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Th e speci Ùc in ter acti ons bet w een bo vine serum albumi n and poly - or
tw o mono clona l b ovine serum albumi n antib odies were studied usin g force
spectroscopy mo de of atomic force microscopy . T he histograms of the unbind-

ing forces for polyclon al bovine serum albumi n antib odies are broad at high
antib ody concentrations ( 50 or 2 70 ñ g/ml ) and narrow at low concentrations
( 10 or 27 ñ g/ml) , w hile the histograms for mono clonal antib odies peak at

w ell deÙned unbindin g force. T he peak unbinding force dep ends on the typ e
of antib ody and the antib ody concentration. I n this pap er w e describ ed and
characteri zed the passive adsorption and co valent immobili zati on of proteins

for tip and sample preparation. Force spectroscopy could serve as a useful
metho d for characterization of antigen {antib ody interactions for measuring
the speciÙcity of an antib ody or to assess the purity of a mono clonal antib ody
solution and to distingu ish betw een di˜erent antib odies.

PAC S numb ers: 82.37.Gk, 82.37.Rs

1. I n t rod uct io n

A basic worki ng pri nci pl e of m olecular recogni ti on processes is based on the
speciÙc bindi ng of a l igand molecule (e.g. anti body) to a receptor protei n (e.g.
anti gen). The natura l way to kno w how the m olecules intera ct wi th each other
is a m easuri ng of the rupture force (or unbi ndi ng force). In order to inv estigate
anti gen{ anti body (Ag { Ab) intera cti ons the ato m ic force m icroscope (A FM) oper-
ated in force spectroscopy (FS) m ode was often used [1, 2].

In thi s paper, we studi ed the intera cti on between polycl onal or two di ˜er-
ent m onoclonal bovi ne serum album in (BSA) anti bodies wi th the BSA protei n
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m olecule. In our exp erim ents, the anti bodies were bound to the ti p and the BSA
m olecules were bound onto the substra te surface.

2. M at er ia ls an d m et hod s

2.1. Mat er ials

ED AC (1-ethyl -3 3-dim ethy lami nopro pyl carb odi im ide), MES
(2- [N -Mo rpho l ino] etha nesulfonic aci d), APTES (3-amino propyltri ethoxy -silane),
BSA and PBS bu˜er (50 mM phosphate, 150 m M Na Cl , pH 7.4 at 2 5 £ C) were
purcha sed from Sigma. The gluta ra ldehyde was bought from Fl uka. The fol lowi ng
comm ercial anti bodies were used: the rabbi t anti -bovine serum album in (Si gma,
B1520) ; the monocl onal anti -bovine serum album in clone BSA- 33 (Sigm a, B2901)
and the m onoclonal anti -bovi ne serum album in clone BSA1 (ANA WA, 0220-1286),
cal led Ab- BSA, m Ab- BSA- 33 and m Ab- BSA- 1, respecti vely. Al l reagents were
used wi tho ut further puri Ùcati on. APTES wa s stored under water- free contro l led
atm osphere. Al iquots of BSA and al l anti bodi es were prepared and then stored in
the freezer at À 2 0 £ C unti l use.

Mi ca wa s used as substra te for protei n atta chm ent. Mi ca is layered alum i-
nosilicate m ineral whi ch is easily cleaved to generate ato mical ly Ûat surface. The
surf ace of m ica has a net negati ve charge. Ma ny protei ns bind ti ghtl y to a cl ean
m ica surface because of the large surf ace charge and hydro gen bindi ng between
the protei n and the surf ace.

2.2. AFM

Na noscope II Ia , Mul ti mode from Digi ta l Instrum ents (D I) and V- shaped
Si 3 N4 (D I) wi th a nom inal spri ng constant of 0.06 N/ m were used. Cal ibrati on of
the canti levers was perform ed by the resonance frequency m etho d [3] and therm al
Ûuctua ti ons m etho d [4]. Al l m easurements (reco rdi ng of f orce{ distance curves and
im aging) were carri ed out in a liqui d cell in PBS bu˜er at ambi ent tem perature.
The loading rate was kept at about 3 nN/ s for al l force{ distance appro aches.

2.3. T ip and sampl e modiÙcation

Ini ti al ly, sil icon ni tri de ti ps and freshl y cleaved m ica sheets were functi onal -
ized wi th protei ns by the sim plest metho d, nam ely passive adsorpti on. Af ter sub-
m erging into the soluti on of BSA or anti bodi es of BSA for several hours at 4 £ C,
loosely bound protei ns were rem oved by extensi ve wa shing. Despite successful and
sim ple use of thi s m etho d in our experim ents, rapid ti p degradati on and very low
event frequency (essenti al ly less tha n 1% of al l appro aches) for anti gen{anti body
intera cti on were observed. T o increase event frequency wi tho ut losing biological
acti vi ty of pro tei ns duri ng exp eriment a covalent at tachment of pro tei ns was car-
ri ed out. The anti bodies were covalently im mobil ized on the ti p using ED AC as
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a coupl ing agent. Glyci ne was added in order to neutra lize unrea cted ED AC. The
ti ps were then washed wi th PBS bu˜er. The anti body f uncti onal ized ti ps were
used im mediatel y for the m easurements.

The protei n im mobil izati on onto a substra te surface was preceded by the
silanizati on pro cedure. Silanes covalently bi nd to a mica, glass, or Si surface
whi ch have silanol ({ Si { OÀ ) groups present. It was shown tha t the silanizati on
of m ica surfaces by chemical -vapor depositi on of alkoxy silanes general ly pro duces
a smoother and more stable silane m onolay er Ùlm (wi tho ut \ verti cal " polym eriza-
ti on) tha n was obta ined by liqui d-phase depositi on [5, 6]. In our study we fol lowed
chemical -vapor depositi on of APTES in a vacuum chamb er. Thi s pro cedure was
described by Lyub chenko et al . [7, 8]. The acti vati on of m ica in v apors of APTES
for 2 h was su£ cient to obta in uni form ly m onolay er. APTES m oleculeswere in an
am ine-up conÙgurati on and about 50% of these am ines were acti ve (pro to nated,
{ NH +

3
) [9]. These reacti ve am ino groups of APTES were covalentl y coupl ed wi th

pro tei n amino groups vi a gluta ra ldehyde. The silani zed substra tes were reacted
wi th 1% (vo l / vol ) gluta ra ldehyde soluti on in water for 20 m inutes and then rinsed
several ti m es wi th wa ter to rem ove any unreacted gluta raldehyde m olecules. Con-
secuti vel y, the BSA soluti on (1 mg/ ml in PBS) wa s deposited onto the sampl e
surf ace for 20 m inutes at room temperature. The unreacted BSA m olecules were
rem oved by washing wi th PBS bu˜er.

Fig. 1. A FM contact image of the A PT ES+ glutaraldeh yde- mica surf ace. I n the central

surf ace area of 500 È 500 nm 2 has undergone scanning at a high loadin g force (see te xt).

T o check whether APTES was Ùrmly adsorb ed on the mica surface and to
kno w the thi ckness of the silane layer, the sweeping m etho d was used. In thi s
m etho d, the AFM ti p Ùrst scanned a smal l part of the surface area (typi cal ly,
5 0 0 È 5 0 0 nm 2 ) wi th the increased loading force at a scanni ng speed of 2 Hz. W hen
no further change in the z height of the im age was observed, the AFM im age was
zoom ed out a large area (typi cal ly, 1 : 2 È 1 : 2 ñ m 2 ) and rescanned at norm al loading
forces and scanni ng speed of 1.5 Hz (Fi g. 1). The APTES +g luta ra ldehyde layer
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thi ckness was obta ined by measuri ng the height di ˜erence between the al tered and
the unal tered area in the image. Thus, the layer thi ckness was roughly estim ated
and gave a resul t of about 2 nm . Thi s result was in a good agreement wi th other
exp erimenta l data al ready obta ined [9{ 11].

2.4. Dat a anal ysis

D uri ng FS m easurements the canti lever m oves down (appro ach to the sur-
face) and up (retra ct) and the deÛection of the ti p is recorded. Kno wi ng the spri ng
constant of the canti lever and vari ati on of the deÛection signal per nanom eter, one
can convert the deÛection signal to force for a given deÛection. W hen the ti p enters
in conta ct wi th sam ple surface, a speciÙc Ag { Ab bond can form . Thi s bond wi l l
be ruptured when the ti p is pul led away from the substra te surface. Theref ore, the
speciÙc intera cti on (unbi ndi ng) force can be read di rectl y from the force{ distance
curves as the di ˜erence between the equi l ibri um positi on and the botto m of the
negati ve peak. T o obta in histograms of anti gen{ anti body forces f rom force versus
di stance pl ots, we used the softw are developed by Ka sas et al . [12].

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

The typi cal detected force{ distance curves (retra ct part) are shown in Fi g. 2.
W e classify the curves as fol lows: single bond rupture, non-speciÙc adhesion of
ti p to sam ple and no events detected. Mo st of the curves di d not displ ay de-
tecta ble events, som e ti m es display a non-speciÙc adhesion of the ti p to surface.
The speciÙcity of Ag { Ab intera cti on was veri Ùed by blocki ng the anti body wi th
free anti gen. An avera ge extensi on f or al l anti gen{ anti body pai rs was determ ined
as z = 1 4 Ï 3 nm . Thi s value remained the sam e for our ti ps and sampl e func-
ti onal izati on m etho ds. T aking into account the sizes of BSA of 6 nm , anti body

Fig. 2. The typical force{distance curves as measured by A FM.
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Fig. 3. H istograms of unbinding forces for mA b- BSA -1 | BSA (A ) and mA -BSA -33

| BSA (B). Each histogram comprises 640 force{distance curves for the same sample

surf ace area scanned ( 500 È 500 nm 2 ). T he bin size in the histograms is 10 pN .

Fig. 4. (A ) H istograms of unbinding forces for A b-BSA | BSA at high antib ody con-

centrations. (B) H istogram of the unbindin g forces for the mixture of two mono clonal

antib odies | BSA . T he total antib ody concentration in mixture w as kept at high con-

centration ( 270 ñ g/ml). Each histogram comprises 640 force{distance curves for the

same sample surf ace area scanned ( 500 È 500 nm 2 ). T he force interv al w idth or bin size

in the histograms is 10 pN .

m olecule of 8 nm and APTES+g luta ra ldehyde layer thi ckness of 2 nm , we con-
cl ude tha t essential ly an extensi on of anti gen{ antib ody compl ex was perf orm ed.
D i ˜erent situa ti on wa sobserved for unbi ndi ng forces for di ˜erent anti gen{anti body
compl exes. Two monoclonal anti bodies exhi bi ted a narro w distri buti on of speciÙc
unbi ndi ng forces. The peak frequency was at 1 4 2 Ï 8 pN for the m Ab- BSA- 1 and
at 2 5 0 Ï 1 6 pN for m Ab- BSA- 33 (Fi g. 3). In contra st, the polyclonal Ab represents
a bro ad range of forces (f rom 60 pN unti l 500 pN) when tested at \ high" (50 or
2 7 0 ñ g/ ml) anti body concentra ti ons (Fi g. 4A) but a narrow force distri buti on,
whi ch is vari able between di ˜erent ti ps, when tested at \ low" (10 or 2 7 ñ g/ m l)
concentra ti on (data not shown). These data were consistent wi th the hetero geneity
of polyclonal Ab com pared to m onoclonal anti bodies. In order to m imic polycl onal
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anti bodies, m ixtures of two di ˜erent m Abs were prepared. The data showed tha t
m ixi ng two mAbs resul ted in a force distri buti on appro achi ng tha t of the poly-
cl onal Ab (Fi g. 4B). The histograms whi ch are represented in thi s paper were
done wi th covalent functi onal izati on m etho d. We underl ine tha t sim i lar FS resul ts
(no t only the value of unbi ndi ng force for one given anti gen{ anti body pai r but
also characteri sti c ti p displacement unti l the mom ent of the bond rupture and
form of an extensi on curve) were obta ined wi th passive adsorpti on and covalent
atta chm ent m ethods.

Based on our resul ts we concl ude tha t force spectroscopy can be a valuable
to ol to m easure and recognize the speciÙc anti gen{ anti body intera cti ons vi a the
speciÙcity and bindi ng e£ ciency of anti bodies.
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