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A n atomi c forc e micro scope is a useful to ol to stu dy t he interaction
forces at molecular level . I n particular the atomic force microscop e can mea -

sure an unbindin g force needed to separate the t wo single molecule com-
ple xes. Recent studies have show n that such unbindin g force depends linearl y
on the logarithm of the applied loading rate , deÙned as a pro duct of scan-

ning velo city and the spring constant characteri zing the investigated system
(cantilever vs. surf ace). T his dependence can be used to study the energy
landscap e shape of a molecular complex by the estimation of energy barrier
locations and the related dissociati on rates. I n the present w ork the complex

consistin g of ethylene(di)amin etetraaceti c acid and the b ovine serum albu-
min w as measured. The dependence betw een the unbinding force and the
logarithm of the loadin g rate was linear. U sing the Bell model describing the

disso ciation of the above molecule s caused by the action of the external bond
breaking force, two parameters w ere estimated : the disso ciation rate and the
p osition of the energy barrier needed to overcome during a transition from a

b ound to unb ound state. T he obtained results are similar to those obtained
for a typical ligand {recep tor interaction.

PAC S numb ers: 87.64.Dz, 68.35.Gy

1. I n t rod uct io n

The kno wl edge about the m echanism and streng th of the chemical bi nding
forces is im porta nt for the understa ndi ng of the vari ety range of phenom ena, like for
exam ple the adhesion of the polym ers to di ˜erent typ es of substra tes, f ricti on, or
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m olecular intera cti ons between cells. Parti cul arl y, the m echanism of the adhesion
between biom olecul esis cruci al for the di versi ty of the biotechno logical appl icati ons
l ike bioseparati on, immunoadsorpti on, di ˜erent typ es of cell - to-cell intera cti ons,
bl ood clotti ng or even oncogenic tra nsform ati on [1]. The form atio n of an adhesion
conta ct between two molecules is a special case of processes in whi ch the form ati on
and di ssociati on of chemical compounds occur. Theref ore, i t could be described
as a dyna m ic pro cess in whi ch a certa in numb er of bonds is created and some
bonds, in the sam e ti m e, are bro ken. Thus, the associati on and di ssociati on rates
express the speed of f orm ati on and breaki ng bonds at given condi ti ons because
usual ly the chemical reacti on depends on m any factors as tem perature or solvent
pro perti es [2, 3].

One of the m etho ds tha t can be appl ied in the investigati ons of the di sso-
ci ati on pro cess can be the ato m ic f orce m icroscopy (A FM). In recent years, thi s
m etho d has become a very useful techni que to investi gate m any biological prob-
lems, ranging from high-resoluti on structura l im ages of bi ological objects [4] to
the streng th of the molecular intera cti on [5]. These latter appl icati ons are possible
due to a very high force resoluti on extendi ng down to picoNewto ns range, whi ch
al lows detecti ng a force of a sing le molecular pai r, l ike for exam ple between two
pro tei ns [6] or two f uncti onal chemical groups [7]. Usually, the AFM pro be (i .e.
the canti lever wi th a sharp ti p) is functi onal ized wi th one typ e of m olecules whi le
the other, com plementa ry m olecules are im mobi li zed on a substra te [8]. W hen the
ti p is in a close proxi m i ty of the surface (or when i t to uches the surf ace), the can-
ti lever is deÛected due to the presence of di ˜erent intera cti ons (i .e. van der W aals,
m agneti c or electrostati c forces). The deÛection can be recorded as a functi on of a
relati ve sam pl epositi on and can be converted into a force value. The force needed
to separate the AFM ti p from the surface corresponds to the unbi ndi ng force.

The idea of the measurements of the unbi ndi ng force was m ainl y appl ied
to the characteri zati on of l igand{ receptor intera cti on occurri ng between di ˜erent
pai rs of m olecules. As a very sensiti ve force pro be, the AFM has been used to
determ ine the unbi ndi ng force between strepta vi din{ bioti n molecules [9] as well
as tho se between m onoclonal anti ferri ti n and AFM probes f uncti onal ized by fer-
ri ti n [10]. Al so, the intera cti ons occurri ng between compl ementa ry stra nds of D NA
ol igom ers were studi ed [3].

The dyna mics of the di ssociati on process between biom olecules was for the
Ùrst ti m e described by Bel l [11]. Bel l sta ted tha t the appl icati on of the exter-
na l ly appl ied force f separati ng the l igand from the receptor causes an increase in
di ssociati on rate k r ( f ) . The pro posed increase fol lowed the exponenti a l rul e

k r ( f ) = k 0
r exp( r 0 f =k B T ) ; (1)

where k r ( f ) | dissociati on rate in the presence of the force f tha t breaks the
indi vi dual bonds (i .e. an unbi ndi ng f orce), k 0

r | dissociati on rate in the absence
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of the force f ; r 0 | positi on of the energy barri er tha t should be overcom eduri ng
the unbi ndi ng pro cess, k B | the Bol tzm an consta nt, T | tem perature.

The probabi l i ty of breaki ng of a sing le bond in a certa in ti me interv al is
a functi on of the force tha t breaks the bond. The m axi mum of the probabi l i ty
di stri buti on corresponds to the most probable value of the force f Ê tha t breaks
the bond and i t can beattri buted to the unbi ndi ng f orce determ ined from the AFM
m easurements. The di ssoci ati on rate can be evaluated when the unbi ndi ng force
is l inearl y appl ied in ti m e (the loading rate r f i s constant). Thus, the relati onship
between f Ê and ln( r f ) can be expressed as fol lows [12, 13]:

f Ê =
k B T

r 0

ln( r f ) +
k B T

r 0

ln

˚
r 0

k 0
r k B T

Ç

; (2)

where the loading rate r f i s a product of the scanner velocity v and the canti lever
spri ng constant k . Theref ore, by perform ing the m easurements at di ˜erent values
of the loading rates more inf orm ati on on the m olecular intera cti on potenti al can
be obta ined [14, 15].

The relati on between f Ê and ln( r f ) i s linear and from its slope b and the
intercept a one can calcul ate r 0 and k 0

r accordi ng to the relati onshi ps

k 0
r =

1

b
eÀ a = b ; (3)

r 0 =
k B T

b
: (4)

The errors may be estim ated in a standard way
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In the present study , the ato m ic force m icroscopy wa s appl ied to study the
intera cti on forces between two typ es of m olecules: bovi ne serum album in and
ethyl ene(di )am inetetra acetic aci d. The l inear dependence between the unbi nd-
ing force and the logari thm of the loadi ng rate wa s obta ined indi cati ng tha t thi s
m ode of the AFM operati on could be appl ied not only for the studi es of typi cal
l igand{ receptor com plexes but also in the investi gatio ns of the unbi ndi ng pro cess
between m olecules tha t intera ct involvi ng non-speciÙc forces. On a basis of the
force distri buti ons, the m ost probable unbi ndi ng f orce wa s evaluated. From the
relati on between the unbi ndi ng f orce and the logari thm of the loadi ng rate, the
di ssociati on rate and the positi on of the energy barri er were calcula ted.
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2 . M at er ia ls an d ex p er i m ent al m et h od

2.1. Modi Ùcat ion of t he AFM cant i levers

The standard sil icon ni tri de canti levers (Park Scienti Ùc Com pany, Ato s
Gm bH, Germ any) wi th pyra m idal shaped ti ps were used. The canti levers were
covered wi th the ethyl ene(di )am inetetra acetic acid (ED T A, Fl uka) usi ng the reac-
ti on scheme for the functi onal izati on of the ti p presented in [16]. Fi rst, the AFM
ti ps were washed wi th acetone for Ùve m inutes and exposed to UV f or 20 minutes
to rem ove organic conta m inants. Af ter i rradi ati on, the canti levers were incuba ted
for two hours in 4% (v / v) soluti on of the tri aminopropyl tri ethoxysi lane (APTES,

Fig. 1. One of the possibl e scheme of the glass coverslip functional ization w ith the

ethylene(di)ami netetraac etic acid.

Sigma) in a to luene in order to enri ch the ti p surf ace wi th amino groups. Next,
they were washed in alcohol once and three ti m esin phosphate bu˜er sal ine (PBS,
pH = 7.4, conta ining 0.01 M H3 PO 4 , 0.0027 M KCl , and 0.137 M NaCl , Sigm a).
The last step was the im mersion of the canti levers in 0.1 m g/ ml soluti on of the
ED TA for one hour. They were stored in a fri dge for 24 hours at the tem perature
of 2 £ C before use. One molecule of the ED T A consists of Ùve carboxyl groups
whi ch in wa ter soluti on becom e negati ve charged and theref ore the m olecule binds
to the surface am ino groups. The possible reacti on scheme is presented in Fi g. 1.

2.2. Prot ein immobi l izat ion on a glass substrat e

The imm obi li zati on of the album in (BSA, bovi ne serum album in, Sigma)
onto glass surf ace fol lowed the procedure described in [16]. The glass coversl ips
were pretrea ted in the sam e wa y as the sil icon ni tri de ti ps were trea ted unti l the
step of silanizati on wi th the APTES soluti on. Af ter wa shing in alcohol once and
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three ti m es in the PBS, the coversl ips were im mersed into 2.5% gluta ra ldehyde
(Fl uka) soluti on in PBS for 30 m inutes. Next, the coversl ips were im mersed in
0.5 mg/ m l BSA water soluti on for one hour. Such prepa red substra tes wi th protei n
were stored in the PBS in a f ridgeat the tem perature of 2 £ C for 24 hours before use.

Fig. 2. T he AFM image of the albumi n immobili zed onto glass coverslip. T he deter-

mined indentation depth ( ¿ 5 0 nm) suggested that the protein layer was thick (at pH = 7

the shap e of albumin is an ellip soidal with tw o axes of 4 nm and 14 nm).

The bovi ne serum album in (m olecular wei ght 69 kD a) wa s chosen due to i ts
a£ ni ty to m any typ es of l igands l ike bi l i rubi n or hemati n. Parti cul arl y, album in
has a great abi l i t y for bi ndi ng smal l negati vel y charged m olecul es as f atty acids
[17, 18]. Fi gure 2 presents the im age of the to pography of album in m olecules
im mobil ized on the glass substra te using the AFM ti ps coated wi th the ED T A
m olecules.

2.3. A tomi c force mi croscopy

Force m easurem ents were carri ed out usi ng the AFM worki ng in conta ct
m ode, equipped wi th a \ l iqui d cell " setup [19]. Al l m easurem ents were perform ed in
deionized water (Co brabi d puri Ùcati on system , 0 : 0 6 ñ S) adj usted to pH = 7.0 using
Na OH base,at the room temperature. Force versus distance curves were repeatedl y
m easured at vari ous surface locati ons. On each sam ple 4{ 7 positi ons were chosen
and at each positi on 100 to 200 force curves were recorded. The spri ng constants of
AFM canti levers were: 0.01, 0.03, 0.05, and 0.1 N/ m. The obta ined system spri ng
constants (ta ki ng into account both the canti lever and the substra te) were in the
range of 5{ 10 mN/ m (estim ated from the slope of the f orce versus di splacement
relati onshi p of the retra cti on curve, [5]). The range of the scanner veloci ti es of
the appro ach-retra ct cycl es vari ed from 1 to 8 ñ m / s. By using v arious canti lever
spri ng constants and several velociti es i t was possible to produce di ˜erent values
of the loading rate r f . The loading rate r f was deÙned above as a pro duct of the
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Fig. 3. T he typical force distance curve measured by A FM | only a retracting part is

show n.

scanner vel ocit y and the system spri ng consta nt. The unbi ndi ng force values were
obta ined from the analysis of the retra cti ng part of f orce-versus-di stance curves.
The typi cal force-distance curve m easured by the AFM is shown in Fi g. 3.

3. R esul t s an d d iscu ssio n

The intera cti on between album in imm obil ized on a Ûat surf ace and the ethy-
lene(di )am inetetra acetic aci d m oleculesatta ched to the AFM ti p can be expl ained
inv olving the ionic bonds occurri ng between the album in's am ino and ED T A' s
carboxyl groups as they are both charged in water soluti on. The bond strength
wa s determ ined from the force distri buti on del ivered by the AFM measurements of
the unbi ndi ng force. For each loading rate the corresp onding force di stri buti on was
created. For instance, two hi stogram s ta ken for the rate of 50 nN/ s are presented
in Fi g. 4. They were created wi th the bi n size of 50 pN, signiÙcantl y larger tha t
the noise Ûuctua ti ons of the base l ine (the part of curve, where there is no con-
ta ct between the ti p and surf ace). The maxi mum of the hi stogram wa s attri buted
to the force breaki ng a sing le bond. The m axi mum values were 2 2 7 Ï 7 pN for
BSA{ ED TA com plex measured in pure water (Fi g. 4A) and 3 1 1 Ï 1 0 pN when
soluti on conta ined 1 m M ED T A (Fi g. 4B). The errors were estim ated by the di -
vi sion of the standard devi ati on by the square root of the numb er of the adhesion
events. It should be m enti oned tha t the pul l -o˜ force measured using the AFM
gives overa ll force acti ng between two surfaces | both speciÙc (tha t intera ct onl y
wi thi n the conta ct area), and non-speciÙc ones (acti ng in large di stances l ike for
exam ple electro stati c forces). Thus, in the case of non-com plementa ry com plexes,
the inÛuence of the envi ronm ent properti es coul d be observed. In thi s m anner, the
change in the positi ons of the di stri buti on m axi mum m ight be attri buted to the
inÛuence of the f ree ED T A m olecules.
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Fig. 4. Examples of frequency distrib utio ns of the unbindin g force measured for par-

ticular loading rate (50 nN /s) betw een the EDT A {BSA molecules in pure w ater (A ) and

in the presence of 1 mM EDT A aqueous solution (B).

In order to conÙrm tha t the m easured unbi ndi ng force ori ginated from the
intera cti on between album in and ethyl ene(di )am inetetra acetic acid, the fracti on
of curves wi th the observed adhesion was estim ated. As the ED T A m olecules were
di ssolved in wa ter and as they could cover the album in surf ace, the recorded curves
should show lessadhesion events tha n in the case of pure water. The observed frac-
ti on 72.6% (wa ter) decreased to 45.7% after addi ng 1 m M concentra ti on of ED T A.

The dyna m ic AFM m easurements al lowed the determ inati on of the param -
eters tha t characteri ze the bond form ati on and di ssociati on of the intera cti ng
m olecules. Accordi ng to the tra nsiti on state theory , the di ssociati on occurri ng
between the l igand{ receptor pai r can pro ceed v ia an interm ediate state whi ch can
be conÙrmed by the presence of two (or m ore) l inear regions in the dependence
between the unbi ndi ng force and the logari thm of loading rate [20{ 22]. The ob-
ta ined for BSA{ ED TA com plex dependence between the unbi ndi ng f orce and the
logari thm of the loading rate showed two l inear reg ions (m ark ed as (a) and (b))
presented in Fi g. 5. Both regions were Ùtted wi th the l inear regression accordi ng
to Eq. (2). In the region (a) the loadi ng rate varied from 5 to 30 nN/ s and in the
region (b) from 30 to 130 nN/ s. The calculated slopes were 49 pN and 232 pN for
reg ions (a) and (b), respectivel y.

These results indi cate tha t the dissociati on process between the ED T A and
the BSA moleculesf ollow the intera cti on sim i lar to tha t observed in l igand À recepto r
compl ex involvi ng tra nsiti on thro ugh the interm ediate state [14]. The calcul ated
parameters describing the dissoci ati on pro cess, the di ssociati on rates k 0

r , and the
positi on of the energy barri er r 0 , were 6.4 sÀ 1 , 0.84 ¡A f or region (a) and 49.1 sÀ 1 ,
0.20 ¡A f or region (b) (cf . T abl e I). The region of higher loadi ng rates (b) may be
attri buted to the tra nsiti on from the bound state to the interm ediate state and
the region of smal ler ra tes (a) | to the tra nsiti on between the interm ediate to an
unb ound state. The resul ts indi cated tha t the dissoci ati on process was described
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Fig. 5. T he most probable unbinding force f
Ê as a function of the logarithm of the

loadin g rate. T wo di ˜erent linear regions are marked as (a) and (b). T he measurements

w ere perf ormed for the EDT A {BSA pair in water.

T AB LE I
Parameters describi ng the disso ciatio n pro cess calculated for EDT A{BSA pair on the

basis of the Bell mo del. T he measurements w ere p erformed in deioni zed water.

Loading rate range [nN /s ] I ntercept [pN ] Slope [pN ] r 0 [¡A ] k
0
r [ sÀ 1

]

Linear region a: 5{30 À 2 82 Ï

Linear region b: 30{130

by the molecular potenti al com posed of two barri ers, the inner and the outer one
(whi ch means tha t the dissoci ati on shoul d overcom e two tra nsiti ons).

Kno wi ng tha t the intera cti on between the album in and ethyl ene(di )amine-
tetra aceti c acid m oleculesis not a speciÙc one, the e˜ect of the free ED T A m olecules
(added to water) on the bindi ng abi l i ty of the BSA was studi ed. The sam e cal-
cul ati ons of the dissociati on param eters were perform ed for two cases, when the
added ED T A concentra ti on was 1 m M and M. R esults are presented in Fi g. 6.

Indep endentl y of concentra ti on of the ED T A m olecules in water, each case
showed onl y one l inear region wi th a di ˜erent set of param eters (T abl e I I). Thi s
m eans tha t the di ssociati on pro cess overcam e only thro ugh one energy barri er

T ABLE I I
Dissociati on parameters calculated according to the Bell model for EDT A {BSA pair

measured for tw o concentrations: M and 1 mM aqueous solution of EDT A for the
loading rate range of 20{70 nN /s.

Concentration [mM] Intercept [pN ] Slope [pN ] [¡A ] sÀ

0.001

1
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Fig. 6. The relation betw een the most probable unbinding force f Ê and the logarith m of

the loadin g rate obtained for the BSA {EDT A pair in the presence of aqueous solutions of

1 ñ M EDT A, and 1 mM EDT A show n in the upp er (A ) and low er (B) part, resp ectively .

(a t positi on of r 0 = 0 :1 5 ¡A and r 0 = 0 :2 8 ¡A for low and hi gh ED T A concentra ti on,
respect ively). Such signiÙcant increase (87%) in the positi on of the energy barri er
m ight be attri buted to the inÛuence of the free ED T A molecules on the dissocia-
ti on pro cess. However, the presence of ED TA did not inÛuence on the dissociati on
rates tha t are related to the bond li feti m es. Thei r values remained roughl y the
sam e (39.5 sÀ 1 and 47.7 sÀ 1 for low and high concentra ti on, correspondi ngly).
The standard t- test (0 .05 level) conÙrmed tha t there wa s no signi Ùcant di ˜erences
between rates f or 1 m M and 1 ñ M concentra ti ons of ED T A. These results show
tha t the ED T A m olecules present in the soluti on may al ter the di ssociati on ki -
neti cs. The calculated Bel l m odel parameters for the studi ed pair of m olecules
are in the same range as tho se obta ined in Ref. [15] for other molecules of the
l igand{ receptor pai rs. However, i t shoul d be pointed out tha t the determ inati on
of the positi on of the energy barri er was more preci se (erro rs were m uch smal ler)
tha n the estim ati on of the dissociati on rates, where the calcul ated m axi mum errors
exceeded som eti mes 70%.

4. Co n cl usion s

The ato m ic f orce m icroscope was appl ied to study the intera cti on forces
between album in and ethyl ene(di )aminetetra acetic acid. The rela ti onshi p of the
force depended l inearl y on the logari thm of the loading rate and showed the same
relati onshi p as the previ ously studi ed l igand{ receptor intera cti on [5, 6, 9]. The
parameters describing the di ssociati on pro cess were estim ated. They showed tha t
in the case of the deioni zed water the dissociati on wa s m ore rapi d tha n in the case
when f ree ED T A m olecules were present.

Theref ore, the AFM demonstra ted the feasibi l i t y in the investigati on of the
di ssociati on processes not onl y in com plexes where the m olecular intera cti on is
governed by the speciÙc forces but also in cases where non-speciÙc forces occur.
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