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Abstract: CD44 ligand–receptor interactions are known to be involved in regulating cell 

migration and tumor cell metastasis. High expression levels of CD44 correlate with a poor 

prognosis of melanoma patients. In order to understand not only the mechanistic basis for 

dacarbazine (DTIC)-based melanoma treatment but also the reason for the poor prognosis 

of melanoma patients treated with DTIC, dynamic force spectroscopy was used to structur-

ally map single native CD44-coupled receptors on the surface of melanoma cells. The effect 

of DTIC treatment was quantified by the dynamic binding strength and the ligand-binding 

free-energy landscape. The results demonstrated no obvious effect of DTIC on the unbinding 

force between CD44 ligand and its receptor, even when the CD44 nanodomains were reduced 

significantly. However, DTIC did perturb the kinetic and thermodynamic interactions of the 

CD44 ligand–receptor, with a resultant greater dissociation rate, lower affinity, lower binding 

free energy, and a narrower energy valley for the free-energy landscape. For cells treated with 25 

and 75 μg/mL DTIC for 24 hours, the dissociation constant for CD44 increased 9- and 70-fold, 

respectively. The CD44 ligand binding free energy decreased from 9.94 for untreated cells to 

8.65 and 7.39 kcal/mol for DTIC-treated cells, which indicated that the CD44 ligand–receptor 

complexes on DTIC-treated melanoma cells were less stable than on untreated cells. However, 

affinity remained in the micromolar range, rather than the millimolar range associated with 

nonaffinity ligands. Hence, the CD44 receptor could still be activated, resulting in intracellular 

signaling that could trigger a cellular response. These results demonstrate DTIC perturbs, but 

not completely inhibits, the binding of CD44 ligand to membrane receptors, suggesting a basis 

for the poor prognosis associated with DTIC treatment of melanoma. Overall, atomic force 

microscopy-based nanoscopic methods offer thermodynamic and kinetic insight into the effect 

of DTIC on the CD44 ligand-binding process.

Keywords: atomic force microscopy, tumor, dynamic force spectroscopy, kinetic and thermo-

dynamic interactions, affinity, nanoindentation

Introduction
The receptor interaction of CD44 with ligand (herein denoted CD44 ligand–receptor) 

is important for cellular processes such as migration, adhesion, proliferation, and 

signal transduction.1–4 Tumor cells with CD44 receptor proteins (CD44+) are more 

proliferative, clonogenic, tumorigenic, and metastatic than isogenic CD44− cells.5 

Melanoma cell proliferation, tumor progression, and metastasis are mediated by the 

interactions of CD44 ligand–receptor.6 Furthermore, interactions of membrane CD44 

and extracellular ligands have been postulated to promote melanoma growth,7 with 

the high rates of recurrence and metastasis critical bottlenecks in chemotherapeutic 
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treatment of melanoma.8–10 Increased levels of soluble CD44s 

(the standard isoform, comprising exons 1–5 and 16–20) and 

soluble CD44v (splice variants containing variable exons) 

in the circulation of cancer patients have been considered 

prognostic markers for disease progression.7 As such, there 

are a number of issues regarding CD44 that require investi-

gation, one of which is a better understanding of the effect 

of chemotherapeutic drugs on CD44 expression. Another, 

which is more important, is a better understanding of how 

CD44 ligand–receptor interactions are hampered, impaired, 

or perturbed. The kinetic and thermodynamic interaction of 

ligand–receptors is correlated to binding affinity and signal 

transduction.11–13 Even if CD44 expression is reduced, the 

appropriate binding affinity of ligand for CD44 can trigger 

CD44 signal transduction via activation of the CD44 recep-

tor, which results in cellular proliferation and tumor metas-

tasis. Furthermore, a detailed understanding of the effect of 

chemotherapeutic drugs on the kinetic and thermodynamic 

interaction of CD44 ligand–receptor at the single molecule 

level is still lacking. Apart from CD44 receptor expression, 

the influence of chemotherapeutic drugs on the distribu-

tion of CD44 binding sites on native cell membranes under 

physiological conditions have not been precisely mapped. 

The alkylating agent dacarbazine (DTIC) is the major che-

motherapeutic drug for the treatment of malignant melanoma, 

but its efficacy is very disappointing.14–16 Melanoma patients 

treated with DTIC have a poor prognosis in that the tumor 

readily becomes resistant to the drug, and they have a 1-year 

survival rate of 36%.10 Thus, quantitative investigation of 

how and to what extent DTIC influences the binding strength 

of CD44 ligand–receptor may improve drug treatment 

efficacy. Such an investigation may increase drug efficacy 

by decreasing metastasis and melanoma cell proliferation, 

improve prognosis, and serve as a means by which to develop 

new targets for anti-melanoma treatment.

 Here, we introduce high-resolution and high-sensitivity 

force distance curves-based atomic force microscopy (AFM) to 

topographically map the CD44 ligand-binding sites on native 

membrane of melanoma cells before and after DTIC treatment. 

This was accomplished at the single-molecule level and was 

used to quantify kinetic and thermodynamic parameters of 

the ligand-binding free energy landscape in the absence and 

presence of DTIC under physiologically relevant conditions. 

Modulation of the membrane receptor’s ability to bind a 

ligand depends not only on ligand-binding sites, the chance 

of receptor clustering, and changes in receptor conforma-

tion and structure, but also on alterations in the composition 

and structure of the membrane or intracellular interactions 

with the cytoskeleton.17–20 Furthermore, changes in cellular 

nanostructure and nanomechanical properties are useful mark-

ers to evaluate curative effects and drug action mechanisms.21–25 

In this investigation, high-resolution AFM imaging and 

nanoindentation-based soft colloidal force spectroscopy were 

used to detect real-time changes in melanoma cell morphol-

ogy, nanostructure, and nanomechanical properties after DTIC 

treatment, in the context of CD44 modulation.

Materials and methods
ccK-8 assay to analyze cell viability
B16-F10 melanoma cells were purchased from ATCC 

(Manassas, VA, USA) and maintained in Dulbecco’s Modified 

Eagle’s Medium (DMEM) with high glucose, containing 

10% fetal bovine serum (FBS). Before cells were seeded 

into 96-well plates, we determined cell viability primarily 

by trypan blue staining and determined the number of cells 

by cell counting. The percentage of viable cells was about 

99% and the cell number was about 3×104 cells/mL. Cells in 

exponential growth were placed in 96-well plates at a final 

concentration of 3×104 cells/mL and then treated with differ-

ing concentrations of DTIC for differing periods of time. Cell 

viability was assessed using the Cell Counting Kit (CCK-8) 

assay (Beyotime Biotechnology, Shanghai, China) according 

to the manufacturer’s instructions. The absorbance of each 

well was read at 490 nm with MK3 Absorbance Microplate 

Reader (Thermo Electron Corporation, Beverly, MA, USA). 

All data were derived from three independent experiments. 

Cell inhibition rates (%) were determined as follows: 

1− [OD
treatment

 − OD
blank

/OD
control

 − OD
blank

] × 100%.

CD44 analysis by flow cytometry (FCM)
B16-F10 cells were placed in 24-well plates at a density of 

2×106 cells per well in 200 mL of DMEM with 10% FBS. 

After 6 hours, DTIC was added to the cells at differing con-

centrations (0, 0.1, 1.0, 10, 25, 50, 75, and 100 μg/mL). After 

incubation for 24 hours, fluorochrome-conjugated anti-CD44 

antibody (eBioscience, San Diego, CA, USA) was added to 

each well. Then, the cells were analyzed using FCM (FACS 

Calibur; Becton Dickinson, San Jose, CA, USA). FCM 

results were analyzed using Cell Quest software (Win MDI; 

Becton Dickinson).

Antibody-conjugated quantum dot (QD) 
fluorescence staining
The staining procedure for the CD44 antibody and QD 

conjugates was as follows: control cells and the cells treated 

with 25, 50, and 75 μg/mL DTIC for 24 hours were washed 

with phosphate-buffered saline (PBS), then fixed with 2% 

formaldehyde at 4°C for 30 minutes, and then washed three 
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times with PBS before staining. The cells were then blocked 

for 30 minutes with 1% bovine serum albumin (BSA) and 

incubated with 20 mg/mL biotinylated anti-mouse CD44 

antibody for 60 minutes; next, the cells were incubated with 

1 μg/mL QD-streptavidin for 60 minutes in the dark. CD44 

molecules were viewed using a LCM 510 Meta Duo laser 

scanning confocal microscope (LSCM) (Carl Zeiss Meditec 

AG, Jena, Germany).

Immunofluorescence imaging of the 
cytoskeletal proteins, F-actin and tubulin
The cytoskeletal structures of B16-F10 cells treated with 

differing concentrations of DTIC were visualized by stain-

ing with phalloidin-fluorescein isothiocyanate (FITC) and 

Tubulin-Tracker. Cells were fixed with 4% paraformaldehyde 

and permeabilized with 0.1% Triton X-100 and incubated 

in phalloidin-FITC or Tubulin-Tracker solution (Beyotime 

Biotechnology) at a dilution of 1:40 for 60 minutes in the 

dark at room temperature. After being washed three times 

with PBS, the cells were incubated with a 4′,6-diamidino-2-

phenylindole (Beyotime Biotechnology) solution at a dilution 

of 1:200 for 15 minutes at room temperature and then washed 

three times with PBS. The cytoskeleton organization and 

cell nucleus were imaged using LSCM. The images were 

processed using Zeiss LSCM software.

Functionalization of aFM tips
Immobilization of anti-CD44 antibody on AFM cone tips 

with a spring constant of 0.059 N/m (DNP-10, Bruker Corp.) 

was as follows:17,18 1) The Si
3
N

4
 tips were immersed in 

acetone for 5 minutes and then irradiated with ultraviolet light 

(mercury grille lamp, λ=253.7 nm, 250 W) for 30 minutes. 

2) Tips were cleaned with piranha solution (H
2
SO

4
:H

2
O

2
=3:1, 

v/v) for 10 minutes, washed three times with ultrapure water, 

and then incubated in a 1% (v/v) solution of (3-aminopropyl)

triethoxysilane (Sigma-Aldrich Co., St Louis, MO, USA) in 

ethanol for 30 minutes. 3) After thorough rinsing with ultra-

pure water, the amine-terminated AFM probes were placed 

in a glutaraldehyde solution (2.5%, v/v) for 1 hour and then 

washed 3 times with PBS pH 7.4. 4) Finally, the tips were 

incubated with an anti-CD44 (1 mg/mL) solution overnight at 

4°C. The modified probes were again thoroughly rinsed with 

PBS and stored in PBS at 4°C until use. The immobilization 

of anti-CD34 and BSA on AFM spherical probes was carried 

out using the same procedure.

aFM measurements
All morphology images were obtained using AFM (AutoProbe 

CP Research; Thermo Microscopes, Sunnyvale, CA, USA) 

in contact mode. AFM force spectroscopy data were obtained 

from individual live cells in Hank’s Balanced Salt Solution, 

using Bio-AFM in ScanAsyst mode (BioScope Catalyst 

Bruker Instruments, Karlsruhe, Germany).

For specific CD44 molecule recognition maps, CD44 

antibody-modified tips were used to detect CD44− live cell 

unbinding events with retraction velocities of 500 nm/s. 

CD44 blocking cells and BSA-modified tips were designed 

as controls to verify specific interactions between CD44 

antibody-modified tips and B16-F10 cells.

For quantification of the thermodynamic and kinetic 

parameters of CD44 ligand–receptor binding, all specific 

interaction force curves obtained using CD44 antibody-

modified tips under different loading rates ranging from 60 to 

10,000 pN/s were analyzed. More than 1,000 force curves 

in a single experiment were measured for each loading rate. 

Origin9 was used to create the dynamic force spectroscopy 

plot from specific adhesion forces detected in the average 

adhesion maps. Similarly, dynamic force spectroscopy 

was obtained by changing the surface delay time from 0.05 

to 4 s. More than 1,000 force curves were measured for each 

surface delay time in order to plot time-dependent dynamic 

force spectroscopy. The thermodynamic and kinetic param-

eters were then calculated by theoretical model-fitting and 

thermodynamic laws.

The accurate monitoring of mechanical properties of 

individual live cells was conducted using unmodified AFM 

spherical probes (CP-CONT-SiO-ADNP-10; NanoSensors, 

Neuchâtel, Switzerland), based on nanoindentation with a 

maximum loading force of 2 nN. To determine the elastic 

modulus of the cells, the experimental force–indentation 

curves were fitted as follows in a Hertz model:

 
F

4E R

3 1 2

3
2=

− ν
δ

( )  

where F, E, δ, R, and ν are the loading force, elastic modu-

lus, indentation depth, the reduced radius of curvature, and 

Poisson ratio 0.5, respectively. The spring constant was 

0.077 N/m, which was determined using the thermal noise 

method.26,27 For any given experiment, ~1,000 force–distance 

curves were collected. To exclude a possible coincidental 

correlation, each experiment was performed at least three 

times, with different samples.

statistical analysis
All the data were expressed as the mean ± standard devia-

tion (SD). All statistical analyses were performed using 

OriginPro 9.0 (OriginLab, Northampton, MA, USA). 
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Comparison between the two groups was conducted by using 

Student’s t-test. Significant analysis was assessed by one-way 

analysis of variance, followed by Tukey’s test and accepted 

as statistically significant at p,0.05. The data obtained for 

the unbinding force and elastic modulus were used to gener-

ate a frequency distribution. These were then analyzed by 

fitting multi-Gaussian distributions. If not otherwise stated, 

experiments were performed at least triplicates.

Results and discussion
effect of DTIc on cell viability as 
determined by ccK-8 assay
The cytotoxicity of DTIC to the melanoma cell line B16-F10 

was determined by CCK-8 assay (Figure S1). After treatment 

with differing concentrations of DTIC (0.1, 1.0, 10, 25, 50, 

75, 100, 125, and 150 μg/mL) for 24 and 48 hours, a dose-

dependent inhibition of B16-F10 cells growth was observed. 

The IC50
24h

 value was 133.75 μg/mL.

characterization of cD44 expression by 
B16-F10 cells
To quantitatively investigate the effect of DTIC on CD44 

expression, FCM was used to measure the levels of CD44 by 

B16-F10 cells with and without DTIC treatment at the DTIC 

concentrations identified above. Figure 1A shows that cells 

treated with DTIC at concentrations of 25, 50, and 75 μg/mL 

for 24 hours down-regulated the expression of CD44. When 

the concentration of DTIC was increased to 100 μg/mL, 

Figure 1 Qualitative and quantitative analysis of the expression of CD44 proteins in B16-F10 cells before and after treatment with DTIC.
Notes: (A) Flow cytometric quantitative analysis of the expression of CD44 in B16-F10 cells without DTIC treatment and in cells treated with 25, 50, and 75 μg/ml DTIc for 
24 hours. (B) Confocal fluorescence images of the CD44 distribution in B16-F10 cells treated without DTIC and in cells treated with 25, 50, and 75 μg/ml DTIc for 24 hours.
Abbreviation: DTIc, dacarbazine.
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CD44 was not significantly down-regulated when compared 

with the expression of CD44 by cells treated with 75 μg/mL 

DTIC for 24 hours. In addition, LSCM images were used 

to visualize the expression of CD44 on cell surfaces with or 

without DTIC treatment (Figure 1B). For the control group, 

fluorescence was observed over the cell surface and was 

generally concentrated in the lamellipodia and the intercel-

lular junction zone (Figure 1B). This distribution could 

enhance the binding to the extracellular matrix (ECM) and 

to other cells and may be related to cell migration and adhe-

sion. In contrast, with DTIC treatment at concentrations of 

25, 50, and 75 μg/mL for 24 hours, the lamellipodia disap-

peared, the cells shrank, and the fluorescence intensity was 

significantly reduced (Figure 1B). These data collectively 

suggest that DTIC inhibits the expression of CD44 in a 

dose-dependent manner, with correspondence to changes in 

cell morphology.

alterations in the cytoskeletal proteins 
F-actin and α-tubulin
CD44 is an organizer of the cortical actin skeleton that extra-

cellularly binds to ligands in the ECM and, intracellularly, 

is mechanically linked to the actin cytoskeleton through 

ezrin/radixin/moesin proteins.28,29 Signal transduction 

requires the cytoplasmic tail region of CD44 to interact with 

actin to link to the local cytoskeletal organization.1 Thus, 

an investigation of the interaction of CD44 and B16-F10 

cytoskeleton before and after cell treatment with DTIC may 

contribute to an understanding of the treatment effect of 

DTIC on melanoma.

As shown in Figure 2, F-actin was evenly distributed and 

organized in a parallel manner throughout the cell body, 

with α-tubulin cross-linked to form a dense, nest-like cell 

scaffold around the nucleus (Figure 2A and B). Following 

DTIC exposure for 24 hours, F-actin and α-tubulin fibers 

were gradually lost (Figure 2A and B). The fluorescence 

intensity of the DTIC-treated cells decreased significantly 

when compared with that of the control cells. Interestingly, 

when B16-F10 cells were pretreated with 20 μg/mL anti-

CD44 for 12 hours before exposure to 50 μg/mL DTIC for 

24 hours (Figure 2C), more F-actin and α-tubulin staining 

fibers were observed compared with cells treated with DTIC 

alone (Figure 2A and B). The capacity of CD44 to bind 

to a ligand can depend on intracellular interactions with 

Figure 2 Organization of the cytoskeleton in B16-F10 cells.
Notes: (A, B) α-Tubulin and F-actin in cells treated without DTIc and in cells treated with 25, 50, and 75 μg/mL DTIC for 24 hours. (C) α-Tubulin and F-actin in cells 
pretreated with cD44 antibodies and then treated with 50 μg/ml DTIc for 24 hours.
Abbreviation: DTIc, dacarbazine.
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the cytoskeleton.1 Cells contain cytoskeletal networks that 

not only regulate cell morphology but also define the cellular 

mechanical properties of the cell and participate in the trans-

duction of signals from various surface receptors to the cell 

nucleus.22,30–32 Thus, these results indicate that DTIC disrupts 

the local linkage of CD44 to the cytoskeleton, which may 

influence the interactions of the CD44 ligand–receptor.

changes in the morphological 
ultrastructure of a single B16-F10 cell 
following DTIc treatment
CD44 is a transmembrane receptor, and the modulation 

of CD44 ligand–receptor interactions can depend upon 

the dynamic supramolecular assembly of the receptor 

with other proteins,17,19 the composition and structure of 

the membrane,18,20 or intracellular interactions with the 

cytoskeleton.1,33 Furthermore, morphological changes in drug-

treated tumor cells are commonly used as a basis for the evalu-

ation of drug effects.34,35 The cell membrane is an important 

regulator of cell function.36,37 Changes in the cell membrane 

can therefore directly influence the normal functions of 

cells.38,39 From the CD44 and cytoskeleton imaging (Figures 

1 and 2), we have found changes in cellular morphology after 

DTIC treatment. Therefore, the in situ effect of DTIC on cel-

lular morphology and ultrastructure was assessed.

Real-time changes were investigated in the surface mor-

phology and ultrafine structure of B16-F10 cells treated with 

differing concentrations of DTIC for differing times using 

AFM (Figures 3 and 4). The AFM images of the B16-F10 

cells revealed remarkable differences in cell morphology 

and surface architecture in the presence and absence of 

DTIC (Figures 3 and 4). In the control group, the cells had 

a regular shape and obvious pseudopodia connecting them. 

The cell surface was relatively smooth and intact. The cell 

membrane architecture was homogeneous and granular. 

Following treatment with 25, 50, and 75 μg/mL DTIC for 

24, 48, and 72 hours, significant changes in cell morphology 

were observed. The lamellipodia disappeared, and most of 

the cells gradually shrank into slender spindles (Figure 3A). 

Previous reports have shown the cytoplasmic tail region and 

the intracellular protein partners of CD44 to be important 

for its subcellular localization (eg, to the leading edge and 

lamellipodia of migrating cells).40,41 Hence, the disappearance 

of lamellipodia may be correlated with a decrease in CD44 

expression. Figure 3B shows that the average cell height 

increased with DTIC concentration but was not significantly 

correlated with the DTIC treatment time. In addition, the 

length/width ratio increased with both DTIC concentration 

and treatment time (Figure 3B and C). When passing through 

the cell cycle from G2 into mitosis (M), a cell from a flat or 

elongated shape changed into a round shape.42 DTIC is a cell 

cycle nonspecific antineoplastic alkylating agent.43 As shown 

in Figure S2, in B16-F10 cells, DTIC led to increased cell 

arrest in the G1 phase when cells were treated with 25 μg/mL 

DTIC for 24 hours, whereas DTIC also induced notable cell 

arrest in the G2 phase when the concentration of DTIC was 

increased to 75 μg/mL. Therefore, the cell shrinkage and cell 

elongation induced by DTIC may be correlated with cell cycle 

block and inhibition of cell division and proliferation.

As shown in Figure 4A, cell membranes were damaged 

and showed some umbilications; particles enlarged and were 

heterogeneous (Figure 4A). In order to quantify the fraction 

of cell membrane damaging induced by DTIC, release of 

lactate dehydrogenase (LDH) into the culture medium was 

measured (Figure S3). Figure S3 showed the release of LDH 

induced by DTIC in a dose- and time-dependent manner. 

On the other hand, previous studies demonstrated rough-

ness values, average roughness (Ra) and root-mean-square 

roughness (Rq), to be markers of the degree of change to 

cell membranes.44–46 As shown in Figure 4B and C, both the 

Ra and Rq of two different areas increased in a dose- and 

time-dependent manner. The Ra and Rq values of the cells 

in the control group were low, indicating a smooth surface 

(Figure 4A). In the treated cells, they increased with treatment 

time and concentration, indicating greater heterogeneity and 

rougher surfaces (Figure 4A). Combined with the changes of 

whole cell morphology and cell height (Figure 3A and B), 

we speculated that the damaging of cell membranes and the 

changes of osmotic pressure could cause cell morphology and 

cell height deformation. When exposed to 50 μg/mL DTIC 

for 72 hours, the edges of B16-F10 cells became irregular and 

fragmented (Figure 3A), which resulted in the emergence of 

larger and deeper depressions (Figure 4A). DTIC at 75 μg/mL 

and 48 hours of treatment resulted in deep cracks near nuclei 

(Figure 3A), indicating a relationship between the toxicity 

of DTIC and the ultrastructure of the cell membrane. All 

these data demonstrated that DTIC may also exert a direct 

cytotoxic effect on the cell membrane.

changes in nanomechanical properties 
following drug treatment
Cell morphology, membrane structure, and nanomechanical 

properties are interdependent.47 Previous studies demon-

strated that changes in cell morphology and ultrastructure 

were affected by the nanomechanical properties of cells.48–50 

The nanomechanical properties of cells are also modulated 
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by the cytoskeleton.51,52 CD44 is an organizer of the cortical 

actin skeleton,53 and CD44 expression level may mediate 

the nanomechanical properties of cells. On the other hand, 

cytoskeleton recombination may cause changes in CD44 pro-

tein structure and conformation, affecting the binding strength 

and stability of CD44 ligand–receptor complexes, as well as 

the mechanical properties of cells. Cell mechanical properties 

are a new and reliable indicator of cell state.21,22,54,55 Changes 

in biophysical and mechanical properties of plasma mem-

brane are related to various different cellular processes, such 

as adhesion to ECM, cell-to-cell interaction, cellular migra-

tion, and tumor metastasis.56,57 Thus, analysis of the effects of 

Figure 3 (Continued)
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DTIC on the nanomechanical properties of melanoma cells 

and whether CD44 mediates the nanomechanical properties 

of cells may provide information regarding the kinetic and 

thermodynamic interaction of CD44 ligand binding, which 

may impact the effect of DTIC on melanoma metastasis.

The nanomechanical properties of a single cell were 

measured by nanoindentation-based soft colloidal force spec-

troscopy. Figure 5A shows an AFM deflection–displacement 

curve and force–indentation curve (blue line). By fitting 

the modified Hertz model to the force–indentation curve 

Figure 4 characteristics of B16-F10 cell membrane ultrastructure.
Notes: (A) Changes in B16-F10 cell membrane ultrastructure after treatment with 0, 25, 50, and 75 μg/mL DTIC for 24, 48, and 72 hours. (B, C) The surface roughness 
parameters Ra and Rq of cells treated with different concentrations (0, 25, 50, and 75 μg/mL) of DTIC for 24 hours and of cells following DTIC (50 μg/mL) treatment for 
different times (0, 24, 48, and 72 hours).
Abbreviations: DTIc, dacarbazine; ra, average roughness; rq, root-mean-square roughness.

Figure 3 characteristics of B16-F10 cell morphology.
Notes: (A) Representative AFM morphology images of whole B16-F10 cells treated with 0, 25, 50, and 75 μg/mL DTIC for 24, 48, and 72 hours. (B) Average height and 
length/width ratio of cells treated with different concentrations (0, 25, 50, and 75 μg/mL) of DTIC for 24 hours. (C) Length/width ratio of cells following DTIC (50 μg/mL) 
treatment for differing times (0, 24, 48, and 72 hours). *p,0.05, **p,0.01.
Abbreviations: aFM, atomic force microscopy; DTIc, dacarbazine.
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(red line) (Figure 5A), the elastic modulus of untreated 

cells was then determined (Figure 5A). The average elastic 

modulus value of untreated B16-F10 cells was 9.4±0.8 kPa 

(Figure 5A). The average elastic modulus was reduced to 

3.4±2.7 kPa in the presence of 50 μg/mL DTIC (Figure 5B). 

Notably, the dramatic reduction in elastic modulus frequency 

and the broadening of the distribution are in accord with 

a change in elasticity maps (Figure 5A and B, inset). The 

elastic modulus values obtained from the B16-F10 cells after 

DTIC treatments at various concentrations for 24 hours are 

Figure 5 alterations in the nano-biomechanical properties of B16-F10 cells treated with DTIc, as detected by aFM force spectroscopy.
Notes: Representative AFM deflection–displacement curves, force–indentation curves (blue lines), curve-fitting based on the Hertz model (red lines), histogram of the 
elastic modulus, and elasticity map of: control cells (A), cells treated with 50 μg/mL DTIC for 24 hours (B), and cells pretreated with CD44 antibodies and then treated with 
50 μg/mL DTIC for 24 hours (C), and (D) histograms of the elastic modulus of the cells treated with different concentrations of DTIC for 24 hours. *p,0.05.
Abbreviations: aFM, atomic force microscopy; DTIc, dacarbazine.
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shown in Figure 5D. The elastic modulus of the B16-F10 cells 

gradually decreased with increasing DTIC concentration.

Elasticity changes were evaluated in cells pretreated with 

CD44 antibodies and then treated with 50 μg/mL DTIC for 

24 hours (Figure 5C). For the B16-F10 cells pretreated with 

20 μg/mL of anti-CD44 for 12 hours before exposure to 

DTIC, the elastic modulus was 5.3±1.1 kPa, with a simulta-

neous narrowing of the elasticity distribution (Figure 5C). 

To exclude a possible coincidental correlation, the B16-F10 

cells that were pretreated with another antibody, anti-CD34, 

before exposure to 50 μg/mL DTIC for 24 hours, showed no 

increase in elastic modulus compared with anti-CD44 pre-

treated cells (Figure 5D). DTIC treatment resulted in a decrease 

in cell elasticity of ~64%, but when the CD44 binding sites 

of cells were blocked, the cell elasticity decreased to ~44% 

of that of untreated cells. Combined with the CD44 expres-

sion and cytoskeleton results shown in Figures 1 and 2, these 

data indicate that DTIC inhibited the expression of CD44 

and disrupted the local linkage of CD44 to the cytoskeleton, 

triggering a decrease in cellular elasticity. The decrease in 

cellular elasticity was correlated with changes in cell mor-

phology and membrane structure induced by DTIC.

aFM nanoscale imaging of cD44 
molecules using single-molecule force 
spectroscopy (SMFS)
Immunofluorescence images presented in Figure 1 showed 

that in B16-F10 cells CD44 was largely distributed over the 

cell surface with an apparent increase in its surface density 

at border regions. Upon exposure to DTIC, a significant 

decrease in CD44 expression level was observed in a dose-

dependent manner and within a particular range of DTIC 

concentration. Most importantly, the above results indicate 

the link between CD44 proteins, the cytoskeleton, cellular 

adhesion, and cell metastasis. In order to relate changes 

in CD44 surface expression to functional cell-to-cell and 

cell–ECM adhesion, detection of the unbinding force of the 

CD44 ligand–receptor on living cells and the distribution 

of CD44 receptors on an individual living B16-F10 cell are 

necessary. Detecting the effect of DTIC on the unbinding 

force of CD44 ligand–receptor and CD44 distribution on 

native melanoma cells at the single-molecule level will 

open an avenue to directly image and characterize the anti-

tumor effect of DTIC for prognosis assessment. In Figure 1, 

fluorescence imaging probed the entire cell membrane, but 

the CD44 binding sites on native cells were not mapped pre-

cisely. The binding force of the CD44 ligand–receptor on live 

cells is an important parameter in the CD44 ligand–receptor 

binding process. Therefore, we used SMFS, with tips func-

tionalized with CD44 antibody, to determine the anti-CD44/

living cell unbinding force, in order to achieve a detailed 

assessment of CD44 distribution within localized regions 

of an individual living B16-F10 cell at the single-molecule 

level (Figure 6A).

Retraction curves recorded between the anti-CD44 

functionalized tips and cell surfaces displayed multiple 

adhesion peaks (Figure 6B). Unbinding forces were detected 

on the border and apical regions of the cells treated without 

DTIC and of those treated with 25 and 75 μg/mL DTIC for 

24 hours (Figure 6D and E). Rupture events were observed 

in 52.3%±3.4% and 34%±2.2%, respectively, for border 

and apical regions of the control cells. A total of 1,024 

curves were recorded (Figure 6E and I). Interestingly, most 

of the CD44 proteins were concentrated at nanodomains 

(Figure 6E). Force mapping confirmed more and larger CD44 

nanodomains, ranging from 50 to 300 nm in diameter, at 

cell borders versus the apical regions of cells. The unbind-

ing force histogram revealed a trimodal distribution, with 

average rupture forces of 51±12, 101±10, and 150±19 pN 

(Figure 6F). To determine the specificity of the measured 

interactions, control experiments were also carried out to 

record force curves between 1) bare AFM tips and cells 

(Figure 6C), 2) anti-CD44-modified tips, and cells blocked 

by anti-CD44 (Figure 6G), 3) BSA-modified tips and cells 

(Figure 6H). Both the blocking experiments and the use 

of a BSA tip dramatically reduced the number of curves 

showing adhesion events, as well as the measured adhesion 

force, with very few curves showing multiple adhesion peaks 

(Figure 6C, G, and H). These results demonstrate the adhe-

sion force measured using the anti-CD44 tip to be specific 

to the CD44 ligand–receptor interaction. The 51 pN rupture 

force reflected the detection of a single CD44 receptor in 

cells. When force curves were acquired for cells treated 

with 25 μg/mL DTIC for 24 hours, rupture events were 

observed in 45.2%±2.3% and 30.5%±1.1%, respectively, 

for border and apical regions of the control cells (Figure 6E 

and I). These unbinding forces had a bimodal distribution, 

with mean values of 50±14 and 103±11 pN (Figure 6F). The 

reduction in adhesion frequency (Figure 6F) and the number 

of rupture events per force curve (Figure 6J) matched well 

with the force mapping, which indicates CD44 nanodomains 

to be decreased and smaller (Figure 6E). Increasing the 

DTIC concentration to 75 μg/mL, the percentage of force 

curves showing rupture events decreased to 35.3%±2.1% and 

24.2%±1.3%, respectively, for the border and apical regions 

of cells (Figure 6E and I). The unbinding force histogram 
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revealed a unimodal distribution, with average rupture forces 

of 48±17 pN (Figure 6F). The adhesion frequency and the 

number of rupture events per force curve further decreased 

(Figure 6F and J). Simultaneously, the CD44 nanodomains 

reduced significantly and became smaller (Figure 6E). The 

unbinding force for the CD44 ligand–receptor decreased 

slightly after treatment with DTIC. The results of the AFM 

recognition experiment were consistent with the results 

of the LSCM and FCM assays. The distribution of CD44 

is not uniform but shows area-specific differences on the 

cell membrane. The increased number and the larger CD44 

nanodomains on the border regions of melanoma cells may 

permit the binding of multiple CD44 ligands on ECM and 

cells, which may contribute to the invasion and metastasis 

of melanoma. Treatment with different DTIC concentra-

tions showed no significant decrease in CD44 unbinding 

Figure 6 The specific interaction between CD44 and living B16-F10 cells, as investigated by AFM force spectroscopy and force mapping.
Notes: (A) Schematic representation of the strategy used for the immobilization of CD44 onto the AFM tip. (B and C) Representative force curves recorded with CD44-
functionalized tip and bare tip on control cells. (D) AFM images of living cells treated without DTIC and with 25 and 75 μg/mL DTIC for 24 hours. (E) AFM topography 
images, CD44 recognition image of the B16-F10 cell surface using a CD44 antibody-functionalized AFM tip. (F) Histograms of CD44− live cell specific unbinding forces and 
typical force curves. (G) Force curves and adhesion force histogram obtained after CD44 binding sites were blocked. (H) Force curves and histograms obtained using a 
BSA tip. (I, J) Percentage of force curves showing rupture events and average number of rupture events per force curve, as acquired with CD44-modified probes with live 
B16-F10 cells treated without DTIc and treated with 25 and 75 μg/ml DTIc for 24 hours, respectively. similar data were obtained using more than three different probes 
and independent samples.
Abbreviations: aFM, atomic force microscopy; Bsa, bovine serum albumin; DTIc, dacarbazine.
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force between CD44 ligand and receptor, while the CD44 

nanodomains were reduced and became smaller. Previous 

studies have shown that the chance of CD44 receptor clus-

tering affects its binding affinity.1 Hence, the reduced and 

smaller CD44 nanodomains after exposure to DTIC may 

affect binding strength and free-energy landscapes of the 

CD44 ligand–receptor on living melanoma cells.

extracting cD44 ligand–receptor binding 
parameters and the free-energy landscape
The ultimate mechanism of antitumor drug action is usually 

a change in, or blocking of, signaling pathways.58,59 Cellular 

response to micro-environmental signals is initiated by 

the specific binding of ligands to cognate cell membrane 

receptors.60 Once CD44 transmembrane receptors bind to 

ligands in ECM, the intracellular signaling pathways are 

initiated, thereby regulating cell–cell and cell–matrix 

adhesion, which controls cell proliferation, differentiation, 

migration, survival, and tumor metastasis.1 The binding 

ability of CD44 for ECM components correlates with changes 

in receptor conformation, binding site, the composition and 

structure of the plasma membrane, and the intracellular 

cytoskeleton.41,61,62 Although understanding the influence of 

DTIC on CD44 receptor expression, CD44 ligand binding 

sites, and CD44 ligand–receptor unbinding force is important, 

it is more important to quantitatively investigate how these 

factors influence the kinetic and thermodynamic interac-

tions of the CD44 ligand–receptor. It is vital to understand 

the anti-melanoma mechanism of DTIC in order to predict 

melanoma prognosis. It is not clear whether modifications 

induced by DTIC directly affect the binding affinity of CD44 

and/or the stability of CD44 ligand–receptor complexes. 

Therefore, force curves were analyzed for specific adhesion 

events to extract the kinetic and thermodynamic parameters 

describing the free energy landscape of the specific CD44 

ligand–receptor bonds (Figure 7).

The rupture force of the CD44 ligand–receptor bond at 

different AFM loading rates was analyzed in melanoma cells 

either untreated or treated with DTIC at 25 and 75 μg/mL 

for 24 hours. The loading-rate-dependent rupture forces are 

plotted in Figure 7 and show a linear dependency of the most 

probable unbinding force (F
u
) on the natural logarithm of 

loading rate (r). These collected data were fitted to Bell’s, 

Evan’s, and Ritchie’s models in equation (1) below:

 

F r
k

x

r x

k ku
B

B off

( ) =










T
ln

Tβ

β⋅

⋅
 

(1)

where k
B
 is the Boltzmann constant, T is temperature, k

off
 is 

the kinetic off rate constant, and xβ is the distance from the 

energy minimum of the bound state to the transition state.63,64 

This fit allowed extracting the CD44 ligand–receptor kinetic 

bond rupture parameters, such as the dissociation rate k
off

 

and the energy barrier width xβ (nm), both in control and 

DTIC-treated groups. As shown in Figure 7A–C, the calcu-

lated dissociation rate under zero force without applied force 

(k0
off

) was 0.75±0.06 s−1 for untreated cells, 1.54±0.09 s−1, 

and 3.29±0.15 s−1 for cells treated with DTIC at 25 and 

75 μg/mL, respectively, for 24 hours. The larger dissociation 

rate of CD44 ligand–receptor complexes of DTIC-treated 

melanoma cells can be attributed to complex instability after 

DTIC treatment, suggesting that DTIC treatment lowers the 

stability of CD44 ligand–receptor complexes. Furthermore, 

when the concentration of DTIC was increased, stability was 

further lowered.

The change in kinetic on-rate, k
on

, was evaluated for con-

trol cells and DTIC-treated cells by varying the dwell time 

of the CD44 antibody-functionalized tip on cell surfaces, 

thereby determining binding probability (Figure 7D–F). The 

binding probability is determined as the percentage of force 

spectra exhibiting specific rupture events. The experimental 

results in Figure 7D–F indicate that longer dwell time results 

in a higher binding probability until a saturation plateau is 

reached. The binding probability in DTIC-treated groups 

reduced gradually when compared to control groups, even 

though the contact time was adequate (Figure 7D–F). The 

characteristic interaction time τ was obtained from a single 

exponential fit equation (2):

 
P A 1 exp t t= − − − τ( ( )/ ))(

0  
(2)

where t
0
 is the lag time, t is the dwell time, P is the binding 

probability, and A is the maximum observed binding 

probability.65 The association rate k
on

 was then derived 

from τ using equation (3):

 

k
con

eff

=
τ ⋅

1

( )
,

 

(3)

where c
eff

 is the effective concentration of CD44 antibody 

on the AFM tip, which describes the number of binding 

partners within the effective volume V
eff

 with radius r
eff

.66 

The effective radius in this measurement is estimated as 

the sum of the linker length and the CD44 antibody length 

(about 20 amino acids) in equilibrium, 8.5 nm. The measured 
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k
on

 values were 2.72×105 M−1s−1 for the CD44 ligand–

receptor on control melanoma cells and 6.2×104 M−1s−1, 

1.6×104 M−1s−1 for 25 and 75 μg/mL DTIC-treated cells, 

respectively (Figure 7D–F). Treatment with different concen-

trations of DTIC reduced the rate to four- to seventeenfold. 

The lower on rate of CD44 ligand for membrane receptor 

on DTIC treated cells suggests that longer incubations are 

required to reach equilibrium. With the dissociation rate 

determined above, dissociation constant for CD44 ligand–

receptor was calculated (K
d
 = k

off
/k

on
) at 2.8 μM for control 

cells and 24.79 and 205 μM for cells treated with 25 and 

75 μg/mL DTIC, respectively, for 24 hours. These data 

demonstrate that lower-affinity interactions of CD44 ligand–

receptor complexes on DTIC-treated cells are comparable to 

that of control cells. DTIC causes a surprising decrease in 

CD44 ligand–receptor stability.

The unbinding, or the dissociation of the bound pair, can 

be regarded as a thermally assisted barrier-crossing event, in 

which the external force tilts the dissociation energy barrier 

and thus facilitates the unbinding. The energy barrier width 

β 
 

β 
 

β 
 

β

∆

τ
 

τ
 

τ
 

Figure 7 Quantifying the change in kinetic and thermodynamic parameters of single CD44 ligand–receptor bonds localized on B16-F10 cells in the absence and presence of 
DTIc under physiologically relevant conditions using dynamic force spectroscopy.
Notes: Loading-rate-dependent interaction forces between the CD44 tip and B16-F10 cells treated without DTIC (A) and treated with 25 (B) and 75 μg/mL DTIC (C) 
for 24 hours, respectively. The binding probability as a function of the dwell time of the CD44 tip on B16-F10 cells treated without DTIC (D) and treated with 25 (E) and 
75 μg/mL DTIC (F) for 24 hours, respectively. (G) Free-energy binding landscape of the CD44 ligand in the absence and presence of DTIC. The blue line, green line, and red 
line represent control cells and cells treated with 25 and 75 μg/ml DTIc for 24 hours, respectively. xβ represents the distance from the energy minimum of the bound state 
to the transition state and is indicated for each group by different-colored horizontal arrows. ΔG gives the free-energy difference between the ligand-bound and unbound 
states and is indicated for each group by different-colored vertical arrows.
Abbreviation: DTIc, dacarbazine.
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xβ showed variations between the control group and the 

75 μg/mL DTIC-treated group (Figure 7G). ΔG, the free-

energy difference between the bound and unbound state, 

is a significant thermodynamic parameter for the study of 

ligand–receptor interaction. The change in CD44 ligand-

binding free energy on melanoma cells before and after DTIC 

treatment can be estimated by the relation between ΔG and 

K
d
 in equation (4):

 
∆ = ×G ln 0.018

d
k T K

B  
(4)

where 0.018 L/mol is the partial molar volume of water.67 

The dissociation constant K
d
 of 2.8 μM for CD44 ligand–

receptor complex on native control cells corresponds to the 

binding free energy ΔG of −9.94 kcal/mol (Figure 7G). As 

expected, treatment of cells with DTIC at 25 μg/mL dropped 

the free energy of CD44 ligand binding to −8.65 kcal/mol 

and reduced affinity to 24.79 μM (Figure 7G). The lower 

affinity of K
d
 =205 μM for CD44 ligand binding on cells 

treated with 75 μg/mL DTIC further reduced binding free 

energy to −7.39 kcal/mol (Figure 7G). By use of the param-

eters determined for CD44 binding to the native membrane 

receptor, a free-energy landscape was reconstructed for each 

of the groups. The free-energy barrier separating the CD44 

receptor-bound state from the unbound state was much larger 

for the control cells, forming a wider free-energy valley. For 

the DTIC-treated groups, smaller free energy (or affinity) 

stabilized the CD44 ligand–receptor bond, reducing distance 

to the transition state, and narrowing the energy valley. These 

results demonstrate the CD44 ligand–receptor complexes on 

the surface of DTIC-treated melanoma cells to be less stable 

than those on the surface of untreated melanoma cells.

Taken together, the SMFS results (Figure 6) demonstrate 

no obvious influence of DTIC on the unbinding force between 

CD44 ligand and receptors on the surface of melanoma cells. 

This was the case even when CD44 nanodomains were 

significantly altered after DTIC treatment. However, DTIC 

did perturb the kinetic and thermodynamic interactions of 

the CD44 ligand–receptor, which manifested as a larger 

dissociation rate, lower affinity, lower binding free energy, 

and narrower energy valley of the free-energy landscape 

compared to the control group (Figure 7). The affinity of the 

CD44 ligand for membrane receptors seems to be modulated 

by: CD44 receptor clustering, post-translational modifica-

tions (eg, alterations in glycosylation of the extracellular 

domains and the phosphorylation of specific serine residues 

in the cytoplasmic tail of CD44), changes in the structure 

and conformation of membrane receptors, the heterogeneous 

lipid composition of the membrane, and intracellular inter-

actions with, for example, the cytoskeleton.1,2,18,61,62 AFM-

based analysis demonstrated the cell membrane to become 

heterogeneous, with some umbilications and surface damage, 

lamellipodia to be contracted, and the cytoskeleton and bio-

mechanics to become disrupted (64% decrease in elasticity 

and 48% decrease in specific adhesion) (Figures 2–5). How-

ever, when the cellular CD44 binding sites were blocked, 

the cytoskeleton was partly protected, with cell elasticity 

and specific adhesion force decreased by ~44% and 35%, 

respectively (Figure 5). Immunofluorescence, FCM, and in 

situ single-molecule recognition experiments demonstrated 

that DTIC inhibited CD44 expression and altered the CD44 

nanocluster distribution and size (Figures 1 and 6). Decreased 

CD44 nanoclusters, the cytoskeleton alterations, the modifi-

cations of cell membrane ultrastructure, and nanomechanical 

properties induced by DTIC correlated with the lower affinity 

of the CD44 ligand for membrane receptors on melanoma 

cells treated with DTIC, which may in turn limit the amount 

of free energy that can be generated by the interaction. 

Modulation of the binding affinity of CD44 is important for 

cellular adhesion, proliferation, apoptosis, migration, tumor 

metastasis, and signal transduction.1–4 Previously, serial-

triggering and kinetic proofreading models of cell activation 

suggested that very high affinity (less than or equal to a few 

nanomolar) would be detrimental to the signaling process.68 

On the other hand, very low affinity, in the millimolar range 

for nonaffinity ligands, leads to antagonist activity.68 High 

expression levels of CD44 correlate with poor prognosis for 

melanoma patients, and increased levels of soluble CD44s 

and soluble CD44v in the circulation of cancer patients 

have been considered as prognostic markers of disease 

progression.7 The K
d
 of 2.8 μM for CD44 in the control 

group is a moderate affinity, which can fully activate the 

CD44 receptor, resulting in intracellular signaling, triggering 

cellular responses (eg, proliferation and tumor metastasis), or 

passive adhesive function. Although the dissociation constant 

for CD44 increased approximately ninefold (K
d
 =24.79 μM) 

and seventyfold (K
d
 =205 μM) when melanoma cells were 

treated with 25 r 75 μg/mL DTIC, respectively, for 24 hours, 

the affinity remained in the micromolar range, rather than 

in the millimolar range of nonaffinity ligands. In addition, 

after cells were treated with 25 and 75 μg/mL DTIC for 

24 hours, the reconstructed CD44 ligand-binding free-

energy landscape exhibited changes and the CD44 ligand-

binding free energy decreased from 9.94 for untreated cells 

to 8.65 and 7.39 kcal/mol, respectively (Figure 7G). These 

results indicate that the CD44 ligand–receptor complexes in 
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DTIC-treated melanoma cells were less stable than those in 

control cells. Taken together, these results suggest that DTIC 

perturbs but does not completely inhibit the binding of the 

CD44 ligand for its membrane receptor; this behavior may 

therefore be associated with poor prognosis, as these cells are 

highly tumorigenic, often causing tumor relapse, metastases, 

and therapeutic resistance due to the moderate affinity of the 

CD44 ligand–receptor.

Conclusion
In the present study, dynamic force spectroscopy-based 

AFM was developed to investigate the effect of DTIC on 

binding strength and the free-energy landscape of CD44 

ligand–receptors on native melanoma cells. In situ analysis 

structurally mapped the specific CD44 ligand−receptor 

binding events under physiological conditions. By using 

DTIC, an alkylating chemotherapeutic drug well known 

for its anti-metabolic activity, new insights at the single-

molecule level were obtained for critical issues such as the 

visual changes in CD44 nanodomain distribution and size, 

as well as the CD44 ligand-binding process. This single-

molecule study offers two important results. First, CD44 

receptor proteins were demonstrated visually to concentrate 

in nanodomains, which were increased in number and were 

larger (50–300 nm in diameter) at cell borders versus the api-

cal regions of cells. After DTIC treatment, the CD44 nanodo-

mains decreased and became smaller. Second, we measured 

kinetic and thermodynamic parameters for individual CD44 

receptor molecules in the absence and presence of DTIC, by 

means of SMFS combined with a theoretical approach that 

improved data analysis. As such, the CD44 ligand-binding 

free-energy landscape was reconstructed with high accuracy. 

As expected, cells treated with DTIC 25 μg/mL showed a 

drop in the free energy of CD44 ligand binding from −9.94 

to −8.65 kcal/mol, reducing affinity from 2.8 to 24.79 μM. 

The lower affinity of K
d
 =205 μM for CD44 ligand-binding 

on cells treated with 75 μg/mL DTIC revealed a further 

reduction in binding free energy of −7.39 kcal/mol. These 

results indicate that the CD44 ligand–receptor complexes 

on DTIC-treated cells were less stable than those on control 

cells. The area-specific differences in CD44 receptor dis-

tribution and a moderate affinity correlated with enhanced 

cellular adhesion, proliferation, migration, tumor metastasis, 

and signal transduction. Although the dissociation constant 

for CD44 increased and the CD44 ligand-binding free energy 

decreased when melanoma cells were treated with different 

concentrations of DTIC for 24 hours, the affinity remained in 

the moderate micromolar range rather than the low millimolar 

range characteristic of nonaffinity ligands. This suggests that 

DTIC perturbs the kinetic and thermodynamic interaction of 

CD44 ligand binding and reduces the stability of the CD44 

ligand–receptor complexes in DTIC-treated cell membranes, 

but does not completely inhibit the binding of the CD44 

ligand to its membrane receptor. As such, CD44 receptor 

activation can occur, resulting in intracellular signaling and 

the triggering of cellular responses, which confer the potential 

for cell proliferation and metastasis. AFM-based nanoscopy 

from the perspective of biophysics demonstrate that DTIC 

shows only modest inhibitory activity for B16-F10 cells, and 

consequently this drug is not able to kill this sort of cancer 

cells in the concentration range investigated. Taken together, 

these results and the methodology established in this study 

not only offer thermodynamic and kinetic insight into the 

effect of DTIC on the CD44 ligand-binding process, at the 

single-molecule level, but also contribute to a better under-

standing of DTIC’s antitumor effects and, ultimately, to an 

improved prognosis for melanoma patients. This understand-

ing can be used to guide targeted therapy and the construction 

of drug screening models that use visual trace analysis as a 

means by which to screen candidate chemotherapeutic drugs 

that may inhibit tumor invasion and metastasis.
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Supplementary materials
Methods
Lactate dehydrogenase (LDH) leakage assay
Cells (1×104 cells/well) were seeded in a 96-well plate and 

allowed to adhere overnight. They were then incubated 

with various concentrations of dacarbazine (DTIC) (25, 50, 

and 75 μg/mL) for 24, 48, or 72 hours. Cells were collected 

and washed twice with PBS at each time point. As negative 

control, we used the medium of cells incubated without 

DTIC. For the positive control, we removed the medium 

(200 mL) and added Triton X-100 solution (20 mL, 0.5% 

in water) to the cells. LDH analysis was carried out accord-

ing to the manufacturer’s instructions of LDH Cytotoxicity 

Assay Kit (C0017; Beyotime Biotechnology, Shanghai, 

China). The absorbance of each well was read at 490 nm 

with MK3 Absorbance Microplate Reader (Thermo Electron 

Corporation, USA).

cell cycle analysis
The cells (2×105 cells/well) of the control and those treated 

with 25, 50 and 75 μg/mL DTIC for 24 hours were harvested 

and then fixed in 70% ethanol overnight at 4°C. The cells 

were then washed with phosphate-buffered saline, resus-

pended in propidium iodide (50 mg/mL), and treated for 

15 minutes at room temperature. Cell cycle analysis was 

performed by flow cytometry and Cell Quest software.

The additional control experiment for 
immunofluorescence imaging of the cytoskeletal 
proteins F-actin and tubulin
The B16-F10 cells were pretreated with 20 μg/mL of anti-

CD44 antibodies for 12 hours before exposure to 50 μg/mL 

DTIC for 24 hours. The cytoskeletal proteins F-actin and 

tubulin of the cells were labeled with the procedures in 

the text.

Atomic force microscopy (AFM) additional control 
experiments
For CD44 molecule recognition, as controls for tip 

modification, bare tips and BSA-modified tips were also 

conducted on B16-F10 cells to obtain force curves. The 

immobilization of BSA on the tips were done by the same 

procedures in the text. Blocking experiments were performed 

with anti-CD44 antibodies solution (20 μg/mL).

During nanomechanical properties detection, CD44 

blocking experiments were also carried out. To exclude a 

possible coincidental correlation, the B16-F10 cells were 

pretreated with another antibody CD34 before exposure to 

50 μg/mL DTIC for 24 h. These cells were then used for 

AFM force spectroscopy measurement in Hank’s solution.

Elastic indentation model fitting
To determine the elastic modulus of the cells, we applied 

the Hertz model in which the force (F) versus indentation 

(δ) curves were fitted with the equation:
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The Hertz model is widely used in the literature for a 

spherical shape probe in equation (S1), where z and d are 

the displacement of the AFM tip in z-axis and the deflection 

of the AFM cantilever, respectively. The loading force (F) 

was calculated according to Hooke’s law by multiplying the 

spring constant (k) by the deflection of the AFM tip as shown 

in equation (S2). The spring constant was 0.077 N/m, which 

was determined using the thermal noise method. The indenta-

tion depth (δ) was calculated by subtracting deflection from 

the displacement of the AFM tip as shown in equation (S3). 

In this model, the cell is treated as a semisphere of radius 

R
cell

, R
probe

 =2.0 μm.

Results

Figure S1 Inhibitory effects on the growth of B16-F10 cells following DTIC (0.1, 
1.0, 10, 25, 50, 75, 100, 125, and 150 μg/mL) treatment for 24, and 48 hours.
Abbreviation: DTIc, dacarbazine.
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Figure S2 The cell cycle phases of B16-F10 cells without DTIC (A) and cells treated with (B) 25 μg/mL, (C) 50 μg/mL, and (D) 75 μg/ml DTIc for 24 hours.
Abbreviations: CV, coefficient of variation; DTIC, dacarbazine.

Figure S3 LDH assay to quantify the fraction of cell membrane damaging about B16-F10 cells following DTIC (25, 50, and 75 μg/mL) treatment for 24, 48, and 72 hours, 
respectively.
Abbreviations: DTIc, dacarbazine; lDh, lactate dehydrogenase.
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