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To date, nanoscale imaging of the morphological changes and adhesion force of CD4+ T cells during in 

vitro activation remains largely unreported. In this study, we used atomic force microscopy (AFM) to 

study the morphological changes and specific binding forces in resting and activated human peripheral 

blood CD4+ T cells. The AFM images revealed that the volume of activated CD4+ T cells increased and the 

ultrastructure of these cells also became complex. Using a functionalized AFM tip, the strength of the 

specific binding force of the CD4 antigen-antibody antigen–antibody  interaction was found to be approximately three 

times that of the unspecific force. The adhesion forces were not randomly distributed over the surface 

of a single activated CD4+ T cell, indicated that the CD4 molecules concentrated into nanodomains. The 

magnitude of the adhesion force of the CD4 antigen-antibody antigen–antibody  interaction did not change markedly with 

the activation time. Multiple bonds involved in the CD4 antigen-antibody antigen–antibody  interaction were measured at 

different activation times. These results suggest that the adhesion force involved in the CD4 antigen-antibody antigen–anti

body  interaction is highly selective and of high affinity.

© 2008 Elsevier Inc. All rights reserved.
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CD4+ T cells are known to play crucial roles in the immunolog

ical control of many viral infections including HIV-1. These cells 

carry specific CD4 molecules and the biological functions of their antigen-antibody 

antigen–antibody  complexes have been well described [1–4]; how

ever, nanoscale imaging of the morphological changes and adhe

sion force of CD4+ T cells during in vitro activation has not been 

reported. T-cell T cell  receptor (TCR) activation occurs upon antigen rec

ognition and may lead to the development of some unique nano

structures after contact with the irritant; these structures may con

tribute to certain functions such as activation and differentiation 

[5–8]. We hypothesized that the morphology and adhesion force 

of CD4+ T cells would be altered after in vitro activation by stimu

lation, and these changes may have an important effect on the fun

damental characteristics of CD4+ T cells. At present, little is known 

regarding the morphological changes in these cells upon activation 

and specific adhesion forces involved in the CD4 antigen-antibody antigen–antibody  

interaction. Some researchers studied the morphology of TCRs in 

vitro using conventional electron microscopy [9]; however, due to 

the lack of spatial resolution at the nanoscale level, these images 

could not reveal the ultrastructure and adhesion force of an indi

vidual antigen-antibody antigen–antibody  interaction or the distribution of such 

forces during clonal expansion-maturation.  Nanotechology-based expansion–maturation. Nanotechnology-
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based  imaging and force spectroscopy may allow the analysis of 

TCR nanostructures in the context of T cell recognition of antigens, 

and the results may provide a new insight into the T cell response 

and ultimately into immunity.

In the past decade, atomic force microscopy (AFM) [10] has 

emerged as a powerful tool for obtaining ultrastructural details of 

biological samples with high resolution [11–13] and for measuring 

the forces within or between single biomolecules [14–16]. In par

ticular, functionalization of the AFM tip with different ligands has 

allowed the mapping of complementary receptors on model or cel

lular surfaces [17,18]. In this article, we report the results of our 

measurements of the morphological changes and specific binding 

forces between the CD4 antibody and its receptor using AFM-based 

single molecule single-molecule  force spectroscopy. The measurements were car

ried out on a single resting cell and an activated CD4+ T cell.

Mate­ri­als and meth­ods

Mate­ri­als. All reagents used in the experiments were of analyti

cal grade. RPMI-1640 culture medium and fetal bovine serum (FBS) 

were obtained from Gibco BRL Corp.  Gibco–BRL Corporation.  Monoclonal biotinyla

ted anti-human CD4 antibody and biotinylated anti-human CD69 

antibody were purchased from eBioscience Corp. Corporation.  Rosette

Sep® Human CD4+ T cell enrichment cocktail was purchased from 

Axis-Shield PoC AS. Biotinylated-bovine serum albumin (BSA) and 

streptavidin were purchased from Rockland Immunochemicals, 
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Inc. Biotin was obtained from Solarbio Science & and  Technology Co., 

Ltd. Streptavidin-conjugated QD605 and QD565 and phytohemag

glutinin (PHA) were obtained from Sigma Corp.Corporation. 

Isolation and culture of CD4+ T cells. Blood was removed from 

the peripheral vein of healthy volunteer donors and collected in 

heparinized test tubes. The RosetteSep Human CD4+ T cell enrich

ment cocktail was used to enrich CD4+ T cells from whole blood. 

Highly purified CD4+ T cells (containing more than 90% CD4+ T 

cells) were inoculated in 24-well tissue culture plates. Each well of 

the plate contained approximately 2 £ 106 cells/ml in 500 ll RPMI-

1640 medium. The cells were stimulated with 10 lg/ml PHA and 

cultured at 37 °C (5% CO2) for 12h, 24h, 36 h,  12, 24, 36,  or 48 h.

Confocal microscopy. CD4 and CD69 molecules were viewed 

under a Carl Zeiss LSM510 Meta Duo Scan laser scanning confocal 

microscope (LSCM). The staining procedure for mAbs and Qdot con

jugates was as follows: CD4+ T cells from the control group were 

washed three times with PBS and incubated with 10 lg/ml mono

clonal biotinylated anti-human CD4 antibody at 4 °C for 20 min. 

The cells were washed to remove the unbound anti-human CD4 

antibody and incubated with 1 lg/ml streptavidin-conjugated 

QD605 for 30 min. The double staining procedure for the cells in 

the activation group was similar to that of the control group. There

fore, after staining with streptavidin-conjugated QD605, the cells 

were blocked with 1 ml biotin (200 lg/ml) at room temperature 

for 30 min and incubated with 10 lg/ml biotinylated anti-human 

CD69 at 4 °C for 20 min. These were then incubated with 1 lg/ml 

streptavidin-conjugated QD565 for 30 min and washed with PBS. 

The prepared cells were fixed using 4% paraformaldehyde for 

subsequent experiments.

Functionali­zation of the AFM tips. Commercially available stan

dard V-shaped Si3N4 cantilevers were functionalized with biotinyl

ated anti-human CD4 according to the following procedure [19,20]. 

The Si3N4 tips were immersed in acetone for 5 min and then irradi

ated with ultraviolet light for 30 min. The irradiated tips were incu

bated in 50 ll of 1 mg/ml biotinylated BSA (biotin-BSA, 1 mg/ml in 

100 mM NaHCO3, pH 9) solution overnight at 37 °C and then rinsed 

six times with phosphate buffer (PBS: 20 mM Na2HPO4, 150 mM 

NaCl, pH 7.2). Streptavidin was coupled to the tip by incubation 

with 50 ll of streptavidin (1 mg/ml in PBS) at room temperature 

for 30 min. After rinsing with PBS to remove any unbound strepta

vidin molecules, the streptavidin-functionalized tip was immersed 

in 10 lg/ml monoclonal biotinylated anti-human CD4 antibody 
Fig. 1. Representative confocal microscopy data showing PHA-induced CD4+ T cell activat

Yellow, red + green. (For interpretation of the references to color in this figure legend, th
solution at 4 °C overnight. The modified tips were stored in PBS at 

4 °C for future use.

AFM analysis. An Autoprobe Cp AFM (Thermomicroscope) was 

used in the contact mode to obtain topographic images. AFM-based 

force spectroscopy was used for force detection. Force-distance Force–distance  

curves were obtained by standard retraction. All force-distance force–distance  

curve experiments were performed at the same loading rate.

Results and discussion

PHA-induced CD4+ T cell acti­vation

Slides loaded with QD-stained cells were viewed on an LSCM 

system equipped with a 63 £ 1.2 oil-immersion objective. Ag/Kr 

laser beams (488 nm) were used for excitation. Red and green 

fluorescence emissions were detected through the LP 610 and BP 

505–550 filters, respectively, as well as through other filters. Differ

ent fluorochromes were scanned sequentially using a multitrack

ing function to avoid any bleed-through of fluorescence emissions.(emissions 

( Fig. 1)). 

Changes in the nanostructure of a single resting cell and an acti­vated 

CD4+ T cell after stimu­lation for 24 h

To determine whether the morphology of CD4+ T cells was 

altered by PHA treatment, we examined the cells by AFM. The topo

graphic images revealed a smooth and homogeneous surface in rest

ing CD4+ T cells; the cells had a typical circular shape as expected 

and were 6»76–7  lm in diameter and 1.0»1.51.0–1.5  lm in height (Fig. 2a). A).  

After treatment with PHA for 24 h, the CD4+ T cells differentiated 

from both sides, and some pseudopodia were formed around the 

edges of the cell (Fig. 2e). E).  The mean height of the activated CD4+ 

T cells increased by approximately 2 fold, twofold,  and the diameter 

became larger than that of the resting cells (approximately 2.0 lm 

in height and up to 10 lm in diameter). Figs. Fig.  2c C  and g show G shows  the 

height profile, which was generated along the lines A1-A2 A1–A2  and A3-A4 

A3–A4  in Fig. 2a A  and e, E,  respectively. Comparison of the ultrastruc

ture of the cell membrane surface in a single resting cell with that 

of an activated CD4+ T cell (Fig. 2b B  and f, F,  respectively) revealed that 

the surface of the resting CD4+ T cell was smooth, and no obvious 

clusters were observed in the topographic image. However, some 

clusters were observed on the membrane after PHA treatment for 
ion. Resting (A) and activated (B) CD4+ T cells. Red, QD605 + CD4; Green, QD565 + CD69; 

e reader is referred to the web version of this paper.)
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Fig. 2. (A–D) AFM images of a single resting CD4+ T cell. (A) Three-dimensional morphology (size: 10 lm £ 10 lm) (inset shows the topological morphology), (B) ultrastruc

ture of the cell membrane surface zoomed from (A) (size: 1 lm £ 1 lm), (C) line profile of (A) along the A1–A2 labeled line, and (D) histogram of the particles of (B). (E–H) 

AFM images of a single activated CD4+ T cell. (E) Three-dimensional morphology (size: 15 lm £ 15 lm) (inset shows the topological morphology), (F) ultrastructure of the cell 

membrane surface zoomed from (E) (size: 1 lm £ 1 lm), (G) line profile of (A) along the A3–A4 labeled line, and (H) histogram of the particles of (F).
24 h, as shown in the histograms in Fig. 2d D  and h. H.  The size of par

ticles in a resting CD4+ T cell was approximately 40 nm, while it 

increased up to 80 nm in an activated CD4+ T cell.

Mapping of spe­cific force-distance force–distance  curves of the CD4 anti­gen-anti­body anti­gen–

anti­body  interaction

To determine the force of the CD4 antigen-antibody antigen–antibody  interac

tion, the strepavidin–biotin streptavidin–biotin  interaction was first chosen for study 

due to its exceptionally high affinity [21,22]. Biotinylated anti-

human CD4 was attached to a streptavidin-functionalized AFM tip, 

and the CD4 antigen was expressed on the membrane surface of 

the CD4+ T cells.

All pulling measurements were carried out in a custom-built 

AFM instrument [23,24]. In this study, we took advantage of AFM 

force-distance force–distance  curve analyses to examine the specificity of the 

CD4 antigen on the membrane surface of CD4+ T cells. In the AFM force-distance 

force–distance  curve experiments, the anti-human CD4-function

alized AFM tips allowed the measurement of the single molecule single-molecule  

force involved in the binding of an antibody specific to an antigen 

on the membrane surface of CD4+ T cells. Typical force-distance force–distance  

curves of the CD4 antigen-antibody antigen–antibody  interaction are presented in 

Fig. 3. Resting (Fig. 3a–d3 ) A–D)  and activated cells (Fig. 3e–h3 ) E–H)  after 

24 h are shown in the figure. The retract phase of the force-distance force–dis

tance  curve is the force required to break the CD4 antigen-antibody antigen–anti

body  bonds formed between the anti-human CD4-functionalized 

AFM tip and the antigen on the membrane surface (Fig. 3c C  and g). 

G).  In contrast, in the control experiments in which unfunctional

ized AFM tips were used, no obvious retract phase was observed 

even when the resting and activated CD4+ T cells were in the same 

position (Fig. 3d D  and h). H).  These results suggest that the interac

tions between the CD4 antigen and its antibody are specific and of 

high affinity.

We then extended our force-distance force–distance  analyses to determine 

the number of functional spots at which CD4 antigens present 

on the surface of CD4+ T cells were able to specifically capture 

CD4 antibodies. Fig. 3b B  and f show F shows  force mapping images on 

the surface of a single cell using the biotinylated anti-human CD4 

tips. We obtained a total of 256 force curves per mapping in a 

500 nm £ 500 nm area. White spots represent the location where 

a significant adhesion force was observed between the tip and cell 

surface. The detectable adhesion force in each spot of this area led 

to the creation of a map that illustrated the distribution of CD4 

antigen spots on the CD4+ T cell. Notably, these spatially resolved 

adhesion maps revealed that in comparison with the resting cell, 
the activated CD4+ T cell had a large number of CD4 antigens that 

were nonuniformly distributed over their surface, but these anti

gens were apparently concentrated into nanodomains. Only 44% 

of the coating molecules on the entire CD4+ T cell membrane sur

face area exposed their high affinity sites in the correct orientation 

in which they could capture or bind to a specific antibody. These 

results were qualitatively similar to those obtained by near-field 

scanning optical microscopy (NSOM) imaging of Vc2Vd2 TCR [25] 

and CD3 [26], in which the molecules were nonuniformly distrib

uted on the suface surface  of T cells, and molecular nanoclusters were 

not only formed but also sustained on the membrane during acti

vation. The TCR nanoclusters could array to form nanodomains or 

microdomains on the membrane of clonally expanded Vc2Vd2 T 

cells.

The force-distance force–distance  scans were performed over five different 

areas of the sample surface. Interaction among the functionalized 

AFM tips was observed in all of these, indicating that the observed 

adhesion forces were due to specific CD4 antigen-antibody antigen–antibody  inter

actions and not due to unspecific interactions involving the linker. 

On the other hand, using the unfunctionalized AFM tips, no obvi

ous interactions were observed in different areas of the sample 

surface, indicating that the CD4 antigen-antibody antigen–antibody  interaction was 

specific. Additionally, AFM crossed experiments between the strep

tavidin-functionalized tips and a resting or activated CD4+ T cell 

demonstrated that there were no other forces comparable to those 

generated by the CD4 antigen-antibody antigen–antibody  interaction in the force-distance force–dis

tance  experiments. No obvious interactions were observed either in 

different areas of the CD4+ T cell surface or in different cells. In other 

words, the interaction between the CD4 antigen and its antibody 

appears to be highly selective, which supports the observation that 

CD4 antigen-antibody antigen–antibody  interactions could be an additional specific 

recognition process in nature.

Measure­ment of multiple bonds in the CD4 anti­gen-anti­body anti­gen–anti­body  

interaction at different acti­vation times

Finally, we examined whether the activation time affected the 

morphology and force strength of the CD4 antigen-antibody antigen–antibody  inter

action. Therefore, the CD4+ T cells were treated with PHA for 12h, 24h, 36 h, 12, 24, 

36,  and 48 h. The magnitude of the morphological parametersof parameters of  

CD4+ T cells increased significantly with an increase in the activation 

time. The AFM data showed that there were significant changes in 

the volume, length, and height of CD4+ T cells after PHA treatment. 

The rapid change in volume observed by AFM after PHA exposure 

raises an interesting question of whether the volume increase affects 
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Fig. 3. Nanoscale structure and force curves of CD4+ T cells. (A) High-resolution image of a resting CD4+ T cell surface (size: 500 nm £ 500 nm), (B) map of force-curve spots 

(n = 256) recorded using anti-human CD4-functionalized AFM tips (fwhite > fblack), (C) the force–distance curve between the functionalized tip and resting cell, and (D) the 

force–distance curve of the unfunctionalized tip and resting cell. (E–H) High-resolution images (size: 500 nm £ 500 nm), map of force-curve spots (n = 256) recorded with 

the anti-human CD4-functionalized AFM tip (fwhite > fblack), and the force–distance curve obtained with the functionalized or unfunctionalized AFM tip and an activated CD4+ 

T cell.

Fig. 4. (A) Measurement of multiple bonds in the CD4 antigen–antibody interaction 

at different activation times. Arrows point to the breakage of CD4 antigen–antibody 

bond(s) and (B) a speculative model explaining the stretching phenomenon of the 

CD4 antigen–antibody interaction at different activation times. Arrows indicate the 

breakage of CD4 antigen–antibody bond(s).
the strength of the specific CD4 antigen-antibody antigen–antibody  binding force. Our 

results indicated that the magnitude of the adhesion force in the CD4 

antigen-antibody antigen–antibody  interaction increases with the activation time, but 

the increase was not significant. However, AFM studies on multiple 

bonds provide a wealth of information on a specific antigen-antibody antigen–antibody  

system. As the cantilever is retracted, the bonds formed between the 

CD4 antigen and antibody are stretched until they begin to break, 

resulting in the sawtooth profile of the force scan. After breakage 

of the last bond, the force returns to zero. The force scan of a PHA-

treated CD4+ T cell showed that fewer bonds were formed after 12 h 

of activation than after 24h, 36h, 24, 36,  and 48 h of activation. When PHA 

was used, there was an even greater increase in the number of bonds 

formed as well as a large increase in the strength of adhesion and 

detachment forces, as shown by the arrow in Fig. 4.

This study demonstrated that AFM is a valuable tool for explor

ing the morphological changes and binding force between an anti

gen and antibody. Our results provide a better understanding of 

the morphology, CD4 antigen-antibody antigen–antibody  binding force, and behav

ior of CD4+ T cells.
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