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One-step tumor detection from dynamic morphology 
tracking on aptamer-grafted surfaces
Mohammed Arif I. Mahmood1–3, Mohammad Raziul Hasan1–3, Umair J. M. Khan1,3,4,9, Peter B. Allen5,8, 
Young-tae Kim3,6,7, Andrew D. Ellington5 & Samir M. Iqbal1–4,7

In this paper, we report a one-step tumor cell detection approach based on the dynamic morphological behavior tracking of cancer 
cells on a ligand modifi ed surface. Every cell on the surface was tracked in real time for several minutes immediately after seeding 
until these were fi nally attached. Cancer cells were found to be very active in the aptamer microenvironment, changing their shapes 
rapidly from spherical to semi-elliptical, with much fl atter spread and extending pseudopods at regular intervals. When incubated 
on a functionalized surface, the balancing forces between cell surface molecules and the surface-bound aptamers, together with 
the fl exibility of the membranes, caused cells to show these distinct dynamic activities and variations in their morphologies. On the 
other hand, healthy cells remained distinguishingly inactive on the surface over the same period. The quantitative image analysis 
of cell morphologies provided feature vectors that were statistically distinct between normal and cancer cells.

Keywords: Temporal Image Processing; Cancer Cell Morphology; Human Glioblastoma (hGBM); Cell Imaging; Early Cancer Diagnosis.

INNOVATION 
Ligand-based approaches for cancer cell isolation oft en require a second 
step (cell lysis, genetic verifi cation, etc.) to confi rm malignancy. Our 
approach has the potential to eliminate such requirements. By observing 
the behavior of cells on a ligand-coated surface, there is a possibility to 
identify a cancer cell from a pool of mixed cells. We have performed 
the experiments for human glioblastoma (hGBM); however, this can be 
extended to multiple platforms for disease detection.

INTRODUCTION
Rapid diagnosis is crucial for early detection and eff ective cure of cancer. 
Tumor cells provide an important pathway for such detection. Several 
strategies such as dielectrophoresis, methods employing mechanical forces, 
fl ow cytometry and magnetic-attraction-based methods have been reported 
previously1–4. Genetic mutation and its subsequent transcription result in 
abnormal expressions of protein biomarkers on the cancer cells that can 
indicate physiological states of the cells and are important for monitoring 
cancer progression. Many ligand-based cell isolation platforms targeting 
these protein biomarkers have been previously reported for fast cancer 
diagnosis5,6. Th ese affi  nity-based devices target cancer biomarkers with 
surface-bound complementary ligands such as antibodies or aptamers. 
Sorting based on affi  nity interactions with RNA aptamers has been shown to 
yield high effi  ciency and specifi city7–11. In this approach, biopsy-extracted 
lesions can be confi rmed for malignancy based on the number of cells cap-
tured on the aptamer-tethered surface aft er a certain period of incubation. 

Th ese cell-isolation methods usually require a pre-screening followed by 
cell lysis for further verifi cation. A strict lab environment is mandatory and 
a possible waiting period delays the diagnosis process. Also, to date, none 
of these methods can meet the requirements of non-invasiveness, low cost, 
high sensitivity, high specifi city and minimal false results. False positives/
negative results can add signifi cant complexity to the later prognosis.

For rapid diagnosis, instead of prevailing multi-step approaches, a 
one-step method is clearly desired. Morphology-based one-step tumor 
cell confi rmation methods have been proposed before. Cultured cancer 
cells were shown to demonstrate distinctive morphology compared to 
healthy counterparts. It was shown that cell morphology refl ected the 
underlying gene expression and protein expression patterns on the 
cancer cell12. However, the cell culture approach required a prohibitively 
long verifi cation time. Cell shapes were also reported to show somewhat 
distinguishing features aft er isolation on a ligand-modifi ed surface7. 
However, in isolation-based approaches, few healthy cells also showed 
morphological features that matched closely to the tumor cells and thus 
reduced the specifi city of the method.

In this article, a new cytological approach is presented to identify can-
cer cells based on the tracking of their dynamic behavior on functionalized 
surfaces. Aptamer-coated substrates were used to selectively interact with 
human glioblastoma (hGBM) tumor cells (Fig. 1). Th e hGBM cells are 
known to overexpress epidermal growth factor receptors (EGFRs) and 
these have been previously isolated using an anti-EGFR RNA aptamer13. 
Aptamers are single-stranded DNA or RNA oligonucleotides that bind to 
target molecules. Similar structures are found in biological systems such 
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as riboswitches, which regulate transcription. Th ese oligonucleotides have 
the tendency to fold into 3D structures that complement the binding sites 
of the target. Th ese are also selected synthetically and have been used as 
ligands for affi  nity-based isolation14–16.

During the incubation period of hGBM cells on the aptamer-
functionalized surfaces, the cells showed distinct morphological attributes 
 (non-globular form, extending pseudopods, fl atter orientation, etc.), 
which were absent in normal cells. Several feature vectors such as non-
uniformity and Hausdorff  distance were calculated based on transient 
morphological changes from the images taken during incubation. Th e 
comparison of the vectors between healthy and diseased cells revealed 
a clear distinction. Th is single-step detection based on cell’s dynamic 
 morphological behavior is simple (potential avoidance of human subjec-
tivity), economic (less stringent lab requirement) and have the potential for 
a better, faster and possibly a point of care detection system once matured.

MATERIALS AND METHODS

Cancer and normal cells
Th e hGBM cells and astrocytes were obtained from consenting patients at 
the University of Texas Southwestern Medical Center at Dallas, Texas as 
per the approved Institutional Review Board (IRB) protocols. Astrocytes 
are glial cells from the same lineage as hGBM cells. Overexpression of 
EGFR on astrocyte cells was reported to be independent predictor of 
glioblsatoma17. Th erefore, hGBM and its healthy counterpart astrocyte 
were used for proper comparison. Silicon dioxide (glass) surfaces were 
functionalized with RNA aptamers known to selectively bind to EGFR7. 
Once cells were incubated, time-lapse images were taken using optical 
microscope and recorded images were analyzed. Simple image processing 

techniques for contour detection were used to 
follow and quantify cell behavior. Quantitative 
data gave objective comparison between normal 
and cancer cells.

Role of EGFR as cancer biomarker
Upregulation of EGFR has been previously 
reported to be associated with lung cancer and 
glioblastoma (most aggressive malignant brain 
tumor) with EGFR densities ranging from 40,000 
to 100,000 per cell18,19. In a separate study, a 
mutation of EGFR, known as EGFRvIII, has also 
been observed in lung and gliocarcinomas which 
was found to be responsible for the proliferative 
nature of cells20. Mutant EGFRvIII is responsible 
for constant activation of the receptors causing 
the cells to undergo constant division and thus 
predisposing the individual to cancer. Th e EG-
FRvIII is characterized by a sequence deletion of 
exons 2–7 (amino acids 6–273)21. Both types of 
EGFRs are present on the hGBM cell surface but 
the expression level and the density of the wild 
type EGFR is much lower (40,000 per cell) than 
the density of mutant EGFR (approximately a 
million per cell). It has been shown that an anti-
EGFR RNA aptamer used here binds specifi cally 
with both mouse-derived wild-type EGFR and 
mutant EGFRvIII7,22. EGFR-overexpressing 
glioma cells which were bound to fl uorescence-
tagged anti-EGFR aptamer showed increased 
expression compared to control fi broblast cells7. 
Th is diff erence was due to the low number of 
EGFR on fi broblast cell surfaces.

The anti-EGFR aptamers with capturing 
effi  ciency (ratio of the number of captured cells 

to the total number of tumor cells) of 62% was reported previously7. In 
the same paper, it was shown that the specifi city of aptamers on tumor 
cell capturing was 94.82% from a mixture of hGBM and fi broblast cells. 
In our experiments, similar specifi city was observed from a mixture of 
hGBM and astrocyte cells (data not shown). Th is specifi city of the aptamer 
can be attributed to a few factors. Th e chosen aptamers could only bind 
to the extracellular ligand-binding domain III of the receptors which is 
present in both wild-type and mutant EGFRs. Th is minimizes the chances 
of non-specific adsorption. Again, tumor cells have high density of 
sialylation on their surface resulting in negatively charged cell surface23. 
As a result, generic tumor cells are repelled by the negative charge of the 
surface-graft ed aptamer. Th is promotes only the EGFR-overexpressing 
cells to bind to the surface, resulting in the superior specifi city.

Aptamer immobilization
Anti-EGFR RNA aptamer selection process and sequence has been 
reported before7. Th e anti-EGFR aptamer sequence was: 5′-GGC GCU 
CCG ACC UUA GUC UCU GUG CCG CUA UAA UGC ACG GAU 
UUA AUC GCC GUA GAA AAG CAU GUC AAA GCC GGA ACC GUG 
UAG CAC AGC AGA GAA UUA AAU GCC CGC CAU GAC CAG-3′ (the 
extended sequence used to bind to capture DNA is shown in italics). Th e 
sequence for mutant aptamer was 5′-GGC GCU CCG ACC UUA GUC 
UCU GUU CCC ACA UCA UGC ACA AGG ACA AUU CUG UGC 
AUC CAA GGA GGA GUU CUC GGA ACC GUG UAG CAC AGC 
AGA GAA UUA AAU GCC CGC CAU GAC CAG-3′. Substrate-anchored 
capture DNA probe had the sequence: 5′-amine-CTG GTC ATG GCG 
GGC ATT TAA TTC-3′. 

The capture DNA probe improved selectivity and sensitivity of 
the aptamers. Th e DNA covalently immobilized the aptamer on the 

Figure 1 (a) Schematic depicting aptamer attachment chemistry starting with capture DNA im-
mobilized on the surface through the PDITC linker (not to scale). The capture DNA provides a 
larger radius of gyration and hence less steric hindrance to the aptamer. Aptamers form a duplex 
with the capture DNA on one side while the other has the functional structure. The functional 
side binds to the target receptors on the cells. (b) Cells fl atten out as these bind to the surface. (c) 
Microscopic image shows how surface-bound cells are fl attened after attaching to the substrate.
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surface (functionalization). This DNA hybridized to one end of the 
aptamer, increasing the distance between the aptamers and the substrate 
and minimizing steric and electrostatic hindrances that could aff ect 
functionality. Th e aptamer’s radius of gyration also increased, allowing 
increased reactivity24.

Covalent immobilization of anti-EGFR aptamers on substrates 
and verifi cation
Th e aptamer binding protocol was adapted from literature7,25. Glass slides 
were used as substrates and were cut into ~5 × 5 mm2 pieces. Piranha 
solution (H2O2:H2SO4, 1:3) was used to clean the slides for 10 minutes 
followed by deionized (DI) water rinse and nitrogen blow-dry. Th ese 
slides were immersed in methanol/DI water (19:1) and 3% 3-aminopropyl 
trimethoxysilane (APTMS) solution for 30 minutes. Aft er successive 
washing with DI water and methanol, the substrates were incubated 
at 120°C for 30 minutes. A dimethylformamide (DMF) solution was 
prepared using 10% pyridine and 1 mmol/l p-Phenylene diisothiocyanate 
(PDITC). Th e glass chips were then immersed in the DMF solution for 5 
hours at 45°C, rinsed with DMF and 1,2- dichloroethane and dried with 
nitrogen gas. A 30 μmol/l of capture DNA solution with 5′ end amine 
group was prepared using DI water with 1% N,N-Diisopropylethylamine 
(DIPEA). 15 μl of the DNA solution was placed on each glass substrate. 
Th ese were then incubated overnight in a humid chamber at 37°C. Th e 
substrates were then successively washed with methanol and diethyl-
pyrocarbonate (DEPC)-treated DI water. To prevent any non-specifi c 
protein adsorption, unreacted PDITC moieties were capped to deactivate 
the functional ends. Th is was done by immersing the glass slides for 5 
hours in 150 mmol/l DIPEA in DMF and 50 mmol/l 6-amino-1-hexanol. 
Again, each substrate was sequentially washed with ethanol, DMF, and 
DEPC-treated DI water. RNase-free and DEPC-treated DI water was used 
to wash the incubator. A 5 μl drop of 1 μmol/l anti-EGFR RNA aptamer 
was placed on each substrate in the presence of 1× annealing buff er [10 
mmol/l Tris (pH 8.0), 1 mmol/l EDTA (pH 8.0), 1 mmol/l NaCl]. Aft er 2 
hours of hybridization at 37°C, substrates were washed with 1× annealing 
buff er and DEPC-treated DI water for 5 minutes. A mutant aptamer using 
the same protocol was hybridized onto control substrates and used as 
a negative control device. Prepared chips were used immediately aft er 
preparation or stored in 1× PBS (pH 7.5) with 5 mmol/l magnesium 
chloride solution until used.

Immobilization of ssDNA and RNA aptamers on the glass surface was 
verifi ed by fluorescence measurements of acridine orange (AO) stain at 
an excitation wavelength of 460 nm and an emission wavelength of 650 
nm. Th e chip surfaces were stained at diff erent immobilization steps. In 
short, AO solution of concentration 2 mg/ml was prepared in sterilized 
DI water and the samples were completely immersed into it and kept on 
the shaker for 30 minutes. Th e samples were then washed thoroughly 
with DEPC water before fl uorescence measurement. ImageJ soft ware was 
used to analyze the images.

Isolation and sorting of hGBM cells
The hGBM cells were placed in ice-cold HBSS solution after being 
taken from the patient’s brain. The specimens were, on average, larger 
than 50 mm3. Lymphocyte-M (Cedarlane labs) was used to remove 
the red blood cells from the specimen. A solution of 2% papain and 
dispase was used to gently dissociate the intact hGBM cells, fol-
lowed by gentle grinding (trituration). FACSCalibur machine (BD 
Biosciences) was then used to sort out the cells. Clonal expansion and 
formation of orthotopic tumors was observed in both CD133+ and 
CD133− fractions. Cells from the CD133+ fraction were then used 
in the experiments.

Image processing, contour detection and feature extraction
Time-lapsed optical micrographs were acquired at 30-second 
intervals using a Leica microscope with DFC295 color camera at 

20× magnifi cation. A moving stage microscope was used to image the 
entire chip. Cell density was measured using hemocytometer and was 
kept at 100,000 cells/ml to avoid cell clumping. From the acquired 
images, each cell was cropped out using image segmentation algorithm 
and a 200 × 200 pixel cropping was performed around the estimated 
cell center. Th is cropping kept a typical cell completely inside the frame. 
Images where two or more cells were seen clumped together were 
discarded. Less than 5% of the images showed such clumping behavior 
of cells. Th e number of pixels was chosen to increase the speed as well 
as to retain the required information.

Aft er initial Wiener fi ltering, contrast enhancement and smooth-
ing, separated cell image contours were detected using “level set” 
algorithm26. Energy parameters were defined for each image and 
an initial contour was estimated. Th e contour image plot was then 
converted to binary format for further analysis. Binary morphological 
image processing functions ‘erode’ and ‘dilate’ were used to eliminate 
spurious pixels27. This conversion made it suitable to statistically 
analyze the extracted data, without losing any important morphological 
information.

Centroids for all cells were determined and cell membrane distances 
from the centers were calculated at an interval of 24° (Fig. 2). A total 
of 15 radii (360°/24) were calculated for each cell. Th is resolution was 
chosen for the specifi c image size used here. Too low a number of radii 
failed to reveal important features, whereas a large number increases 
computational load without adding any extra information.

Cancer cells continued to change shapes randomly while incubated 
on the surface. Shapes changed from oval to elliptical and then to 
highly non-uniform shapes with multiple pseudopods extension. Th e 
shape randomness was tracked from frame to frame for each cell. 
Non-uniformity of cells was calculated from the diff erential of two 
successive radii. For two successive radii, rn and rn+1, the diff erential 
was Δr = rn+1 − rn.

Figure 2 Extracted cell radius superimposed on the original grayscale 
image. Ten radial lines are shown here for clarity. Each radial line length 
is measured for comparison. A higher resolution is used in actual feature 
extraction.
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To avoid image-processing artifacts, an empirical deviation of 
9 pixels (corresponding to ~2 micron in actual cell size) was set as 
threshold. Any diff erence (Δr) below 9 pixels was considered as image 
acquisition/processing error and was discarded. Th is threshold level 
was used to amplify the diff erence and a non-uniformity parameter 
was calculated as:
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Hausdorff  distance is a standard measure to determine the variation 
between successive frames by calculating and comparing point-to-point 
distances between the contours28. Th is parameter fi nds the maximum 
value among all minimum distances between any two possible point sets 
on the two cell membranes from two consecutive images. A comparison 
was made frame by frame for all the cells.

Pseudopods were computationally defi ned as an extension of the 
membrane over a threshold multiplier of the average radius. Such 
extensions were calculated and tracked for a 360°-rotation of radius for 
every frame. Cancer cells showed random extensions and contractions 
of pseudopods, whereas normal cells remained 
mostly globular and did not show distinct activity. 
Hence, a change in number of pseudopods over 
time was also an important discriminating factor 
in this context. Th e rate of change in number 
of pseudopods from frame to frame was thus 
calculated. An extension was considered a posi-
tive change and its contraction was counted as a 
negative. Formation of pseudopods at diff erent 
angles was measured and recorded to keep track 
of the cell wall changes.

RESULTS AND DISCUSSIONS
Cell motility is a natural phenomenon, where 
cells move by protruding and contracting sec-
tions of the membrane. Th is complex process 
is accomplished by sophisticated balancing acts 
between internal cytoskeleton structure and the 
cell membrane proteins29. Flexibility of the cancer 
cell membranes has been reported to be higher 
than the healthy cells due to their inherent weak 
structures30,31. Because of overexpression of 
several proteins on the membrane of cancer cells, 
the balancing forces between the cytoskeleton 
and the membrane proteins are diff erent than 
healthy cells. Th e hGBM cells, with a strong over-
expression of the EGFR, when seeded on a surface 
functionalized with an anti-EGFR aptamer, had 
an added parameter in the balancing equation. 
Th e surface passivation due to anti-EGFR ap-
tamer coating on the surface reduced adhesion 
while the binding interaction between EGFR and 
anti-EGFR aptamer interaction enhanced the 
membrane protrusion. Th is led to enhanced cell 
movement activity. 

Th e RNA aptamers on the surface created 
a passive monolayer that inhibited regular cell-
surface interactions through adhesion molecules. 
Creating a uniform dense layer covering the 
whole chip was important to avoid non-specifi c 

activity on the bare or low aptamer dense regions that may result in false 
positive diagnosis. On bare glass, astrocytes were found to show similar 
activity, though at a much reduced pace. A comparison of interactions 
(in terms of non-uniformity) between astrocyte cells and piranha-cleaned 
bare glass and an aptamer-functionalized glass substrate is presented in 
Supplementary Fig. 1. 

Binding of probe DNA and RNA to the substrate was verifi ed through 
staining by acridine orange (Supplementary Fig. 2). In all cases, before 
incubating on the substrates, cells were centrifuged and the supernatants were 
removed. Sterilized 1× PBS solution (with 5 mmol/l MgCl2) was added to 
dilute the cells and these were kept at 37°C in water bath. Th e functionalized 
slides were kept in PDMS wells and a 0.5-ml cell suspension was placed on 
each substrate to ensure they were completely submerged. Th e experiments 
were done both in and outside of an incubation chamber and negligible 
diff erences were observed during the short time of imaging.

Complete data acquisition process was done within 20 minutes 
of cell seeding. Aft er 3–4 minutes of initial settling time, images were 
captured at 30-second intervals. Each cell image was separated out and 
contours were detected. Contour detection time depended on number 
of factors such as microscope light, depth of fi eld (DOF) and aperture 
size. Th e protruded out-of-focus region of the cell images were manually 
corrected to defi ne exact contour. Sequential images of 100 regions were 
taken on a moving-stage microscope to ensure that all cell activities were 
recorded across the whole chip surface (Supplementary Fig. 3). Each 

Figure 3 (a) Tumor cell activity on anti-EGFR aptamer modifi ed surfaces. Five consecutive im-
ages with binary converted counterparts are shown. These images are taken every 30 seconds 
for the same cell. (b) EGFR-overexpressing hGBM cells showed enhanced activity through shape 
variation and pseudopod formation when incubated on the anti-EGFR aptamer surface. Large 
error bar indicates signifi cant variations in cell shapes for the pool of measured cells. It depicts 
the formation and annihilation of the pseudopods, or changes in shape at higher randomness. In 
contrast, these cells showed negligible activity on the mutant aptamer-coated control surface. 
The inset shows the variation in non-uniformity over 15 minutes.
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chip on average had about 8,000 cells and all of the cells were tracked 
periodically.

Four combinations of cells and functionalized surfaces were used: (i) 
hGBM cells + anti-EGFR aptamer surface, (ii) astrocytes + anti-EGFR 
aptamer surface, (iii) hGBM cells + mutant aptamer surface and (iv) 
astrocytes + mutant aptamer surface. Th e last three combinations acted as 
controls for the experiments. Non-uniformities and Hausdorff  distances 
for all four combinations were calculated for randomly picked 100 cells 
per sample type. Tumor-cell activity on the aptamer-modifi ed surface is 
shown in Fig. 3a.

The hGBM cells on the anti-EGFR aptamer-modified surface 
showed much higher non-uniformity in their surface contour over 
the period of image acquisition. Th e same cells remained inactive on 
a mutant aptamer-coated controlled surface (Fig. 3b). Th e mutant 
aptamer had no specifi city of EGFR hence the hGBM cells showed no 
distinct behavior. Over 25 frames, tumor cells showed non-uniformity 
ranging from 8–10 (a.u.) on average for the anti-EGFR aptamer surface, 
whereas in the control combinations, it remained below 1 (a.u.).

In control experiments, astrocyte cells were incubated on both 
the anti-EGFR aptamer and the mutant aptamer-coated surfaces. As 
expected, these cells showed negligible activities on both the surfaces 
(Fig. 4). Th is result supports the notion that surface was indeed pas-
sivated by the RNA layer and only a complementary anti-EGFR ligand 
on the surface could activate the cell towards shape changes. 

Th e Hausdorff  distance of the cell contour between the consecutive 
frames is shown in Fig. 5. Compared to the case of hGBM cells on mutant 
aptamer surfaces, the tumor cells on the anti-EGFR aptamer surfaces 
consistently showed higher Hausdorff  distances, indicating rapid shape 
changes between frames. On average, the Hausdorff  distance was calcu-
lated to be 4500 (a.u.) for tumor cells, whereas for control combinations, 
it stayed around 200 (a.u.).

Th e rates of change in number of pseudopods between frames are 
shown in Table 1. Th e tumor cells on anti-EGFR aptamer surfaces showed 
pseudopods forming at diff erent locations on the wall of the same cell 
as seen in consecutive frames (Fig. 3a). Th ere was constant formation 
and contraction of pseudopods. Each contraction was considered as a 
change of –1 while formation of a new pseudopod was counted as +1. 
On the other hand, control combinations showed minimal changes in 
cell contours. Even if there were pseudopods at start, these stayed at the 
same orientation in all subsequent frames. Th is supports the necessity of 

cell tracking we mentioned in the beginning. A healthy cell, at the end of 
the incubation period may have a highly non-uniform shape similar to 
the tumor cells and may result in a false-positive if diagnosed by just the 
end-cell morphology. However, tracking the activity of the cell over the 
whole incubation period reveals the actual nature of the cell. 

CONCLUSIONS
We have shown that there are quantitative diff erences in the interactions of 
astrocytes and hGBM cells on aptamer-functionalized surfaces. By using 
appropriate image-processing techniques in combination with surface 
preparation and selective functionalization, a cytological indicator for 
tumor cells can be implemented. Although the results were shown for 
only EGFR-overexpressing glioblastoma, using a similar aptamer micro-
environment, other known oncoproteins can be targeted for detection of 
diff erent tumors types. A chip-based device targeting several proteins can 
lead to a generic approach. Th e advantage of the technology compared to 
others is that it is suitable for a quick diagnosis without much overhead. 
Th e aptamer chips can remain active for a few weeks in controlled condi-
tions and a microfl uidic platform can be potentially incorporated. Once 
matured, the method can serve as an additional modality to identify 
tumor cells based on their physical behavior from blood samples or biopsy 
specimens directly drawn from patients.

Figure 4 Average non-uniformity for the astrocyte cells calculated 
over 15 minutes. The cells remained inactive and “calm” on both EGFR-
specifi c and non-specifi c surfaces. The inset shows the variation in 
non-uniformity over time.

Figure 5 Hausdorff distances between consecutive frames (aver-
aged over 40 cells). Cancer cells show enhanced activity at the begin-
ning and the activity reduces with time as cells fi nally attach to the 
surface.

Table 1  Diff erential change of pseudopod formation in the four combinations 
of cells and surfaces. Ten sets of random cells are taken from a pool of samples 
and presented in the table. Th e hGBM cells on anti-EGFR surface show signifi -
cantly large number of changes when totaled over 25 frames that were captured 
30 second apart.

Diff erential change over 25 frames

Dataset number  1 2  3  4 5  6 7 8 9 10

Astrocytes on anti-EGFR 
aptamer

 0 0  0  0 5  3 2 5 0  1

Astrocytes on mutant 
aptamer

 0 0  3  0 0  4 0 0 1  0

hGBM cells on anti-EGFR 
aptamer

20 7 28 12 6 11 9 7 5 14

hGBM  cells on mutant 
aptamer
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Supplementary Figure 3 A 5 × 5 mm2 glass chip with incubated cells. The 
scratch mark is for orientation and to ensure that the functionalized side 
of the glass remains on top all the time. The images taken in one step are 
stitched together to show the complete chip surface.
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