Investigation of protein adsorption with simultaneous measurements
of atomic force microscope and quartz crystal microbalance
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We have combined the tapping-mode atomic force microsc@feM) and quartz crystal
microbalancg QCM) for simultaneous investigation and characterization of protein adsorption on
various metallic surfaces using these two instruments. The adsorption of proteins such as human
plasma fibrinogen and anti-human immunoglobulin onto the metal or oxide/QCM surface were
monitored using both methods at the same time when varying the concentration of proteins. The
combination of AFM with QCM allowing the simultaneous measurements with two techniques
working at very different scales and probing different properties of the adsorbed layer provides
quantitative and qualitative information that can distinguish different protein adsorption behavior.
© 2003 American Vacuum SocietyDOI: 10.1116/1.1593056

[. INTRODUCTION tion of the adsorption of proteins at different scales such as

2 . . e
. _ wm? and cnt, and most importantly the possibility to under-
The quartz crystal microbalan¢QCM) is made of AT-cut stand the adsorption kinetics of biomolecules through the

quartz crystal that sandwiched between two metal electrodq%aI time comparison of the resonance frequency shifts of
vibrating when a sinusoidal electric field is applied. Theoreti- CM with the obtained molecular resolution images of
cally, when a mass loads its surface, the QCM changes it M

resonant frequency. The magsm, to frequency shiftAf,

relationship has been modelled by the Sauerbrey to lead to I?. EXPERIMENT

relationship,
Human plasma fibrinogefHPF and antihuman immuno-
B -2 f(zn) _ —nX 2 f(zl) globulin (anti-lgG) were chosen as model proteins since they
Af(n)_nxA\/ﬁ m= A\/ﬁ m, are often used as references for biocompatibility analysis and

are large enough to be resolved by AFM imagtid®18The
wheref, is the frequency ohth overtoneyp is the density  experimental setup including the tapping-mode AEMo-
of quartz,u is the shear modulus of AT-cut quart,is the  lecular Imaging, Phoenix, AZand QCM-D (Q-Sense AB,
macroscopic sensing area, amtleing the overtone numbér. Gateborg, Swedencombination is represented in Fig. 1. The
It has been extensively used when investigating the adsorf@CM resonator is made of an AT-cut quartz wafer coated on
tion of proteins on metal surfaces, assuming the biologicabne side with conductive electrodes obtained by evaporating
species forms a rigid layér Because the adsorption of pro- 5 nm Ti and 50 nm Au. The top electrode, called sensing
teins on inorganic surfaces is an important topic in biomateelectrode, formed with 2—10 nm Ti and 50 nm Au or 50 nm
rials research and for the development of biosensors, thef Ta by the e-beam evaporation. The typical root mean
QCM technique is widely used for such developméntst squareg(rms) surface roughness of the Au sensing electrode is
shows a decrease of its resonance frequency as a function 6f8.5 A and peak to valley height is 19 A. That of the
the change of deposited ma&s§. However, the detailed native TaOs surface of Ta sensing electrode-is6.4 A and
physical adsorption mechanisms cannot be identified witlit shows a~20 A peak to valley height. This surface is thus
such a crude technique whose sensing area is in tife cnflat enough to achieve molecular resolution.
range. Somewhat a number of contributions have been pub- The gold surface is modified with 10 mM GHerminated
lished on the resonance vibration behavior of the QCM wherlodecanethio(Fluka Chem. C9.in ethanol in order to en-
a contact probe approaches its sensing electtode. hance the hydrophobic interactions between the proteins and
The atomic force microscopfAFM) is one of the com- its surface. The T#s surface of Ta/QCM surface is si-
monly used techniques to provide information about addanized with 1%(v/v) n-decyltrichlorosilangGelest, USA
sorbed proteins with molecular resolutibtiThe observation in toluene for the same reason as above. Other details of the
of biomolecules adsorbed on various kinds of surfaces bAFM and QCM combination are described elsewhére.
AFM has been widely studied and review¥d!’ It is there-  Various concentrations ranging from 250 ng/ml to ka9ml
fore of interest to combine tapping-mode AFM with QCM of human plasma fibrinogefHPF, Sigma, F3897Awvere pre-
and to observe the adsorption of proteins in liquid phase witlpared by dissolving HPF in phosphate buffer saline solution
these two complementary techniques at once. The merits ¢PBS (10 mM KH,PO,/Na,HPO,, 150 mM NaCl,pH 7.4).
this combination include simplicity, simultaneous observa-For the desorption of HPF from Au/QCM surface, 10 mM
glycine HCI (pH 2.2) solution was used. The antihuman im-
¥Electronic mail: choik@imec.be munoglobulin(anti-IgG, Sigma was prepared in PBS solu-
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photodetector TaBLE |. Analyzed rms surface roughness of obtained AFM images accord-
$) ing to the adsorbed proteins and their concentrations.

Concentration rms roughness
(pg/mi) A)
otll::’e.: Human plasma 0 8.5
tube cantilever tof fibrinogen(HPF) (in PBS buffey
inl eflon
inlet holder liquid 0.25 7.8
L cell 25 7.7
N “ / 100 10.8
Antihuman 0 6.4
immuno (in PBS buffey
= globulin 10 4.7
(Anti-lgG) 100 8.5
0 10.4
(in PBS buffer after the SDS
viton QcMm reflux)
O-ring

Fic. 1. Schematic diagram of the apparatus combining atomic force microsnuml_)er was more than 1_5 Hz Wh_en Fhe 250 ng/ml fibrinogen

copy (AFM) and a quartz crystal microbalan@CM). solution was introduced into the liquid cell and 80 Hz when
inserting 25ug/ml fibrinogen solutions. When the fibrinogen
with concentration of 250 ng/ml was introduced, the gold

tion (6.44 mM KH,PO,, 8 mM NaHPO,, 137 mM NaCl, surface was smoothened since the fibrinogen filled the inter-

2.7 mM KCI, pH 6.7) with anti-lgG concentrations of 1, 10, grain granular spacé@.The smoothening of surfaces in the

and 100ug/ml. A sodium dodecy! sulphatéSDS solution ~ AFM images was quantitatively analyzed with the rms

(0.5% w/v in H,O) was used to desorb the anti-IgG from roughness of surface and it is shown in Table | when increas-

native TaOs surface of Ta/QCM. All buffer solutions were ing the concentration to 2ag/ml HPF. The thiol modified

prepared with sterile, autoclaved materials and filtered wittgold surface showed the rms surface roughness 85 A

0.2 um pores filter (cellulose membrane, Schleicher & and itis decreased te 7.7 A when 25ug/ml HPF solutions

Schuell, Belgium right before use. were introduced. The entire surface was completely covered
The resonance frequency of QCM in its fundamentawith proteins and the granular surface of Au/QCM disap-

mode is~4.7 MHz, and our instrumentation allows simulta- Peared in the AFM image when the fibrinogen concentration

neous tracking of the resonance frequencies of the first, thir@f 100 ug/ml was introduced. In this state, the QCM shows

and fifth overtones. Since the fundamental mode has beendistinctive resonance frequency shift of 330 Hz on its third

shown to be too sensitive to environmental fluctuatibhs, overtone and the AFM image was observed with a rms

such as flow and viscosity of the liquid, we have monitoredroughness of~10.8 A. This fibrinogen adsorption was

the frequency shifts of the third overtorfet 14.1 MH2 or ~ mostly reversible with glycine solution.

the fifth overtongat 23.5 MH2 of QCM during the adsorp- When the scan size was decreased, the AFM images

tion and desorption of proteins on its surface. After stabili-showed the adsorbed HPF molecules on Au/QCM surface.

zation of the resonance frequency of the QCM, the protein-After introduction of the 25ug/ml fibrinogen solutions, we

PBS solutions were introduced from lowest to highestcan clearly observe the structure on the surface matching the

concentration by running a flow for 3 m(rﬁow rate around HPF that described in the IiteratLﬁJeAt this concentration,

1.5 ml/min and then stopping the peristatic pump for low it can be observed that the fibrinogen molecules have ad-

noise measurements. In order to guarantee that the same afdbed preferentially between each Au gran@iata not

of the electrode was always observed by the AFM, we kep{ShOWf)-20

on scanning the surface and simultaneously monitoring the

frequency shift of the QCM during introduction of a protein B. Adsorption of antihuman immunoglobulin

solution. However, the liquid flow induced by the pump de-

graded the data quality during the solution exchange. The adsorption of antihuman immunoglobul@nti-lg&)

onto the native Tg05 surface was observed with Ta coated
QCM and tapping mode AFM as shown in Fig. 2. When the
[Il. RESULTS 1 pwg/ml anti-lgG solution was introduced into the liquid cell,
the resonance frequency shift of Ta/QCM normalized by the
overtone number was less than 5 Hz and was increased to 22
The resonance frequency shifts of the QCM and the AFMand 47 Hz when the concentration of introduced anti-lgG
images were observed at the same location while increasingplution were increased to 10 and 1@@/ml. The bare 1
the fibrinogen concentration with a scan size of 1Lum?. X 1 um? Ta,Os surface observed with AFM in PBS solution
The shift of the resonance frequency divided by the overtonshowed a typical granular morphology of evaporated metal

A. Adsorption of human plasma fibrinogen
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04— o . lized in 100 ug/ml anti-lgG solution, SDS solution was in-
[ (a) (b) (©) (@) ] troduced to remove the adsorbed proteins fromOEa
— 02| P :' J ] surface. After the reflux of SDS solution for 3 min, the liquid
g pPes é PES. | cell was replaced with PBS solution. Even after rinsing the
iy Lo ; i ] surface with SDS, the observed resonant frequency shift of
Y 00 ’ | it 1 Ta/QCM did not recover its initial value and showed a 100
& E : m 1 Hz shift on its fifth overtone. The AFM image in Fig(d}
S 02 | | ' 100.gml ] shows irregular and bulky features with granular,Qa
) oo oo } ] background.
8 tE L E b o
24l 3 2 m ]
@ P2 o ! 4
w PT oL T " IV. DISCUSSION
b : ! The finding in the combination of AFM and QCM is the

relationship between the resonance frequency shift of the
QCM and the obtained AFM images during protein adsorp-
tion. Assuming the adsorbed proteins form a rigidly bound
layer on the QCM sensing electrode, the Sauerbrey propor-
tionality relationshipAmocAf ) /n, can be applied between
the resonance frequency divided by the overtone number and
the mass bound to the surfatein the adsorption of HPF
onto Au/QCM, the sensitivity of a 4.7 MHz resonator is
theoretically 20.1 ng/Hz and an 80 Hz frequency shift in 25
pg/ml HPF solution corresponds to an adsorbed mass of 1.6
ug over the 1 crf sensing area of the QCM. HPF being a
large molecule with a molar weight of 340 Kbwe expect
to observe 280 molecules in a 2000 nnt area. This value
being obviously greater than that observed on the AFM im-
ages, we can speculate that the tapping-mode AFM actually
monitors only the topmost layer and the surface is totally
covered by proteins when the solution concentration is 25
©a/ml. However, one should be cautious in applying the pro-
portionality relationship when using the QCM in a liquid
medium and adsorbing proteins and including a viscous in-
teraction contribution to the frequency shifts which scales
with the overtone numbers asf=Af ,, /y/n.?? Unexpect-
edly high frequency shifts have previously been reported
Fic. 2. Resonance frequency shift of the Ta/QCM depending on the differenwhen using QCMs in viscous liquid mediaSince the AFM
concentrations of zrl\:t'i\;lh?man immunoglobu{m;ti-lgt@ in PBS iolutim; images we obtained show that the fibrinogen does not cover
T e e e S0 20, (e vinole surface o the QCM, we conclude that either the
ng/ml anti-IgG solution, andd) PBS solution after the desorption of protein fibrinogen is preferentially adsorbed in the valley region of
with SDS rinsing. the Au granular structure and the QCM frequency shift is
exaggerated because of viscous interactions with the sur-
rounding fluid, or the surface is totally covered but the very
surface[Fig. 2(a)]. It was difficult to recognize any changes low force tapping-mode AFM imaging only displays distinc-
of Ta,O5 surface with 1ug/ml anti-IgG solution in AFM  tive features of the layer in the intergranular areas. The entire
images(data not shown The TgOg surface that showed Au/QCM surface was visibly coated with a much higher con-
smoothened granular morphology and decreased rms roughentration, 100ug/ml, of fibrinogen. Under this concentra-
ness to~4.7 A is displayed in Fig. () obtained after intro- tion, the Au granular structures disappeared and only the
ducing 10ug/ml anti-IgG solution into the liquid cell. Figure thick biopolymer layer surface was observed in the AFM
2(c) shows the Ta/QCM surface after introducing the 100images.
ug/ml anti-IgG solution. The granular structured,0g sur- An anti-lgG molecule has dimensions of %23.1
face was no longer visible and the entire surface was comx 14.3 nm with a molar weight of 150 kif.Additional mass
pletely covered with proteins at this anti-lgG concentration.due to the adsorption of a monolayer of anti-lgG molecules
As shown in Table |, the analyzed rms roughness of Ta/QCMn the 1 cr surface area of Ta/QCM calculated from these
surface at the 10Qwg/ml anti-IgG solution is increased to reported dimension and molar weights can be predicted to
~8.5 A. And this was same as in the case of 1@0ml HPF  theoretically lead to a mass increase ©f0.13 to
adsorption on Au/QCM surface. When the surface was cov--0.30ug/cn? depending on the orientation of the antibod-
ered with proteins and the resonance frequency was stabies. The observed total mass adsorbed on the?lsamsing
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area of the crystal assuming a rigid layer for which theface. More specifically, the frequency decrease that relates to
Sauerbrey equation can be used, after 10 and A§@nl  a mass increase upon adsorption of antibodies onsscaie
anti-lgG adsorption steps togethexf(s)/5~69 Hz), would  can be related to the topography of the surface qunat

be ~1.4 9. The mass adsorbed onto the Ta/QCM surfacescale. The informations gathered inform us both on the ad-
after the introduction of a 1g/ml anti-lgG solution only  sorbed mass of the proteins on the surfaces and the adsorp-
(Af(5)/5~22 Hz), would be~ 0.44 uglcent. This calculated  tion schemes.

adsorbed mass is only three times less than the absorb@gsented at the 49th International Symposium of AVS, Denver, CO, 4-8
mass from both 10 and 1Q@g/ml anti-IgG solutions, which  November 2002.

is still roughly 1.5-3 times higher than theoretically pre-

dicted for a monolayer of anti-lgG molecules. However, the

adsorption of antibodies at a concentration ofggIml con- M. D. Ward and D. A. Buttry, Scienc49, 1000(1990.

centrations could result in a detectable frequency shift of the *Surface Characterization: A User's Sourcebpaidited by H. Brune
QCM device (Ix1 sz)’ while the 1><1,um2 AFM image 3\(JWII-II?;;1§\I/aemSt]eISm’YéZgZ\nd G. Gauglitz, Sens. ActuatofstB3 (1999

in Fig. 2(b) would not display distinctive changes. We con- 4A'pplicatior; of. Pi.ezoeylectric (.guanngr)}staI M'icrobalancésiited by.C.
clude that the tapping-mode AFM possibly scanned only the Lu and A. W. CzandernéElsevier, Amsterdam, 1984

topmost layer of adsorbed anti-lgG and the surface is already’™. Murasugu, F. Ohta, Y. Miya, T. Hosokawa, S. Kurosawa, N. Kamo,
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sorbed proteins with the viscous liquid environment. These . o )
differences between adsorbed protein mass and high frea ansioff . o, Galla and & Stemem, Angew. Ghem. Int. £d. Engl
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