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Quantitative profiling of integrin αvβ3 on single
cells with quantum dot labeling to reveal the
phenotypic heterogeneity of glioblastoma†

Tingting Wang,‡a,d Guang Li, ‡b Dianbing Wang,*a Feng Li, c Dong Men, c

Tao Hu,e Yan Xia,c and Xian-En Zhang *a,d

The distribution, localization and density of individual molecules (e.g. drug-specific receptors) on single

cells can offer profound information about cell phenotypes. Profiling this information is a new research

direction within the field of single cell biology, but it remains technically challenging. Through the com-

bined use of quantum dot labeling, structured illumination microscopy (SIM) and computer-aided local

surface reconstruction, we acquired a 3D imaging map of a drug target molecule, integrin αvβ3, on glio-

blastoma cells at the single cell level. The results revealed that integrin αvβ3 exhibits discrete distribution

on the surface of glioblastoma cells, with its density differing significantly among cell lines. The density is

illustrated as the approximate number of target molecules per μm2 on the irregular cell surface, ranging

from 0 to 1.6. Functional studies revealed that the sensitivity of glioblastoma cells to inhibitor molecules

depends on the density of the target molecules. After inhibitor treatment, the viability and invasion ability of

different glioblastoma cells were highly correlated with the density of integrin αvβ3 on their surfaces. This

study not only provides a novel protocol for the quantitative analysis of surface proteins from irregular single

cells, but also offers a clue for understanding the heterogeneity of tumor cells on the basis of molecular

phenotypes. Thus, this work has potential significance in guiding targeted therapies for cancers.

Introduction

The development of precise analytical techniques has greatly
expedited the study of genomics,1,2 transcriptomics3–5 and
proteomics,6–8 as well as epigenomics9 at the single-cell level.
A large number of studies have revealed diversity and hetero-
geneity within the same type of cells, thus providing invaluable
insights into the complexity of biological processes and
disease mechanisms. However, it is still a big challenge to
study the phenotypic heterogeneity of cells, as important
in situ information, including distribution and quantity of pro-
teins on a single cell, is difficult to acquire.

Cell surface receptors, such as G Protein-Coupled Receptor
(GPCR) and programmed cell death protein-1 (PD-1)/pro-
grammed death-ligand 1 (PD-L1) receptors, play important
roles in cellular processes and cell–cell communications.10,11

Precise in situ information about the distribution, localization
and density of these receptors on the cell surface can provide
immediate evidence for the phenotypic heterogeneity of cells.
To acquire this information at the single cell level, techno-
logies with super high resolution, localization accuracy and
quantitative information are needed. Flow cytometry is a
widely used technique for cell sorting, which can estimate
500–107 molecules by measuring the total fluorescence inten-
sity of a fluorescent probe on a single cell.12 However, the
resolution of flow cytometry is not high enough to distinguish
single molecules. Mass cytometry (CyTOF) is a powerful high-
throughput technology, which can simultaneously determine
more than 30 kinds of protein in a single cell, with a detection
sensitivity of about 1500 molecules per cell.12–14 However,
CyTOF is unable to provide information about the distribution
and localization of target molecules on single cells. Recently,
we introduced quantum dot labeling and super-resolution
microscopy for the proposed purpose. Quantum dot labels
exhibit extremely high brightness and resistance to photo-
bleaching, making them ideal for single-molecule
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imaging.15–17 The lateral and axial resolutions of Structured
Illumination Microscopy (SIM) are 80–120 and 300 nm,
respectively, which are high enough for 3D single-cell imaging.
By combining these two techniques, we made the first attempt
to profile a target molecule on single acute myeloid leukemia
cells.18 This method, however, is not readily applicable to solid
tumor cells. The reason is that it is difficult to determine their
surface area and the density of a given target molecule on the
cell surface, because they normally exhibit adherent growth
with irregular morphology. To solve this problem, and as a sys-
tematic study, here, we used quantum dot labeling and super-
resolution microscopy with computer-aided local surface
reconstruction to obtain information on the density and
spatial distribution of target molecules on single adherent
tumor cells.

To demonstrate the concept, integrin αvβ3, one of the most
intensely studied integrin receptors of glioblastoma cells,19

was used as a model molecule in this study. Glioma is a typical
heterogeneous disease.20,21 Immunohistochemistry tests have
shown that the expression of integrin αvβ3 is associated with
the transformation from low-grade astroglial-derived tumors to
advanced glioblastoma.22,23 We hypothesized that the
expression level of integrin αvβ3 in glioblastoma is associated
with tumor cell properties, and that profiling integrin αvβ3 on
glioblastoma cells may provide insights into its function in
disease mechanisms and tumor heterogeneity, as well as the
efficiency of chemotherapy. As a result, we obtained 3D images
of intact cells which exhibit the distribution (discrete), localiz-
ation (cell membrane bound) and density (molecule numbers
per μm2) of the target receptor molecules on irregular and
adherent cell surfaces. The density was found to be signifi-
cantly different among the three glioblastoma cell lines.
Functional studies revealed that the density of integrin αvβ3
on the cell surface is highly associated with both the invasion
ability and viability of glioblastoma cells treated with inhibi-
tors of integrin αvβ3.

Results and discussion
Scheme for the quantitative profiling of integrin αvβ3 on a
single glioblastoma cell

The experiment scheme has two parts, as shown in Fig. 1. Part
I is the labeling of integrin αvβ3 on the cell surface. The integ-
rin was first incubated with the primary antibody, and then
labeled with QD605 secondary antibody (Fig. 1a). In part II,
the labeled glioblastoma cells were observed under SIM to
acquire 3D images of single cells. Fig. 1b shows the maximum
intensity projection (MIP) image of a glioblastoma cell with
the quantum dot-labeled integrin αvβ3 on its surface. Since
the glioblastoma cells present adherent growth with irregular
shapes, it is difficult to directly acquire 3D images of whole
cells. To solve this problem, a local surface reconstruction
method was applied through the QD-labeled receptor continu-
ous recognition and delineation on 2D slices (Fig. 1b). After
the reconstruction, the number of integrin αvβ3 molecules per
μm2 on the surface of the glioblastoma cells was quantified.
Through the two-step experiment, we were able to profile the
target molecules, with the quantitative information from both
the intact cell and the local details. Consequently, we could
investigate the relationship between the density of integrin
αvβ3 on glioblastoma cells and cancer cell invasion ability and
viability upon drug treatment.

3D super-resolution imaging of integrin αvβ3 on a single
glioblastoma cell

The glioblastoma cells labeled with QD605 were examined
under SIM. The software SIMcheck was used to profile the
channel intensity of raw SIM data and to produce Fourier
plots of reconstructed SIM data to assess the quality of the
SIM imaging.24 The data showed the discrete distribution of
integrin αvβ3 on the cell surface in the form of red fluorescent
dots, as shown in Fig. 2a and Movie S1.† No obvious
variations of signal intensity from the Channel intensity profile

Fig. 1 A schematic representation of the super-resolution imaging and quantitative analysis of integrin αvβ3 on a single glioblastoma cell. (a) Cell
labeling: cells are labeled with QD-antibody-conjugated probes by immunocytochemistry (ICC). (b) 3D SIM images (left): the maximum intensity
projection (MIP) images of integrin αvβ3 on a glioblastoma cell. Surface reconstruction model: the surface reconstruction of 3D SIM images of the
glioblastoma cell for quantitative analyses. Scale bars: 5 µm.
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was observed (Fig. 2b), which indicates that little
photobleaching appeared between the illumination pattern
angles. The reconstructed SIM data were further subject to
Fourier transform to test the resolution. Fig. 2c shows repre-
sentative Fourier plots from the images along the xy cross-
section (right panels) and xz cross-section (left panels),
respectively. As can be seen, the lateral Fourier spectrum of the
integrin αvβ3 image presents hexagonal symmetry, which indi-
cates that there is no loss of signal at high frequency.
Importantly, the concentric rings in the Fourier spectrum
indicate the corresponding lateral resolution of ∼0.1 µm and
axial resolution of ∼0.3 µm. Taken together, our results clearly
demonstrate the high quality of the SIM images to be used for
further analyses.

Local cell-surface reconstruction and quantification of integrin
αvβ3 expression

Cell-surface reconstruction and estimation of the expression
level of integrin αvβ3 were performed to gain more quantitative
information.25,26 However, due to the adherent growth and
irregular size of the cells, and the presence of microvesicles
(Fig. S3c†), we could not obtain the total amount and density
of integrin αvβ3 on single cells. To avoid these interferences,
we developed a protocol to reconstruct the local cell surface
for calculating the surface area and to measure the expression
quantity of the membrane-bound integrin. Through smooth-
ing the biomarker distribution outline, local cell-surface recon-
struction was implemented to obtain accurate spatial distri-
bution information on integrin αvβ3. The procedures involved
in our strategy are introduced in Fig. 3, and related details are
provided in Fig. S3.†

By verifying whether the quantum dots are distributed
around the reconstructed surfaces (Fig. S3a†) to prove the
reliability of our reconstruction approach, we performed a chi-
square goodness-of-fit test and accepted the null hypothesis.
The results suggest that the distribution takes the form of
“single peak and symmetry” around the surface. Meanwhile,
the analyses displayed in Fig. S3d† prove that the distribution
of fluorescent dots around the surface approximates a normal
distribution. Therefore, we conclude that fluorescence signals
centralize at the boundary of the reconstructed local cell
surface, and the processing is reliable for further analyses.

Quantitative analysis of the density of integrin αvβ3 on
different subtypes of glioblastoma cells

To determine the heterogeneity of glioblastoma cells, we
imaged and quantified integrin αvβ3 on three different glio-
blastoma cell lines (U87MG, U251, A172). Fig. 4a clearly
demonstrates the expression level and distribution of integrin
αvβ3 on these three subtypes of glioblastoma cells at horizon-
tal viewing angles of 0°, 120° and 240°. Our data illustrate that
U87MG cells show significantly higher expression of integrin
αvβ3, and the U251 cell line has a relatively low expression of
the integrin, which is in line with other studies28 but at much
higher resolution. Meanwhile, the A172 cell line has no
obvious expression of the integrin. The super-resolution
imaging and local surface reconstruction allowed us to quan-
tify integrin αvβ3 by counting the number of fluorescent dots
on the reconstructed 3D surfaces of glioblastoma cells. We
found that there are 2880 ± 150 fluorescent dots on the
U87MG cells and 1270 ± 80 fluorescent dots on U251 cells by
imaging 50 individual cells for each subtype of glioblastoma
cells (data not shown); mean ± SEM (Standard Error of
Measurement). As the cells of each cell line possess different
size, the whole cell surface cannot be explored due to a limited
field of view. Thus, the expression of integrin αvβ3 was calcu-
lated by the fluorescent dots per μm2 of the cell surface, which
is easier and more valuable for calculating the density of the
receptor molecules. Fig. 4b shows that the density (molecule
numbers per μm2) of integrin αvβ3 molecules on the surface of

Fig. 2 3D super-resolution imaging of integrin αvβ3 on a single glio-
blastoma cell. (a) MIP (maximal intensity projection) image, zoom image
and 3D image of integrin αvβ3 on a single glioblastoma cell under SIM
mode. (b) Channel intensity profiles (CIP) of raw SIM data show the
differences in fluorescence intensity between illumination pattern
angles. (c) The MIP of the images along the xy cross-section and xz
cross-section with SIM (left panels) and Fourier plots of lateral and
orthogonal cross-sections of reconstructed SIM data. Scale bars: zoom
image, 1 µm; others, 5 µm.
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U87MG and U251 cells is approximately 1.6 μm−2 and
1.2 μm−2, respectively, and the integrin was not detected on
the surface of A172 cells.

Here, we put forward two arguments about the accuracy of
this quantification. First, the integrin receptors are not station-
ary within the live cell membrane. In a cancer cell, the initial

Fig. 3 Local cell-surface reconstruction based on bio-imaging markers from SIM data. The default size unit is the pixel, and the corresponding
physical size unit (39.5 nm per X/Y-pixel, 125 nm per Z-pixel) depends on the SIM metadata. (a and c) Probability densities of gray values and point-
point distances. To adapt all the stacks of SIM data, we set the cut-off values as 0.15 for thresholding and 35 pixels (i.e. 1383 nm) for determining the
potential adjacent connections. (b) Fluorescent dot identification by labeling connected components in 2D binary images.27 (d) Connecting adjacent
fluorescent dots. Between the two points of one determined connection, linear interpolation (cyan lines) was performed in their respective dimen-
sions to fill up the contour gap for the next contour smoothing. (e) Outline sketch. (f ) The integrated outcome of circumferential and z-axial
smoothing. Related details in the Methods section. Scale bars: 5 µm.

Fig. 4 Quantitative profiling of integrin αvβ3 on different glioblastoma cell lines with SIM and quantitative analyses. (a) QD-based super-resolution
imaging shows the expression and distribution of αvβ3 on different glioblastoma cell lines (U87MG, U251 and A172). Images were taken at horizontal
viewing angles of 0°, 120° and 240°. The right-side images are of a control group without primary antibody. (b) The density of αvβ3 receptors was
averaged from 50 individual cells for each cell line. Scale bars: 5 µm. Data are presented as mean ± SD. **p < 0.01.
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integrin-ligand binding event would recruit additional integrin
receptors and other cytosolic proteins to the adhesion site in
order to form adhesion complexes. These complexes are
dynamic multiprotein structures that can range in size
from nascent adhesions (<250 nm) to focal adhesions (up to
500 nm).29 In this case, two problems arise: (1) due to their
large size, the antibody/QD complexes may only bind to one
receptor molecule while hindering the attachment of more due
to size constraints; and (2) even if two receptor molecules in an
adhesion complex (with size <150 nm) can be successfully
labeled, the signals from two QDs are hard to distinguish
with SIM, as SIM’s xy resolution limit is 80–120 nm. Therefore,
the number of integrin αvβ3 molecules is underestimated.
However, such underestimation is unlikely to occur in
this experiment, largely because labeling was applied to
immobilized cells, on which no ligand molecules were applied
in advance; thus, there should be no integrin-ligand binding-
triggered recruitment of receptor molecules. The signal dots
on the cell surface presented a highly discrete distribution,
with distances larger than 200 nm, which is also supported
by TEM images (Fig. S2†). Nevertheless, if there are focal
adhesions formed by the target receptor molecules with
unknown reasons before labeling, the quantification would be
underestimated.

Second, the QD signals of some vesicular protrusions were
suspected to originate from microvesicles secreted from the
cells and thus were excluded in building the QD signal dataset
for cell surface reconstruction. It is worth noting that this treat-
ment may affect the quantification of the integrin
αvβ3 molecules. However, there were only a few numbers of
these structures per U87MG cell, and the U251 cells were mostly
free of them. Compared to the large area of the whole cell
surface, the area of a small number of these structures is too
small. Neglecting the signal dots from these structures would
have no effect on the final quantification result.

Taken together, the quantity measured by the proposed
method might be underestimated for a number of reasons, but
not significantly.

Correlation analysis of αvβ3 density and drug susceptibility of
glioblastoma cells

Various studies have shown that integrin αvβ3 exhibits multi-
faceted functions in gliomas, including tumor migration/inva-
sion, angiogenesis30,31 and cell survival.32 Further, transwell
invasion and cell viability experiments were performed, as we
were interested to know the effect of the density of integrin
αvβ3 on the survival and invasion of glioblastoma cells. The
data showed that the numbers of invaded cells were signifi-
cantly reduced in U87MG and U251 cells, while no apparent
change was observed in A172 cells after blocking the integrin
αvβ3 using the antibody LM609, as shown in Fig. S1.† The
reduction in the invasion of U87MG and U251 cells compared
to A172 cells after blocking the activity of integrin αvβ3 using
the LM609 antibody (as shown in Fig. 5a), demonstrates that
cells containing a higher density of integrin αvβ3 are more sen-
sitive to LM609 antibody than cells containing a lower density
of integrin αvβ3. Therefore, it was concluded that the density
of integrin αvβ3 may exhibit a positive correlation with the
invasion ability.

To further investigate the relationship between the density
of integrin αvβ3 and cell viability, glioblastoma cells were
treated with Cilengitide, a small-molecule inhibitor of integrin
αvβ3. The data showed that the relative cell mortality rates
among the three cell lines were different with increasing con-
centration of Cilengitide, as shown in Fig. 5b. U87MG cells
with a higher density of integrin αvβ3 were more sensitive to
Cilengitide compared to A172 cells, which showed the lowest
expression of integrin αvβ3. Therefore, the density of integrin
αvβ3 may exhibit the same positive correlation with cell viabi-
lity as the invasion ability. Taken together, the data clearly
showed that the density of the integrin was related to tumor
invasion and survival of the glioblastoma cells under the tar-
geted drug treatment, i.e. the higher the density of the integ-
rin, the more obvious the loss of invasion ability and the lower
the survival rate. It is suggested that the density of the target
molecules has a potential reference value in clinical targeted

Fig. 5 Cell invasion ability and cell viability inhibited by integrin αvβ3 antibody or small-molecule inhibitors. (a) U87MG, U251 and A172 cells expres-
sing different amounts of αvβ3 were cultured in a serum-free medium for 12 h, and the cell invasion ability was assessed over 24 h using the trans-
well invasion assay (the chamber coated with matrigel) with or without 10 µg ml−1 LM609 Ab. Histograms show the loss of invasion ability of three
glioblastoma cell lines after adding LM609 Ab. (b) The three types of glioma cells (U87MG, U251 and A172) were treated with Cilengitide for 12 h, and
then cell viabilities were measured with the CellTiter Blue Cell Viability Assay. The relative mortality was obtained with different concentrations of
Cilengitide. Data are presented as the mean ± SD. ***p < 0.001.

Paper Nanoscale

18228 | Nanoscale, 2019, 11, 18224–18231 This journal is © The Royal Society of Chemistry 2019

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 4

/1
7/

20
26

 9
:1

0:
18

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9nr01105f


therapy. However, cancer is a complex disease, and the behav-
ior of tumor cells is often determined by multiple factors.
Establishing a multi-target profiling map for a type of tumor
cells will undoubtedly enhance the efficiency of the targeted
therapy.

Experimental section
Cell culture and reagents

U87MG, U251 and A172 cells (KeyGEN, China) were cultured
in Dulbecco’s modified Eagle Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS, Gibco) at 37 °C with 5%
CO2 in a humidified atmosphere. Mouse anti-αvβ3 human
antibody (LM 609) was purchased from Merck Millipore
(Germany). Anti-mouse IgG (H + L)-conjugated quantum dots
(QD-605) were purchased from Thermo Fisher Scientific (USA).
Goat serum was purchased from Beyotime (China). Cilengitide
was purchased from SelleckChem (USA).

Immunocytochemistry assay

The cells adhered to the bottom of the glass dish were fixed
with 4% paraformaldehyde for 15 min at room temperature,
and blocked with 10% goat serum in PBS for 1 h at 37 °C.
Cells were then incubated with anti-αvβ3 antibody (1 µg ml−1)
at 37 °C for 1 h. Cells were washed three times with PBS and
incubated with 20 nM QD-605-conjugated goat anti-mouse IgG
at 37 °C for 1 h. Cells were washed again with PBS and incu-
bated with Hoechst 33258 (Sigma, USA) at 37 °C for 10 min.
Following staining, cells were washed again and images were
taken using a Delta Vision OMX V3 imaging system
(GE Healthcare, USA).

Transwell invasion assay

An invasion assay was performed on a transwell chamber with
an 8 µm diameter pore size filter membrane (Corning, USA).
After 12 h of serum starvation, cells were trypsinized and
resuspended in serum-free DMEM. 2 × 105 cells diluted in
200 µL serum-free medium containing the LM 609
(10 µg ml−1) were placed in the upper transwell chamber.
Medium containing 10% FBS was added to the lower chamber
of the wells as a chemoattractant. The invasion assay was per-
formed at 37 °C in an incubator with 5% CO2 for 24 h. Cells at
the top chamber surface were lightly scraped off with cotton
swabs. Cells that had invaded through the filters to the bottom
chamber surface were fixed with 4% paraformaldehyde for
20 min and stained with crystal violet for 30 min. The images
were taken using a Cytation 3 (BioTek, Gene Company
Limited, Hong Kong); the numbers of invaded cells were
counted in six fields (394 × 291 µm per field) per membrane
using image J software.

Cell viability assay

Cell viability was determined using the Cell Titer-Blue Cell
Viability Assay Kit (Promega, USA). According to manufac-
turer’s instructions, glioma cells were seeded in triplicate with

2 × 104 cells per well in a black 96-well clear flat-bottomed
microplate. After cells had been attached to the bottom,
Cilengitide, a small-molecule inhibitor of integrin αvβ3, was
added at different concentrations. After 12 h, 20 µL CellTiter-
Blue Reagent was added and cells were incubated at 37 °C for
2 h in a CO2 incubator. Then, cells were detected using a
microplate reader, and the fluorescence was recorded at 560/
590 nm.

3D-SIM microscopy

All 3D-SIM images of cells were acquired on the Delta Vision
OMX V3 imaging system (GE Healthcare, USA) with a 100× 1.4
NA oil-immersion objective (Olympus, UPlanSApo), solid-state
multimode lasers (405 nm), and electron-multiplying CCD
(charge-coupled device) cameras (Evolve 512 × 512,
Photometrics). Serial z-stack sectioning was performed at
125 nm intervals for the SIM mode. To obtain optimal images,
immersion oils with refractive index of 1.518 were used for
glioblastoma cells on glass bottom dish. The microscope was
routinely calibrated with 100 nm fluorescent spheres to calcu-
late both the lateral and axial limits of image resolution. SIM
image stacks were reconstructed using SoftWoRx 6.1.1 (GE
Healthcare, USA) with the following settings: pixel size,
39.5 nm; channel-specific optical transfer functions; Wiener
filter constant, 0.0010; discard negative intensities back-
ground; drift correction with respect to first angle; and custom
K0 guess angles for camera positions. The reconstructed
images were further processed for maximum-intensity projec-
tions with SoftWoRx 6.1.1. Pixel registration was corrected to
be less than 1 pixel for all channels using 100 nm Tetraspeck
beads. Images in Fig. 1b, 2a and 4a are 3D SIM images
acquired on the DeltaVision OMX V3 imaging system.

Transmission electron microscopy

Cells were fixed with 2.5% (vol/vol) glutaraldehyde in
Phosphate Buffer (PB) (0.1 M, pH 7.4), and washed four times
in PB. Then, cells were post fixed with 1% (wt/vol) osmium tet-
raoxide in PB for 2 h at 4 °C, dehydrated through a graded
ethanol series (30, 50, 70, 80, 90, 100%, 7 min each) into pure
acetone (2 × 10 min). Samples were infiltrated in graded mix-
tures (3 : 1, 1 : 1, 1 : 3) of acetone and SPI-PON812 resin (16.2 g
SPI-PON812, 10 g DDSA and 8.9 g NMA), and also pure resin.
Finally, cells were embedded in pure resin with 1.5% BDMA
and polymerized for 12 h at 45 °C, and 48 h at 60 °C. The ultra-
thin sections (70 nm thick) were sectioned with microtome
(Leica EM UC6), double-stained by uranyl acetate and lead
citrate, and examined using a transmission electron micro-
scope (FEI Tecnai Spirit 120 kV).

Integrin αvβ3 expression quantity measurement

Considering the XY-resolution and Z-resolution of SIM are
100 nm and 300 nm, respectively, and the Z-spacing of cell
scanning is 125 nm, we codified the measurement regarding
100 nm × 100 nm × 125 nm as a “patch” voxel unit to obtain
quantitative information on the targets and the coordinate
information for the next cell-surface reconstruction. The
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“patches” were determined using the gray cut-off value. In the
present study, we chose the gray value 0.15, of which the tan-
gential direction is close to the X-axis in the estimated prob-
ability density distribution curve of gray values (Fig. 3a), which
confirmed that the distribution of integrin αvβ3 observed
under both SIM (Fig. 3b) and TEM (Fig. S2†) showed similar
discrete-topology, indicating that the current fluorescent dots
represent most of the signals on the cell surface. The same
cut-off value was applied to all stacks to obtain 2D (two-dimen-
sional) binary images.27 Then, the connected components
were identified to obtain the coordinates and the number of
target molecules (Fig. 3b). Because the Z-axis resolution of SIM
is 300 nm and the Z-spacing is 125 nm, in the z direction, the
fluorescent dots of one conjugate might repeatedly appear in
three adjacent slices and be counted three times. Therefore,
the numbers of “patches” were divided by three to evaluate the
number of integrin αvβ3 molecules.

Local cell-surface reconstruction

With the 300 nm Z-axis resolution for the current SIM images,
to our knowledge there is currently no perfect solution of
surface reconstruction for a complex multiform uneven curved
surface. Given that the intention in our study was to roughly
reconstruct the cell surface and calculate the cell surface area
for the density evaluation, we eventually took advantage of the
robustness of the LOESS algorithm to generate a contour plot
of the slice data to illustrate the cell surface. Based on the
probability density estimation of point–point distances
(Fig. 3c) and the argument–polar radius curve of the polar
coordinate system whose pole is the corresponding projective
point from the centroid of the whole convex hull, we chose the
point–point distance value of 1383 nm for connecting the adja-
cent points so that most of the key contour points are
included. Linear interpolation was implemented in each
respective dimension to fill up the contour gap, and the curves
were smoothed using LOESS.33,34 During processing, for each
set of raw data in the usual vector form, we calculated the
smooth ratio, which is less than or equal to 1, and is a percen-
tage of the total number of data points. A 2nd degree poly-
nomial model was used on the correlation-weighted indices to
smooth the raw data and avoid noise. The circumferential
(LOESS smooth ratio: 0.01) and z-axial (LOESS smooth ratio:
0.01) smooth processing were based on argument–polar radius
curves and slice index–polar radius curves, respectively. An
integrated computation of the above contours was
implemented to obtain the local surface area for estimating
the density. Considering the mentioned interference factors,
we used only 85% of slices close to the cell bottom to recon-
struct the local cell surface.

Cell-surface validation

To verify the reconstruction processing, we supplied a simple
but efficient validation, i.e. the probability density estimation
of signal points around the reconstructed cell surface in the
radial direction. We obtained a series of numbers of quantum
dots at different Euclidean distances to the reconstructed

surface-based zoom ratio (Fig. S3d†) in the radial direction,
and then a chi-square goodness-of-fit test was performed to
test the null hypothesis, whereby data come from a normal dis-
tribution with a mean and variance estimated from itself at a
1% significance level, indicating that signals centralize at the
boundary of the reconstructed cell surface and the method fits
well with the morphological distribution of signals.

Statistical analysis

Data are shown as mean ± SD (Standard Deviation), and the
two-tailed t-test was used to analyze statistically significant
differences, unless otherwise stated. When analyzing the dis-
tribution, the probability density estimation was based on a
normal kernel function and evaluated at 100 equally spaced
points. We conducted all analyses using in-house scripts.

Conclusions

In summary, by integrating quantum dot labeling with 3D
super-resolution microscopy and local surface reconstruction,
we successfully profiled the distribution and density of integ-
rin αvβ3 on single glioblastoma cells, which exhibit adherent
growth with irregular morphology, with the approximate
number of target receptors per μm2 on the cell surface. The
research quantitatively demonstrated the phenotypical hetero-
geneity of glioblastoma at the single cell level, and revealed
how drug susceptibility relates to the receptor density on the
test cells. The protocol, in principle, could be exploited for
quantitatively profiling many other surface proteins on cells of
interest.
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