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High-Resolution Imaging of Antibodies by Tapping-Mode Atomic Force
Microscopy: Attractive and Repulsive Tip-Sample Interaction Regimes
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ABSTRACT A force microscope operated with an amplitude modulation feedback (usually known as tapping-mode atomic
force microscope) has two tip-sample interaction regimes, attractive and repulsive. We have studied the performance of those
regimes to imaging single antibody molecules. The attractive interaction regime allows determination of the basic morphol-
ogies of the antibodies on the support. More importantly, this regime is able to resolve the characteristic Y-shaped domain
structure of antibodies and the hinge region between domains. Imaging in the repulsive interaction regime is associated with
the irreversible deformation of the molecules. This causes a significant loss in resolution and contrast. Two major physical
differences distinguish the repulsive interaction regime from the attractive interaction regime: the existence of tip-sample
contact and the strength of the forces involved.

INTRODUCTION

Atomic force microscopy (AFM) is widely used to image ated with an amplitude modulation feedback, usually known

biomolecules, from whole cells down to smaller structuresas tapping-mode AFM, has revealed the existence of two
such as membranes, proteins, and nucleic acids (see reviewseraction regimesattractive and repulsive (Garéa and

by Hansma and Hoh, 1994; Henderson, 1994; Bustamant®an Paulo, 1999a). Experimental evidence of the existence
etal., 1997). High-resolution imaging of individual proteins of those regimes has been provided by measuring amplitude
physisorbed to surfaces is one of the most challenging tasksurves on mica and semiconductor samples (@aand San

to date. The lateral forces present in contact mode experpaulo, 1999b).

ments usually sweep weakly adsorbed molecules during |n the attractive interaction regime a net attractive force

scanning. Additionally, normal forces could also deform orgominates the amplitude reduction, while in the repulsive

distort the molecule. Dynamic AFM modes, tapping-modejnteraction regime a net repulsive force controls the canti-

AFM among them, were developed to improve lateral resjayer dynamics. In many cases the attractive interaction

olution and minimize sample distortion or damage (Ma”i”regime is performed in the absence of tip-sample contact. In
et al, 1987; Hansma and Hoh, 1994; Putman et al., 1994j,e repulsive interaction regime, long-range attractive and

Anselmatti et al., 1994). A large variety of biomolecules, ghort.range repulsive forces control the cantilever motion.

cells, and molecule-molecule interactions have been studieﬁhiS regime implies tip-sample contact at one end of the
by tapping-mode AFM in air and liquid environments (Hen- o iation. It is likely that if there is sample distortion or

<’\j/|er§on,8199|4|1; Fritzl eaggé.lg%, 199175;)9\?':\7 etal, 199|6;damage it should happen precisely during the contact be-
uhoz-Botella et al., ; Samori, ; Margeat et a"t%/veen tip and sample.

.1998.)' Howeve_r, in most cases tapping-mode images o The contact time depends on the mechanical properties of
individual proteins are unable to reveal the fragments or ,

. . the sample. For example, a sample of Young’s modulus of
subunits forming the molecule. Several factors such as th

. ) : T GPa could have contact times-eD.2-0.3 T, where T is
tip-sample convolution, the very low compliance of small

molecules, or the deformation induced by the tip—samplethe period of the oscillation. The contact time increases with

forces during impact could contribute to limit the resolution.decr(.aaSIng young's r_nodulus. AFM measurements of .the
The cantilever motion in dynamic AFM is fairly com- elastic modulus of biomolecules and cells show a wide

plex. Furthermore, a thorough understanding of the tip_range of values from 1 kPa for human platelets (Radmacher

sample interaction in tapping-mode AFM is still emerging et al,, 1996) to 1 GPa f<_)r antibodies at low temperatures
(Anczykowski et al., 1996; Tamayo and Garc1996, 1997; (Han et al., 1995). Experiments performed on samples with
Kiihle et al., 1997; Haugstad and Jones, 1999; Lantz et alVe"Y low elastic moduli could have contact times close to T.

1999). Recently, a theoretical description of an AFM oper- In this study we investigate the implications of the exis-
tence of two interaction regimes in tapping-mode AFM

imaging of single biomolecules. Specifically, we want to

establish whether the attractive interaction regime due to the
Received for Publication 26 July 1999 and in final f(‘)rm 3 Decgmber 1999.9hsence of tip-sample contact represents an advantage in
e e g leMs Of resoluion and conirast. We have chosen antibody
Spain. Tel.. 34-91-806-07-00; Fax: 34-91-806-07-01; E-mail: Molecules (anti-human serum albumin) for this purpose.
rgarcia@imm.cnm.csic.es. The simplest antibody molecules-150 kD) are made of
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The three-dimensional structure resembles a T- or Y-shapesgimes. Theoretical simulations show that the amplitude
conformation. This conformation gives them a distinctivedecreases with tip-sample separation; however, at some
morphology (see schematic drawing in Fig. 1). The abilitydistance a sudden jump in the amplitude is observed. This
to distinguish this morphology is used to evaluate the adsteplike discontinuity marks the transition between a canti-
vantages/limitations of each interaction regime. Addition-lever motion dominated by long-range attractive forces to a
ally, the study of the antibody/antigen interaction by forcemotion controlled by short-range repulsive forces (Garci
microscopy is receiving considerable attention (Dammer eand San Paulo, 1999a).

al., 1996; Allen et al., 1997; Willemsen et al., 1998). Those Fig. 2 shows the amplitude curve obtained in a region of
studies could benefit from new developments in the imaginghe support free from molecules. The curve was obtained
of biomolecules. before the imaging of the antibodies. A steplike discontinu-
ity of 0.7 nm separates the interaction regimes. The opera-
tion of the AFM in a given regime is controlled by the
MATERIALS AND METHODS feedback or set point amplituda,, In this caseA,, values
Anti-human serum albumin, a-HSA (Sigma Chemical, St. Louis, MO) >4.8 nm imply an operation in the attractive regime, while
were used without further purification. The stock solution (1 mg/ml) was yvalues <3.8 nm set the cantilever in a repulsive regime
diluted to a concentration of 2g/ml or 1.3 10~8 M. A 10-ul drop of the operation. Amplitude values in the 3.8—4.8 nm interval are

luti deposited onto freshly cleaved ruby mi ts (Goodfel- . . . )
solution was deposited onto freshly cleaved ruby mica supports (Goo ecompatlble with both regimes and most likely would pro-

low, Cambridge, UK) and left to incubate for 30 s. Then the sample was ) . ) .
rinsed with deionized water and dried; Nas. duce severe instabilities. Fig. 2 also shows that each regime
The antibodies were imaged with a commercial instrument (Nanoscopémplies a different range of tip-sample separations. Ampli-
Ill; Digital Instruments, Santa Barbara, CA). Single-beam silicon cantile-tyde curves similar to the one shown in Fig. 2 could also be

vers (Pointprobe, Nanosensors, Wetzlar-Blankenfeld, Germany) mebtained on top of a molecule. However. we have avoided
spring constants in the 25-50 N/m range were used to perform the exper: ’ ’

iments. The cantilever was oscillated at its free resonance frequencv fo,r reasons that W",l becom? evident belowj
(250—-350 kHz, depending on the cantilever) with a free amplityde the Fig. 3 shows a typ|ca.-| tapplng-mode-AFl\/.I image of th_e
5-10 nm range. All the experiments were performed in air at rooma-HSA molecules. The image was obtained in the attractive

temperature and at a relative humidity-e0%. The images were obtained jnteraction regime. A careful inspection of several images as
by scanning the cantilever tip in a raster fashion across the sample Whil?ne one depicted in Fig 3 reveals that the molecules show

keeping the oscillation amplitude at a fixed value, set point amplitAgg. ( four basic morphologies. Some molecules appear to have a
The images were recorded at a line frequency of 2 Hz (81212 pixels). p gies. Pp

Amplitude dependence on tip-sample separation curves (amplitud§ingle domain with a lateral size (longest axis)-ef8 nm. .
curves) were obtained by approaching the tip toward the sample from £Other molecules appear to be made of two roughly equiv-
distance with negligible tip-sample interaction. The change of the oscillaglent domains of~10 nm across. The third morphology

tion amplitude was recorded as the tip-sample distance was modified. TghOWS the antibodies with two domains. one Iarge.l nm)
minimize tip and/or sample damage during data acquisition, the tip excur- d th th 1~8 Finall ' | |
sion was stopped when the amplitude was reduced by a factor 3 witt‘rflrl € other sma Af nm)' inally, some molecules

respect to the free oscillation amplitude. The curves were taken at 2 H&PPear to be made of three roughly identical domains &f
with a scan size in the 10-50 nm range. To determine the maximurim across. Those antibodies have an overall morphology
tip-sample force as a function of the oscillation amplitude, we havethat resembles the characteristic Y-shaped conformation of

simulated the dynamic response of the cantilever-tip ensemble foIIowinglhe simplest antibody molecule. Fig. 4 shows a high-reso-
the model proposed by the authors (Garand San Paulo, 1999a). lution image of each morpholoéy '

RESULTS . ,
Amplitude curves are critical tol identify whet.her.the ima}g— 8 Attractive
ing is performed in the attractive or repulsive interaction T
=
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©
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Z Piezo Displacement (nm)
+—>
~5.0nm FIGURE 2 Amplitude dependence on tip-sample separation (amplitude

curve). The curve was obtained on a mica region free from antibodies. The
FIGURE 1 Schematic drawing of the a-HSA molecule showing the Fabsteplike discontinuity separates attractive and repulsive interaction re-
arms and the Fc arm. gimes. A = 6 nm,f = f; = 259 kHz.
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FIGURE 3 Tapping-mode AFM image (attractive interaction regime) of FIGURE 4 Characteristic morphologies of antibodies on mi&.Sin-
several antibodies. The molecules show several morphologies according fle-domain morphology of an antibod§e = 5 nm,A,, = 2.5 nm/f = f, =

the orientation of the domains with respect to the support. Several molezg3 kHz. @) Two-domain morphologyd, = 5 nm,Ag, = 2.5nm/f = f, =
cules show the characteristic Y shape of antibodies. This topography i963 kHz. €) Two-unequal-domain morpholog, = 6 nm,Ay, = 3.5 nm,
consistent with the three domains lying flat on the support. The image wag — f, = 263 kHz. D) Y-shape or three-domain morphology, = 6 nm,
obtained in air and at room temperatutg = 5 nm,Ag, = 4.3 nm/f = f, = A, = 3.5 nm,f = f, = 253 kHz. All images have been obtained in the
259 kHz. attractive interaction regime. Image size, %040 nnt.

Given the known three-dimensional morphology and size Next, we have devised an experiment to evaluate the
of antibodies (Silverton et al., 1977) it is tempting to asso-performance of each interaction regime for imaging biomol-
ciate the observed topographies with the orientation of thecules. First a region containing several antibodies is im-
antibodies on the support. In this way, FigAdwould be  aged in the attractive interaction regime. A molecule show-
consistent with the antibody resting on the Fab fragmentsing the Y-shaped morphology is selected and an image is
while the Fc protrudes from the surface. FigB4would  recorded. Then the set point amplitude is lowered to reach
likely represent the opposite situation: the antibody rests otthe repulsive interaction regime and the molecule is imaged.
the Fc fragment while the Fab arms stick out of the surfaceFinally, the amplitude is returned to its initial value (the tip
The molecule could also have one of the Fab arms and this withdrawn) and the molecule is imaged again in the
Fc domain attached to the support while the other Fab armttractive interaction regime.
protrudes from the surface. An AFM image of this antibody Fig. 5 shows a sequence of images of the same molecule.
would produce an image like the one shown in FigC4 To better estimate the topographic changes, the correspond-
Finally, the Y-shaped morphology shown in FigD4vould  ing cross-sections along the dashed lines are also shown. In
be consistent with the three fragments lying flat on thethe attractive regime the molecule shows three domains
support. This is also supported by the observation thafFig. 5A). The overall shape and lateral dimensions of the
molecules showing this topography show the lowest appamolecule are in fairly good agreement with the expected
ent height (1.5 nm). image of an antibody. Furthermore, the hinge regions con-

The different topographies are probably a consequence afecting the Fc fragment with the Fab arms are clearly
the nonspecific nature of adhesion on mica. Within eachresolved.
morphology, the lateral and vertical dimensions of the an- The image obtained in the repulsive interaction regime
tibodies show a small variability from molecule to molecule shows a jagged topography with no clear evidence of the
due to the flexibility of the hinge region connecting the Fabdomain structure. Two major peaks are still present in the
arm with the Fc domain. For molecules showia Y shape cross-section (Fig. ®). However, those peaks fade away
the small differences in the lateral dimension of the Fab omafter repeated imaging in the repulsive regime. Figge 5
Fc domains by AFM {-8 nm) and x-ray and transmission shows an image of the molecule obtained in the attractive
electron microscopy measurements (6—7 nm) are mostlinteraction regime after the molecule was imaged in the
attributed to the finite size of the tip (nominal tip radius in repulsive interaction regime. The Y-shaped conformation is
the 5-15 nm range). completely lost. The molecule shows a globular structure
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0.5 nm

FIGURE 5 @) High-resolution tapping-mode AFM image (attractive interaction regime) of a single a-HSA molecule. The three fragments and the hinge
regions are clearly resolved,, = 5.9 nm. B) Cross-section along the dashed lineA). (C) The same molecule imaged in the repulsive interaction regime,
A, = 2.8 nm. D) Cross-section along dashed line @)( (E) Image of the molecule in the attractive interaction regime after repeated imaging in the
repulsive regimeA,, = 5.9 nm. The comparison betweeB) (@nd ) cross-sections reveals the changes in the topography of the molecule after it was
imaged in the repulsive interaction regin®, = 6 nm andf = f, = 259 kHz in all cases.

with several minor domains (up to six can be counted). Theselected from images taken in the attractive interaction
apparent height of the molecule has been reduced by megime. For each of them the height at its maximum was
factor of two with respect to the initial height (Fig.. recorded. Then, the same molecules were imaged in the
repulsive interaction regime. Finally, the molecules were
imaged again in the attractive interaction regime. Their
DISCUSSION AND CONCLUSIONS respective maximum height was also measured. After those
Several factors could contribute to explain the observedneasurements we were able to determine the height differ-
topographic changes after repulsive interaction regime imence before and after the molecule was imaged in the
aging. Tip-sample interaction forces in the repulsive inter-repulsive interaction regime. The histogram shows that after
action regime could have changed the orientation of thdaking the images in the repulsive interaction regime the
molecule with respect to the support. Alternatively, tip- height difference is~0.6 nm smaller, i.e., the height has
sample forces could produce some irreversible modificatiofbeen reduced by a factor of 1.8 (Fig. 6). Additionally, the
in the molecules. resulting topographies differ from molecule to molecule.

To distinguish between orientational changes and irre- The consistent decrease of the apparent height, the ob-
versible modifications, we have measured the height differservation that molecules showira Y or T shape produce
ence of several molecules before and after those moleculdése smallest apparent height of all (undisturbed) molecules,
have been imaged in the repulsive interaction regime. Firsand the absence of characteristic features in the resulting
40 molecules that showed a Y- shaped morphology werénages support the conclusion that repulsive interaction
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FIGURE 6 Histogram of the apparent height differences before and after
the molecules were imaged in the repulsive interaction regime. In all cases,
the apparent height at its maximum value has been measured from images 41
taken in the attractive interaction regime. Each molecule has been imaged
twice in the repulsive interaction regime.

repulsive attract.

1

s}

2t _
regime imaging, even with relatively small free oscillation
amplitudes (5 nm in some cases), implies some sort of
sample damage. The multiple domain structure shown in %
Fig. 5E could be the consequence of breaking several bonds
during repulsive interaction imaging. Previously, we have . .
verified that the apparent size of a given molecule in the 1 2 3 4 5 6
attractive interaction regime is independent of the number Amplitude (nmy)
of times this molecule has been imaged.

A detailed description of the process or processes respoﬁlGURE 7 @) Theoretical amplitude dependence on tip-sample separa-

sible for the changes observed in the molecules is St”}ion.The shadowed region indicates the values of the oscillation amplitude
lacki = tv th . tal thods t t that produce an unstable behavid) Calculated maximum force depen-
acking. Fresently the experimental methods to measure rE?ence on the oscillation amplitude. The arrows indicate the values of the

force exerted on the sample in tapping-mode AFM are stillexperimental setpoint amplitudes used for recording the images shown in
under development (Fain et al., 2000). Nevertheless, someg. 5.

insight could be gained from theoretical simulations (Garci
and San Paulo, 1999a). Here, we have calculated the max-
imum tip-sample force as a function of the setpoint ampli-sample contact. Capillary forces of 10 nN are routine in
tude for a moderately compliant materid € 1 GPa) and AFM experiments. The force associated with the meniscus
for a free amplitude, resonance frequency, tip radius, angvould also be exerted on the molecule. A combination of
quality factor similar to the experimental values,(= 6  short-range repulsive forces and capillary or adhesion forces
nm, f, = 300 KHz,R = 5 nm, andQ = 500). are likely the factors that contribute to the sample deforma-

Fig. 7 A shows the dependence of the oscillation ampli-tion observed in the images.
tude on the tip-sample separation. A step-like discontinuity In retrospect, it may seem hardly surprising to show that
is observed at 4 nm. The values of the amplitude that aréhe attractive interaction regime is less disruptive than the
considered unsuitable to obtain faithful and stable imagesepulsive interaction regime. The regimes were set in a way
have been shadowed. Fig. B shows the corresponding that the repulsive interaction regime involves higher forces
dependence of the maximum force on the amplitude. Théhan the attractive interaction regime. In our opinion, the
forces applied in the repulsive interaction regime are largeabove results have three far-reaching implications concern-
than those applied in the attractive interaction regime. Foing imaging of single proteins by tapping-mode AFM. First,
example, forA;, = 5.9 nm the maximum force is 0.4 nN, the attractive interaction regime is able to resolve the do-
while for Ag, = 2.8 nm the force is 3.5 nN, i.e., the force is main structure of proteins formed by several subunits. Sec-
one order of magnitude higher in the repulsive interactiorond, even very gentle operation in the repulsive interaction
regime.Ag, = 5.9 nm andA, = 2.8 nm were the oscillation regime may imply some kind of sample damage. Third,
amplitudes used to obtain the images shown in Figsabd = amplitude curves allow identification and selection of the
B, respectively. operating regime.

Furthermore, experiments performed in air may also im- Nevertheless, we do not want to convey the message that
ply the formation of a capillary meniscus if there is tip- the images obtained in the repulsive interaction regime are

Maximun Force (nN)
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always associated with some sort of sample damage. Ohnanportant to realize that in air environments the attractive
sorge and Binnig (1993) were the first to demonstrate truénteraction regime is easily identified by the presence of a
atomic resolution in AFM by using net repulsive loading steplike discontinuity in the amplitude curves .
forces of 0.1 nN or lower. In fact, the relevant parameter to
be considered is the actual force exerted on the sample. _ .
Relatively large attractive forces, say above 4 nN, Couldvggpa;:eag;iteful to Laura Lechuga and Ana Calle for their help with sample
produce severe topographic changes in the molecules, whiﬁa_ ' o
. This work was supported by the European Commission, BICEPS, Grant
smaller repulsive forces, say below 0.4 nN, would not alterg, 5, ~1.5112
the molecules. We emphasize that for a given cantilever, tip
radius, and free oscillation amplitude, the attractive interac-
tion regime involves smaller forces than the repulsive in-REFERENCES
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