides useful insights for the
design of a cell-membrane-derived nanoplatform.

NPs is missing. To unveil the key modulators in this process, we
aim to study the interface between CMC-NPs and cancer cells
via high-resolution imaging.
Out of multiple imaging-based techniques, ﬂuorescence
microscopy (FM) is the most popular approach. However,
FM requires additional labeling of target molecules, and many
ﬂuorophores suﬀer from photobleaching.22 Recently, noble
metal nanoparticles, including gold nanoparticles (AuNPs),
have been exploited as alternative nanoprobes in live cell
imaging via dark-ﬁeld microscopy (DFM). Compared to most
ﬂuorescent probes, these plasmonic particles are photostable
and exceptionally bright, allowing long-term observation at
single-particle resolution.23−25 In addition, plasmon coupling of
adjacent nanoparticles results in a red shift of the spectral
wavelength and detectable color change in DFM images,26−29
which can be used to determine the intracellular agglomeration
behavior of CMC-NPs. Therefore, DFM imaging of plasmonic
probes can provide quantitative information on the total uptake
of CMC-NPs as well as their intracellular agglomeration status at
the single-particle level. More importantly, in contrast to the
ﬂuorophore conjugation, the inert AuNP cores are unlikely to
interfere with the properties of the membrane-derived surface.
Herein, we constructed plasmonic CMC-NPs by coating
AuNPs with a cancer cell membrane (AuNP@CCM) and
studied their interaction with various types of cells. DFM
imaging and quantitative analysis revealed signiﬁcant enhancement of cellular uptake and accelerated intracellular agglomeration of AuNP@CCMs in cancer cells but not in noncancer
cells. The processes of intracellular movement and agglomeration of AuNP@CCMs were successfully captured by singleparticle tracking. Further image-based quantitative measure-

■

RESULTS AND DISCUSSION
Construction, Characterization, and Quantitative
Imaging of Plasmonic AuNP@CCMs. AuNPs with a
diameter of 40 nm were reported to be preferentially taken up
by cells.32 Our previous work demonstrated that the monomer
and clustered 40 nm AuNPs can be readily distinguished
according to their color diﬀerence in DFM images.24 Therefore,
40 nm AuNPs were chosen as the plasmonic core of AuNP@
CCMs. Cell membranes of HeLa cervical cancer cells were
extracted and extruded through a porous polycarbonate
membrane to form cancer-cell-membrane-derived vesicles
(CCMVs).8 CCMVs were then fused with AuNPs through a
coextrusion process to form AuNP@CCMs (Figure 1a). As
illustrated in the transmission electron microscopy (TEM)
images, a spherical core−shell structure was formed. The
thickness of the shell structure was approximately 9 nm (Figure
1b and Figure S1). After the membrane was coated, UV−vis
absorption of AuNP@CCMs showed a slight red shift of2 nm
compared to that with bare AuNPs, suggesting that the
membrane coating did not change the dispersity of nanoparticles
(Figure S2). An increase in the hydrodynamic size from 40 nm
to approximately 86 nm was observed. Upon membrane coating,
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Figure 2. Membrane-coating-enhanced cellular uptake and intracellular agglomeration of AuNPs. (a) Schematic illustration of cellular uptake and
intracellular agglomeration of AuNP@CCMs. (b) Representative annotated DFM images of cells incubated with AuNPs or AuNP@CCMs for 2 h
(scale bar = 10 μm). (c) Violin plot showing the number of plasmonic signals inside a single cell (for each sample, n > 40, student’s t-test, ***p <
0.001). (d) Time-lapse imaging of intracellular agglomeration of AuNPs (particles p1 and p2 are indicated with red and blue arrows, scale bar = 2 μm).
(e) Trajectory of the two particles; line colors represent the trace of diﬀerent spots, and dot colors represent the lag time. (f) Intensity of plasmonic
signals during agglomeration. (g) MSD analysis of the two spots. (h) Number of single or clustered plasmonic signals in cells incubated with AuNPs or
AuNP@CCMs (for each group, n > 10). (i,j) Linear regression plot of the increase of clustered signals over time. The dots represent the mean value,
and the bars represent the 95% conﬁdence interval.

surface zeta potential of AuNPs increased from −40 to −20 mV,
which is similar to the surface charge to CCMVs, validating the
successful synthesis of AuNP@CCMs (Figure 1c). HeLa cells
were incubated with synthesized AuNP@CCMs and examined
using DFM. Plenty of intracellular plasmonic signals were
detected, which were primarily distributed throughout the
cytoplasm. Then AuNP@CCMs were pretreated using a
lipophilic ﬂuorescent dye (DiI) to stain the coating membrane
before incubation. Cells were examined using a correlative
DFM/FM imaging system.24 The results in Figure S3 indicated
good colocalization between the plasmonic spots and
ﬂuorescent puncta in the same ﬁeld of view, suggesting that
the core−shell structure of AuNP@CCMs remained complete
during the internalization process.
The plasmonic properties of AuNPs have been welldocumented.33,34 To determine the plasmonic properties of
AuNP@CCMs, we performed a correlative DFM/scanning
electron microscopy imaging. Consistent with our previous
observations of AuNP@DNA,24 single AuNP@CCMs appeared
green under DFM whereas clustered AuNP@CCMs appeared
yellow. The spectral curves of representative single and clustered
AuNP@CCMs showed peak wavelengths at 514 and 588 nm,
respectively (Figure S4). In addition to the green and yellow
signals of AuNPs, a quantity of spots in white or gray colors was

also detected. These spots represent the high level of cell
background scattering (Figure S5), which are obstacles for the
following quantitative analysis and greatly limited the
application of DFM in cell-related research.35 The dark-ﬁeld
scattering spectra of representative green, yellow, and gray spots
are shown in Figure 1d. The spectral curves of both green and
yellow spots presented a clear peak with the wavelengths at
approximately 526 and 596 nm, respectively. In contrast, the
spectral curve of the gray spot was very broad, with a span from
500 to 650 nm (Figure 1d). To distinguish plasmonic signals
from background noise and perform reliable classiﬁcation for the
following analysis, we processed DFM images by converting the
color model from RGB (red, green, blue) to HSI (hue,
saturation, intensity). The HSI model can decompose color
components more precisely through two parameters (hue and
saturation) and eﬀectively separate color from intensity.36,37
The hue and saturation value of randomly selected green, yellow,
and gray spots (n = number of spots, n > 80) were calculated and
utilized for clustering. As shown in Figure 1e, green and yellow
spots could be readily distinguished according to their hue value
ranges, where yellow spots had hue values <70 and green spots
had hue values >70. Hue value range of gray spots spanned from
70 to 210, but the saturation values of gray spots were clearly
lower than those of yellow and green spots. In this way, the spots
5230
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Arginine−Glycine−Aspartate (RGD)-Binding Surface
Receptors Are Critical for AuNP@CCM Targeting. We next
sought to elucidate the molecular mechanism underlying
membrane-mediated homotypic recognition and delivery. To
understand the contributions of diﬀerent components of the cell
membrane, we prepared 40 nm AuNPs with diﬀerent coatings
(Figure S10) and examined their internalization by HeLa cells.
Compared to AuNP@CCMs, cellular uptake of AuNPs coated
with synthesized liposomes (AuNP@Lipo) was very low,
suggesting the proteins on the cell membrane were crucial for
cell targeting. Internalization of AuNPs coated with red blood
cell membrane (AuNP@RBC) was also signiﬁcantly less than
with AuNP@CCMs, conﬁrming that certain cancer-speciﬁc
membrane proteins were necessary for homotypic targeting. We
next coated AuNPs with a HeLa cell membrane that was
pretreated with trypsinization (AuNP@HeLatryspin). Interestingly, the trypsin-treated membrane lost the capacity to enhance
cellular uptake of AuNPs by HeLa cells (Figure 3a,b and Figure
S11). The cellular uptake eﬃciency of diﬀerently coated AuNPs
was veriﬁed by determining the amount of gold elements with
inductively coupled plasma atomic emission spectroscopy (ICPAES) (Figure S12). Trypsin can dissociate cells through the
digestion of adhesive proteins that connect the extracellular

in DFM images can be grouped and attributed to single particles
(green) of AuNP@CCMs, clustered (yellow) AuNP@CCMs,
and background vesicles (gray). We then developed an
integrated workﬂow for identiﬁcation and classiﬁcation of
plasmonic signals of AuNP@CCMs as single particle or clusters
(Figure S6). As shown in Figure 1f, DFM images were
processed, and all plasmonic signals of AuNP@CCMs were
annotated in green (single) and yellow (cluster) for subsequent
quantitative analysis.
Enhanced Cellular Uptake and Accelerated Agglomeration of AuNPs by Cancer Cell Membrane Coating.
Having validated AuNP@CCMs as plasmonic imaging probes
in live cells, we examined the eﬀects of cancer membrane coating
on cellular uptake and intracellular behavior by DFM imaging
(Figure 2a). First, we compared internalization of AuNP@
CCMs and unmodiﬁed AuNPs in HeLa cells. A striking increase
of intracellular plasmonic signals in AuNP@CCM-treated cells
was detected (Figure 2b and Figure S7). After image processing
and in situ annotation, the total number of plasmonic spots
inside a single cell was quantiﬁed. Statistical analysis of more
than 40 randomly selected cells of each type illustrated about a 7fold increase of plasmonic signal spots in AuNP@CCM-treated
cells (Figure 2c). Therefore, the “homotypic targeting” eﬀect of
the HeLa cell membrane was successfully veriﬁed at the singlecell level by quantitative imaging using plasmonic AuNP probes.
Next, we took advantage of the stability and sensitivity of
AuNP@CCM probes in live-cell imaging and performed singleparticle tracking. The merging process of two single AuNP@
CCMs was recorded by time-lapse video (Figure 2d and Video
S1; Δt means time-lapse interval, Δt = 1 s, total time = 200 s).
The trajectories of two single particles (labeled in red and blue)
were plotted (Figure 2e). The fusion process started at around
125 s of the video, as reﬂected in the signiﬁcant increase of signal
intensity and change in hue values at this time point (Figure 2f
and Figure S8). We also applied mean square displacement
(MSD) analysis to the tracking data. A plot of MSD versus time
revealed a signiﬁcant decline at the late stage, indicating that the
mobility of fused clusters is lower than that for single particles
(Figure 2g).
In addition to the increased number of total plasmonic signals,
we also observed higher ratio of yellow signals to green signals in
cells incubated with AuNP@CCMs. It suggested that the cancer
cell membrane coating not only facilitated cellular uptake but
also promoted intracellular agglomeration of AuNP@CCMs.
We next examined the intracellular agglomeration process of
AuNP@CCMs. HeLa cells were incubated with equal amounts
of AuNP@CCMs or unmodiﬁed AuNPs for 1 h, and DMF
images were taken at various time points during this process
(Figure S9). DMF images were then annotated using the
developed workﬂow, the number of green and yellow spots in
individual cells was counted, and statistical analysis was
performed (Figure 2h). The average counts of plasmonic signals
for both single and clustered AuNP@CCMs increased over time
(Figure 2h). However, the count of unmodiﬁed AuNPs was
signiﬁcantly lower. The slope of the linear regression plot of
clustered AuNP@CCMs is 3.451, whereas the slope of the linear
regression plot of clustered AuNPs is 0.038 (Figure 2i,j). This
result proved that surface coating by a cancer cell membrane
indeed promoted the intracellular agglomeration of nanoparticles. As agglomeration of AuNPs was able to improve their
eﬃciency in photodynamic therapy,38 membrane coating could
be utilized as a new strategy to improve the therapeutic
performance of aggregation-dependent reagents.

Figure 3. RGD-binding surface receptors are critical for AuNP@CCMs
targeting. (a) Representative annotated DFM images of HeLa cells
treated by AuNPs with diﬀerent coating (scale bar = 10 μm). (b) Count
of plasmonic AuNPs with diﬀerent coatings in individual cells. The line
in the violin plot represents the median (for each sample, n > 20). (c)
Schematic drawing of the major endocytic pathways and selective
pharmaceutical inhibitors. (d) Count of AuNP@CCMs in individual
cells treated with inhibitors. The line in the violin plot represents the
median (n > 40, student’s t-test, ***p < 0.001). (e) Schematic drawing
of the distribution of lipid raft and integrins on cell membrane. (f)
Count of internalized AuNP@CCMs upon RGD treatment or not (n >
20, student’s t-test, **p < 0.01).
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Figure 4. Integrin αvβ3 is critical for homotypic targeting of AuNP@CCMs. (a) Annotated DFM images of diﬀerent cell lines treated with AuNP@
CCMs (scale bar = 10 μm). (b) Count of plasmonic spots in individual cells incubated with AuNPs (gray) or AuNP@CCMs (green) (for each group, n
> 20). (c) Increase of cellular uptake of AuNPs upon membrane coating in diﬀerent cell types. (d) Western blot of integrin αvβ3 expressed in diﬀerent
cell lines. (e) Protein levels are calculated from (d). (f) Levels of integrin αvβ3 in diﬀerent cell lines were determined by ﬂow cytometry. (g) Expression
levels of integrin αvβ3 calculated from (f). (h) Annotated DFM images of HeLa and HUMSC cells pretreated with siRNA or cilengitide (scale bar = 10
μm). (i) Count of plasmonic spots in individual HeLa and HUMSC cells treated with siRNA or cilengitide. The line in the violin plot represents the
median (n > 30, student’s t-test, *p < 0.05).

dextrin (mβCD) treatment caused signiﬁcant reduction
(∼38%) in intracellular accumulation of CMC-NPs (Figure
3c,d and Figure S13). As mβCD mainly functions by disrupting
the lipid raft on the cell membrane by cholesterol depletion and
blocks caveolae-mediated endocytosis, this result implied that
the lipid raft was important for cellular uptake of CMC-NPs.
Lipid rafts are cholesterol- and protein-receptor-rich domains on
a cell membrane and are responsible for many speciﬁc
intercellular recognitions and connections.40 Particularly, the
internalization and recycling of integrins were mediated by lipid
rafts (Figure 3e).41,42 Integrins are transmembrane receptors

matrix (ECM). This result suggested that some transmembrane
proteins on the cell surface that link cells to the ECM were
involved in the selective targeting of CMC-NPs.
We next investigated which endocytic pathway was primarily
utilized by cancer-cell-membrane-meditated internalization.
Three major endocytic pathways were inhibited by selective
pharmaceutical inhibitors.39 Pretreatment of HeLa cells with
chlorpromazine (CPZ) or 5-(N-ethyl-N-isopropyl)-amiloride
(EIPA), which targeted the clathrin-dependent endocytosis or
macropinocytosis, resulted in slight reduction of the plasmonic
spots of intracellular CMC-NPs. In contrast, methyl-β-cyclo5232

https://dx.doi.org/10.1021/acs.nanolett.0c01503
Nano Lett. 2020, 20, 5228−5235

Nano Letters

pubs.acs.org/NanoLett

Letter

responsible, at least partially, for the selective cell targeting
meditated by the HeLa cell membrane coating. In our case,
AuNP@CCMs were preferentially internalized by cancer cell
lines but not by the noncancer HUMSC due to their diﬀerent
integrin αvβ3 levels on the cell surface. In addition, the
expression levels of integrin αvβ3 in distinct cancer cell lines
were directly correlated with the cellular uptake eﬃciency of
AuNP@CCMs. Our results provided visible evidence for the
direct link between cell-membrane-mediated targeting with the
transmembrane protein integrins that are commonly expressed
in tumor cells. Considering the complexity of integrin family
members, distinct expression proﬁles of integrins in various cells
may explain the controversial observations of selective targeting
of CMC-NPs.47 Further characterization of the expression
proﬁle of integrins for both the membrane source cells and target
tumors could improve the performance of CMC-NP-based
therapeutics.

responsible for cell−cell adhesion. Integrin-mediated adhesion
initiates signal transduction of several signaling pathways
regulating cell migration, cell cycle, and survival.43−46 Alteration
of these processes often leads to tumorigenesis.47,48 Therefore,
we hypothesized that integrins might be involved in the speciﬁc
recognition and internalization of CMC-NPs. To test this
hypothesis, we treated cells with an antagonist of integrins, the
tripeptide RGD,49−51 before CMC-NP incubation. RGD
treatment caused about 50% reduction of intracellular signals
of CMC-NPs (Figure 3f and Figure S14). In summary, our
results from quantitative imaging of intracellular plasmonic
CMC-NPs in the presence of various inhibitors strongly
suggested that integrins were involved in the cancer-cellmembrane-meditated homotypic cell targeting.
Enhanced Delivery of AuNP@CCMs Correlates with
the Levels of Integrin αvβ3. Among all of the subtypes of
integrins, αvβ3 has been extensively studied because of the high
prevalence of αvβ3 expression in newly formed blood vessels as
well as some tumor cells.31,47,52 The inhibition of integrin αvβ3
with antibodies, peptides, and other antagonists showed great
potential in cancer therapy,52−55 validating its important role in
tumorigenesis. Considering that RGD could eﬀectively compete
with CMC-NPs for HeLa cell targeting, we wondered whether
the expression levels of αvβ3 were related to selected delivery of
CMC-NPs into distinct cell types. To test this possibility, we
compared the uptake eﬃciency of HeLa-cell-membrane-coated
AuNPs in three cancer cell lines (HeLa, MCF7, A549) and
human umbilical mesenchymal stem cells (HUMSC) by
plasmonic imaging and quantitative analysis. Statistical analysis
of plasmonic spots inside individual cells revealed a clear
diﬀerence in the capacity of membrane-mediated uptake of
AuNPs in diﬀerent cell lines (Figure 4a,b and Figure S15). HeLa
cells showed a maximum increase in internalizing AuNP@
CCMs compared to AuNPs. The uptake of AuNP@CCMs was
also increased in MCF7 cells, whereas uptake was less and
accounted for 83% of the normalized enhancement amplitude of
HeLa. The enhancement in A549 cells was 14% compared to
that in HeLa cells, and HUMSC did not show signiﬁcantly
increased uptake of AuNP@CCMs compared to AuNPs (Figure
4c). These results indicated that coating of AuNPs with a HeLa
cell membrane could enhance its uptake by various cancer cells,
although to diﬀerent extents. Next, we examined the expression
levels of integrin αvβ3 in distinct cell lines by Western blot
(Figure 4d,e) and ﬂow cytometry using speciﬁc antibodies
(Figure 4f,g). Both experiments revealed the similar trends of
expression levels of integrin αvβ3 from HeLa to MCF7, A549,
and HUMSC in a descending order, which corresponded well to
the uptake eﬃciency in these cells. The positive correlation
between expression levels of integrin αvβ3 and cellular uptake
preference of AuNP@CCMs strongly suggested that integrin
αvβ3 is important for the homologous targeting of CMC-NPs.
To further conﬁrm this relation, we down-regulated the
expression levels of integrin in both HeLa cells and HUMSC
via transfecting of speciﬁc small interfering RNAs (siRNAs) and
examined the uptake of AuNP@CCMs. Knockdown of integrin
αvβ3 caused signiﬁcant reduction of intracellular AuNP@CCMs
in HeLa cells, whereas it had little eﬀects on HUMSC, which is
presumably because of the low basal expression levels of integrin
αvβ3 in HUMSC. Similarly, pretreatment of cells with another
antagonist of integrin αvβ3, cilengitide,55,56 resulted in similar
levels of reduction of AuNP@CCMs uptake in HeLa cells and
showed no eﬀect in HUMSC (Figure 4h,i and Figure S16). In
summary, these results demonstrated that integrin αvβ3 was

■

CONCLUSION
In this study, we constructed a type of cell-membrane-derived
plasmonic probes and developed a DFM imaging-based strategy
to explore the interaction between CMC-NPs and living cells.
Plasmonic imaging depicts the dynamic process of the
internalization, intracellular transportation, and agglomeration
of CMC-NPs at single-particle resolution. Moreover, this
strategy is quantiﬁable at a single-cell level. On one hand,
single-cell imaging allows observation of the heterogeneity
between individual cells and capture of rare events. On the other
hand, statistical analysis of multiple randomly selected cells
allows unbiased evaluation of the targeting eﬃciency of CMCNPs upon various treatments. Using this approach, we measured
the enhancement of AuNPs uptake via cell membrane coating.
The agglomeration process of two CMC-NPs was observed by
single-particle tracking, and the kinetics of membraneaccelerated agglomeration was calculated. More importantly,
our results identiﬁed integrin αvβ3 as a surface marker for the
homotypic targeting of CMC-NPs. We believe that integrinmediated homotypic targeting is a general mechanism which is
not related to the core of AuNPs. Our work not only established
a new approach to study the interface between CMC-NPs and
living cells but also shed light on integrin-dependent regulation
of CMC-NPs in future biomedical applications.
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