Proc. Natl. Acad. Sci. USA
Vol. 95, pp. 12271-12276, October 1998
Biophysics

Structural changes in hemoglobin during adsorption to solid
surfaces: Effects of pH, ionic strength, and ligand binding

FREDRIK HOOK* T, MICHAEL RODAHLT, BENGT KASEMOT, AND PETER BRZEZINSKI*¥

*Department of Biochemistry and Biophysics, Goteborg University and Chalmers University of Technology, Medicinaregatan 9C, SE-413 90 Goteborg, Sweden;
and TDepartment of Applied Physics, Chalmers University of Technology, SE-412 96 Goteborg, Sweden

Communicated by Hans Frauenfelder, Los Alamos National Laboratory, Los Alamos, NM, August 19, 1998 (received for review

November 26, 1997)

ABSTRACT We have studied the adsorption of two struc-
turally similar forms of hemoglobin (met-Hb and HbCO) to a
hydrophobic self-assembled methyl-terminated thiol mono-
layer on a gold surface, by using a Quartz Crystal Microbal-
ance (QCM) technique. This technique allows time-resolved
simultaneous measurements of changes in frequency (f) (c.f.
mass) and energy dissipation (D) (c.f. rigidity/viscoelastic
properties) of the QCM during the adsorption process, which
makes it possible to investigate the viscoelastic properties of
the different protein layers during the adsorption process.
Below the isoelectric points of both met-Hb and HbCO, the AD
vs. Af graphs displayed two phases with significantly different
slopes, which indicates two states of the adsorbed proteins
with different visco-elastic properties. The slope of the first
phase was smaller than that of the second phase, which
indicates that the first phase was associated with binding of a
more rigidly attached, presumably denatured protein layer,
whereas the second phase was associated with formation of a
second layer of more loosely bound proteins. This second layer
desorbed, e.g., upon reduction of Fe3* of adsorbed met-Hb and
subsequent binding of carbon monoxide (CO) forming HbCO.
Thus, the results suggest that the adsorbed proteins in the
second layer were in a native-like state. This information
could only be obtained from simultaneous, time-resolved
measurements of changes in both D and f, demonstrating that
the QCM technique provides unique information about the
mechanisms of protein adsorption to solid surfaces.

Proteins have a high tendency to spontaneously and irrevers-
ibly adsorb at most aqueous-solid interfaces (1-3). In some
situations, e.g., in fouling processes in the food industry (3, 4),
this is an unwanted process. In other situations, the increase in
protein concentration at interfaces is an advantage, e.g., in
biosensor applications (5). Optimizing the conditions in all
such applications requires detailed understanding of the pro-
tein-adsorption process because in many cases the structure,
and thereby the function of proteins, changes upon adsorption
(6).

Information about protein-adsorption kinetics can be
achieved by using electrical, optical, or labeling techniques,
which primarily provide information about the amount of the
adsorbed material and only partly about changes in structure
(7). In recent years, various electro-acoustical techniques, such
as the Quartz Crystal Microbalance (QCM), have been shown
to be sensitive tools for the study of the kinetics of protein
adsorption (8-13). We recently have described an experimen-
tal set-up, based on the QCM technique (14), which can
simultaneously measure the kinetics of changes in the resonant
frequency, f (c.f. the adsorbed mass), and the dissipation
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factor, D (c.f. rigidity/viscoelastic properties). This technique
has been characterized earlier in detail by using a number of
different proteins with different sizes, structures, and rigidities
(15, 16), as well as for cell adsorption (17).

In this study, we have used the QCM technique to investigate
the effects of pH and ligand-binding on the kinetics of changes
in fand D upon binding of hemoglobin (Hb) to a hydrophobic
methyl-terminated, thiolated gold surface. The effects of pH,
ionic strength, and binding of ligands were investigated. Si-
multaneous measurement of changes in f and D made it
possible to extract information about the viscoelastic proper-
ties and hence structural changes of the protein adlayers, which
are related directly to the viscoelasticity of individual protein
molecules, their interactions with each other, and distribution
in the adlayer.

Hb is a globular protein with a molecular mass of 66.5 kDa,
composed of two a and two 3 subunits, which are structurally
similar, each binding one heme group. It is an attractive model
protein for the type of studies described in this work because
it is structurally and functionally well-characterized and un-
dergoes structural changes, e.g., upon changes in pH or binding
of ligands to the heme group(s). The adsorption of Hb to
model surfaces has been investigated (18-23), and conforma-
tional changes in the protein in solution have been studied
extensively by using ultrasonic-absorption techniques (24, 25),
which provide information about energy losses in a protein
solution, closely related to D of the QCM (16).

MATERIALS AND METHODS

The QCM Technique. The QCM technique is based on a
disc-shaped, AT-cut piezoelectric quartz crystal with metal
electrodes deposited on its two faces (9, 14). The crystal is
excited to oscillation in the thickness shear mode at its
fundamental resonant frequency, f, by applying a RF voltage
across the electrodes near the resonant frequency. A small
mass added to the electrodes (Am) induces a decrease in
resonant frequency (Af), which is proportional to Am, provided
the mass is evenly distributed, does not slip on the electrode,
and is sufficiently rigid and/or thin to have negligible internal
friction:

Caf,
n

Am =

(1]

where C (=17.7 ng em~2 Hz ! at f = 5 MHz) is the mass-
sensitivity constant and n (= 1, 3,. . . ) is the overtone number.

Measurements of f and D were done by using an experi-
mental set-up of local design described in detail elsewhere
(14). Briefly, the driving voltage to the piezoelectric-crystal
oscillator was switched on and off periodically. When it is

Abbreviations: QCM, Quartz Crystal Microbalance; f, frequency; D,
energy dissipation; pl, isoelectric point.
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switched off, the voltage over the crystal decays as an expo-
nentially damped sinusoidal. By recording the decay voltage
and numerically fitting this curve to an exponentially damped
sinusoidal, the series resonant frequency (measurements in
series mode prevent capacitive interference from and conduc-
tive leakage via the liquid; ref. 26) and the dissipation factor
of the crystal are obtained simultaneously. The sampling rate
of the measurements was 1 Hz. Polished 5 MHz crystals from
Maxtek (Torrance, CA) were used as sensors. The crystals
were cleaned between each adsorption measurement in an
UV/ozone chamber (for 15 min), followed by immersion in a
1:1:5 mixture of H,O5 (30%), NH3 (25%), and water for 10 min
at 80°C. To obtain a reproducible, chemically well-defined and
stable hydrophobic surface, the crystals were immersed for
>24 hr in a 1 mM solution of an 18-carbon alkene thiol with
a —CHj; end group [HS(CH);7CH3] (Aldrich Chem,
Metuchen, NJ) dissolved in hexane (FISONS Scientific Equip-
ment, England). Thus, the surface on which the protein-
adsorption experiments were done was a hydrophobic CH3-
terminated, thiol-covered gold surface.

The measurements were done in a cell, designed to provide
a rapid, nonperturbing exchange of the liquid over one side of
the QCM sensor. The QCM-liquid chamber and liquid samples
were temperature-stabilized at 22 = 0.1°C.

Preparation of Hemoglobin Solutions. Solutions of bovine
met-Hb (Sigma) were prepared in various buffers (depending
on pH) at a concentration of ~0.1 mM, centrifuged (=200 g)
at 4°C for 10 min, and thereafter desalted by repetitive washing
by using an Amicon, 30 kDa filter. The protein solutions were
stored in liquid nitrogen until use. Before use, the protein
solutions were diluted to the desired concentrations in de-
gassed (with N») 10 mM buffers and adjusted to the desired pH
and salt concentration. Solutions of HbCO were prepared by
addition of a slight molar excess of dithionite followed by
addition of CO. The protein concentration was determined
spectrophotometrically by using an absorption coefficient at
405 nm of 179 mM~! cm™~! per heme at pH 7.0 (met-Hb) (27)
and adjusted to 1.3 uM. The isoelectric points (pI) were 6.7 *
0.1 and 7.2 = 0.1 for HbCO and met-Hb, respectively. All
chemicals were of the purest grade available.

RESULTS

Adsorption of HbCO and met-Hb. Fig. 1 A and B show
changes in f and D, respectively, as a function of time during
adsorption of HbCO at pH 6.5 and met-Hb at pH 7.0 on the
hydrophobic, thiolated gold surface. These pHs are close to the
isoelectric points of the two forms of Hb (see above).

From Fig. 14, it is seen that the adsorption kinetics of the
two forms of Hb on the hydrophobic surface were very similar
at their isoelectric points. Upon addition of the protein
solution (at# = 0), a rapid frequency decrease (mass increase)
was followed by a slower decrease. Fig. 1B shows that D
increases with time, i.e., more energy is dissipated as more
proteins are adsorbed, and AD(¢) displays kinetics similar (but
not identical) to Af().

The exposure of the quartz crystal the protein solution was
eventually interrupted by exchanging the protein solution to a
pure buffer solution (Fig. 1A4, right arrows), which resulted in a
small instantaneous change in D (=0.1-107°) without any changes
in the frequency, consistent with irreversible adsorption.

We define the f- and D-shift at saturation, Afsy and ADg,,,
respectively, from the values obtained at 2-10° s in this exper-
iment$. For met-Hb and HbCO, |Afi.| =50Hz and ADy, were
~1.2:107% and ~1.4-10%, respectively.

§Because met-Hb may denature at room temperature after ~1 hr (23),
all experiments were interrupted after ~2,000 s. Since df/dt was
non-zero at this time, the adsorption process was still in progress. For
the present comparative purposes this definition of asymptotic values
is, however, sufficient.

Proc. Natl. Acad. Sci. USA 95 (1998)

= T T T T T T T B
Y A ]
O F ]
10 £ Af ;
~N C - ML b
g -20 — met Hb(pH7,O) HbCO(pH&S) -
3 .30 .
-40 1
-50 ;
a b
< E
: E
= I 3

0
T E
= C E
o f E
TE > 3
- > 1
b IS ST | PN ) EFTIVON U T S I | I B |

0 -10 -20 -30 -40 -50 -60
Af (Hz)

FiG. 1. Changes in frequency (A4) and dissipation (B) as a function
of time during adsorption of met-Hb and HbCO at pH 7.0 and 6.5,
respectively, to gold covered by a hydrophobic methyl-terminated-
thiol monolayer (10 mM Hepes). The proteins were introduced at ¢ =
0. The two right arrows in 4 indicate the times at which the two protein
solutions were exchanged for pure buffer solutions. The vertical
double arrow in 4 shows the predicted frequency change for a
monolayer of Hb. Two limiting values are given (29 Hz < Afmr. < 35
Hz) depending on the orientation of the Hb molecules on the surface
(see text). (C) D-f plots using the data from 4 and B. Note that the
density of data points (equispaced in time) becomes smaller the faster
the kinetics, in this type of plot. This explains the small number of data
points near the origin, where the kinetics is fast. The horizontal arrows
in B and C denote the starting points of the experiments, i.e., AD =
Af =t = 0. The arrows drawn through the D-f graphs in C indicate the
direction of time. Af? denotes the break-point of the D-f graph into two
regimes.

To relate the observed changes in D to changes in f, we show
AD vs. Af (hereafter termed D-f plots), which eliminates time
as an explicit parameter. Fig. 1C shows D-f plots of the data in
Fig. 1 A and B. The D-f plot reveals differences between the
adsorption behavior of HbCO and met-Hb, not directly seen
in Fig. 1 A and B. The different slopes in the D-f plots indicate
at least two different kinetic processes during adsorption. In
addition, the D-f plots show that slightly different forms of the
same protein display significantly different dissipation shifts
for the same frequency shift. The rapid and slow phases of the
adsorption processes (c.f. Fig. 1 4 and B) display different
slopes in the D-f plot, i.e., different values of aD/df, with break
points at | Affco | = 38 Hz and | Af Seitm | = 20 Hz, for
HbCO and met-Hb, respectively. The initial 0D/of values are
approximately the same for HbCO and met-Hb, whereas after
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FiG. 2. (A) Changes in frequency as a function of time during
adsorption of met-Hb and HbCO at pH 6.5 and 6.0, respectively, on
gold covered by a hydrophobic methyl-terminated-thiol monolayer.

(B) AD as a function of Af for the two graphs in A. See also Fig. 1
legend.

the break points the slope is ~1.3 times larger for HbCO than
for met-Hb.

Eq. 1 was used to estimate the expected change in frequency
for a closely packed monolayer of Hb adsorbed to the surface.
The number of molecules and mass per surface area was
estimated by using the dimensions of ~4.5 X 5.0 X 5.5 nm? (27)
for the protein molecules and a molecular mass of 66.5 kDa
plus an additional 30% due to protein-bound water (27). Two
limiting values were estimated, depending on the orientation
of the molecules, 29 Hz < |Afyr| < 35 Hz. As seen in Fig. 1,
the frequency change after the first adsorption process (before
the break point in the D-f plot) was consistent with formation
of a monolayer whereas after the second process (at ~2000 s)
the total frequency change |Afi,| was ~50 Hz, which indicates
formation of a bilayer.

Adsorption of HbCO and met-Hb as a Function of pH. Fig.
2 shows changes in f as a function of time (Fig. 24) and a D-f
plot (Fig. 2B) for the adsorption of HbCO at pH 6.0 and
met-Hb at pH 6.5 (i.e., =0.7 pH units below the pIs of the two
states). The kinetics is similar to that observed at pH 6.5 and
pH 7.0, respectively (c.f. Fig. 1). The only significant differ-
ences are that for HbCO, the relative Af in the second
adsorption phase after the break point in the D-f plot is smaller
at pH 6.0 than at pH 6.5 (c.f. Fig. 1), and the slope of the second
phase in the D-f plot is larger at pH 6.0 than at pH 6.5.

Fig. 3 shows the same type of data as in Fig. 2 but at pH 7.0
and 7.5 for HbCO and met-Hb, respectively, (i.e., ~0.3 units
above the pls of the two states). Significant differences in the
kinetics are observed, compared to the data shown in Figs. 1
and 2. Both the magnitude of the slow adsorption phase and
|Afsat| are smaller than at lower pH, and in the case of met-Hb
about equal to |AfML|. In addition, the break points in the D-f
plots were, for both met-Hb and HbCO, very close to the

The change in fis related to the effective mass (16). However, when
relative variations in the f-shifts are discussed, the absolute value is
of minor importance.
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FiG. 3. (A) Changes in frequency as a function of time during
adsorption of met-Hb and HbCO at pH 7.5 and 7.0, respectively on
gold covered by a hydrophobic methyl-terminated-thiol monolayer.

(B) AD as a function of Af for the two graphs in 4. See also legend of
Fig. 1.

saturation values (within 5 Hz), with values of dD/df close to
zero after the break points.

The adsorption of HbCO also was studied at high ionic
strength (200 mM KCl) at pH 6.5, 7.0 and 7.5. The change in
frequency upon addition of the protein solution was consid-
erably smaller at high than at low ionic strength; at the higher
ionic strength, the asymptotic uptake was consistent with
formation of a single monolayer (see Fig. 4). No significant
differences were observed at the different pH values studied,
i.e., the pH dependence (in the range 6.5-7.5) disappears at
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FIG. 4. (A) (@), |Afsad; (O), |Af0); and (X), |Afsad at high ionic
strength (200 mM KCl) as a function of pH for HbCO. (B) (m), |Afsat|
and (O), |Af?] as a function of pH for met-Hb. The error bars represent
the SD of approximately three measurements made at each pH value.
The buffers Succinic Acid, Hepes, or Tris were used depending on pH,
at a concentration of 10 mM.
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high ionic strength. Moreover, at high ionic strength there was
no significant break point in the D-f plot (not shown), and the
values of 9D/df were similar at pH 6.5-7.5 and slightly larger
than the initial slope at low ionic strength (Figs. 1-3).

The pH dependence of the adsorption kinetics was further
investigated in the range between 4.0 and 9.6, and between 6.0
and 8.0 for HbCO and met-Hb, respectively. A smaller range
was used for met-Hb because this form denatures more easily
at the extreme pH values (27). Fig. 4 shows |Af° | (the frequency
shift at the break point in the D-f plot) and |Afs| as a function
of pH for HbCO (Fig. 44) and met-Hb (Fig. 4B). As seen, the
maximum values of |Af;,| for both HbCO and met-Hb are close
to their respective pls.

Fig. 5 shows the aD/df values of the two phases in the D-f
plots as a function of pH for HbCO and met-Hb, respectively.
At pH = 6.5 for HbCO and pH = 7.0 for met-Hb, aD/df o)
are significantly smaller than 6D/9f(—-), Whereas at higher
pHs dD/df(t—-) are essentially zero, and thus much smaller
than dD/df—0), except at pH = 9.0 where dD/df1—0) =
0D /df 1=y, i.€., no break point in the slope is observed.

CO Binding to Preadsorbed met-Hb. Reduction of met-Hb
and binding of CO is likely to affect its structure, which in turn
may result in changes in D and f. Fig. 6 shows the observed
changes in f and D on addition of a slight molar excess of
dithionite and exchange of N, for CO. In solution, binding of
CO to deoxy-Hb takes place in the millisecond time range.
Upon addition of CO (at 1,500 s, see Fig. 6 A and B), the
frequency increased (indicating desorption) and a dramatic
decrease in D was observed. The final values of Af and AD were
about the same as those obtained when HbCO was directly
adsorbed at pH 7.0 (see Fig. 6). No significant changes in f or
D were observed upon addition of dithionite, without ex-
change of N, for CO (not shown).

DISCUSSION

In this work, we have used the QCM technique to investigate
changes in frequency and energy dissipation during adsorption
of hemoglobin to a gold surface covered with a hydrophobic
self-assembled monolayer of thiols.

At low salt concentration, at pl, a two-phase adsorption
kinetics was observed which, together with the net mass
uptake, indicates bilayer formation (see Fig. 1). The associated
D-shifts were larger in the second phase than in the first one,

100
80
60
40
20

0

SD/SF(10°HZ ™)

80
60
40
20

0

I NS R NS SREN FEWE PN NN NS WE SN S T N N N

SD/sf (10°HZ™)

A I S L L R AR RN RE AR R RERE RA RN

1 L 1 1 bl 1 | L 1 L 1 1

@
—
o

7
pH
FiG.5. (0),dD/of att—0 and (@), r—x as a function of pH for HbCO

(A) and met-Hb (B). The error bars represent the SD of approximately
three measurements made at each pH value. For conditions see Fig. 4.

Proc. Natl. Acad. Sci. USA 95 (1998)

l met-Hb HbCO

\ /
\ / met-Hb —>» HbCO

s e

Af (Hz)

AD (10
o
[0)]

TS PR FETL WS T U NN PR ST ST PR SO T

T T T T T T T [T T T T T T T T T T T T

::::::::: T T U S TS S S ST S [ S S S US S S TS S S St

0 1000 _ 2000 3000
Time (s)
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of met-Hb at pH 7.0 (c.f. Fig. 1) followed by conversion to HbCO by
addition of a slight molar excess of dithionite in a CO-saturated
solution (=1 mM CO). Also shown is the direct adsorption of HbCO
at pH 7.0. See also Fig. 1 legend.

reflected in different aD/df values (Figs. 1C and 5), and
attributed to a more rigidly coupled first layer (dissociation of
the Hb subunits and partial denaturation) and a more loosely
bound native second layer. In the following discussion, we refer
to the two phases as the first and second phase, respectively
(defined by the breakpoint, AfY, in the D-f plots). Thus, the
results indicate that the adsorption to the surface is a semi-
collective process, which is manifested in a biphasic kinetics,
involving initial adsorption and subsequent rearrangements
and/or conformational changes within the adsorbed layer and
further adsorption on the bare surface or on top of the first
layer (bilayer formation). This interpretation is supported by
the finding that the rate of the first phase increases with protein
concentration whereas that of the second phase is independent
of protein concentration (F.H., unpublished results). In addi-
tion, we observed previously that in carboxymyoglobin bound
to a gold surface, flash-induced absorbance changes associated
with dissociation/recombination of the CO ligand displayed
biphasic CO-recombination kinetics (28), which is indicative of
two populations of adsorbed myoglobin with different struc-
tures.

We model the observed kinetics by using a three-state
kinetic model:

ki ks
A—B—C [2]

where states A, B, and C are the empty surface, the surface
covered with a protein monolayer, and a bilayer, respectively.
A fit of the model with the experimental data in Fig. 1 (HbCO)
gave rate constants k; = 5.9-1072 s7! and k, = 1-1073 s~ L
Approximately 72% of the total frequency change and ap-
proximately 44% of the dissipation change were associated
with the first phase, which is consistent with the break point in
the D-f plot.

Around the pl, at high salt concentration the adsorbed
amount HbCO at saturation, Afs, is close to Afy, ie.,
approximately one-half of that found at low ionic strength (see
Fig. 4). At 200 mM KClI, the stability against denaturation of
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Hb is higher than at low ionic strength (27). Therefore, it is
reasonable to assume that the degree of surface-induced
denaturation is smaller at high compared to low ionic strength.
In addition, electrostatic interactions between protein mole-
cules are weaker at high than at low ionic strength (29).
Together this increased stability/reduced electrostatic inter-
action explains why only a monolayer of Hb adsorbs at the
higher ionic strength.

The maximum in the adsorbed amount at low ionic strength
occurs close to the pIs of HbCO and met-Hb, respectively (see
Fig. 4). This observation is in agreement with the results of
Kondo et al. (19, 20) (as well as with what is generally observed
for protein adsorption; ref. 30). They studied the adsorption of
several globular proteins, among them met-Hb, as a function
of pH at low ionic strength (<0.01 M NaCl) on charged,
colloidal silica particles. For the adsorption of met-Hb, they
observed a peak in the adsorbed amount at saturation between
pH 6.0 and 8.0, with a maximum coverage of ~700 ng/cm?,
which corresponds to an f-shift of ~—42 Hz (c.f. Eq. 1), which
is slightly less than Af,. of ~50 Hz in our measurements.

At pH>pI and pH<pl, formation of the bilayer is likely to
be counteracted by electrostatic repulsion as a result of an
increased amount of surface charge on the protein. Such a
repulsion would result in a smaller density of protein molecules
in the first layer, even if they did not change their conforma-
tion. This effect is most likely combined with an increased
spreading of the protein due to denaturation at the extreme pH
values. The subunits of Hb are to a large extent held together
by hydrophobic interactions (27) and are known to dissociate
at extreme pH values (below 4 and above 10), upon addition
of detergents or at low concentrations (29, 31, 32). Thus, it is
likely that the interaction between the hydrophobic surface
and the protein molecules results in dissociation and denatur-
ation at pH values far from pl, as observed also by Kondo et
al. (20).

Because the present study was performed using an electri-
cally inert, hydrophobic surface separating the underlying gold
surface by ~1.5 nm, the pH-induced change of the overall
charge of the protein molecule should have a minor effect on
the protein—surface interactions as compared with a case with
a highly polarizable or charged surface. Moreover, the gain in
free energy upon dehydration of a ~25% surface fraction of
Hb and of the hydrophobic contact surface is in the order of
10% kJ/mol (33), i.e., large enough to induce irreversible
adsorption. Hence, the protein—surface interaction is most
likely of hydrophobic nature, and it is reasonable to believe
that the decrease of Afi, at pH values below and above the pls
(the bell-shape) is due to a combination of the following
contributions: (i) an increase of the electrostatic repulsion
between adsorbed proteins, which makes close packing ther-
modynamically unfavorable (1, 30), (if) accumulation of net
charge in the interfacial region, which is thermodynamically
unfavorable (1, 30), and/or (iii) an increase of the surface
fraction occupied by each protein as a consequence of en-
hanced surface-induced conformational changes due to the
lower structural stability of the protein molecules (20) away
from pl. These effects are most likely cooperative in gener-
ating the observed behavior, but their relative contributions
cannot presently be quantified. A high ionic strength screens
the protein’s surface charges and reduces all three of these
contributions, which is in agreement with the observation that
the adsorption behavior was independent of pH in the range
6.5-7.5 at high ionic strength.

The similarities between the adsorption behavior of HbCO
and met-Hb close to their pIs (see Figs. 1-4) show that the pH
affects the adsorption behavior of these two states of Hb in a
similar way. Nevertheless, there are marked differences, which
are revealed from the D-f plots. For example, |Af%mertn| is
smaller than |Af%qucol, even though the |Af;y| values are about
the same. These differences are most likely due to the lower
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stability against denaturation for met-Hb than for HbCO (34).
Hence, the most likely explanation for the smaller |AfY| for
met-Hb than for HbCO close to the pls, is a more pronounced
surface-induced denaturation in the former case and, as a
consequence an increased spreading on the surface.

The results shown in Fig. 6 support the picture that Hb
adsorbed in the second layer is at least partly functional.
Reduction of adsorbed met-Hb and consecutive binding of CO
resulted in a fractional desorption of proteins. This is consis-
tent with a fraction of the surface-bound Hb being able to
undergo conformational changes upon binding of CO, which
in turn weakens the binding, resulting in molecule desorption.
A similar observation was made in studies of HbCO adsorption
during successive pH changes. For example, after preadsorp-
tion at pH 6.5 and subsequent lowering of the pH to 5.0, a
desorption similar to that observed upon CO-binding was
observed (35).

A brief discussion is called for about our implicit assumption
of a linear relation between the mass and frequency change.
This is not generally warranted for viscoelastic adlayers be-
cause slip, internal dissipative effects and entrapped water in
the adlayer can in principle interfere with the mass determi-
nation (11, 13, 15, 16). For thin (<10 nm) protein adlayers, we
believe that only trapped water significantly affects the mass
determination (see refs. 15 and 16 for details). Mechanistically,
this means that the measured frequency shifts correspond to
the protein plus water associated with the protein layer. This
is important to keep in mind when absolute Af values are
considered, but does not, in our opinion, change the conclu-
sions.

We now turn to the observed changes in the dissipation and
their origin. As argued earlier (9, 15, 16, 36-39) the dominant
contributions to the positive D-shifts observed for adsorbed
proteins are likely to originate from internal energy dissipation
in the protein layer due to its periodic shear stress, including
the protein-hydration shell and/or capillary-like water be-
tween the adsorbed proteins. In addition, we recently have
presented a model which shows that the changes in D are
mainly due to losses within the protein adlayer (15, 16). This
model is also consistent with that presented by Martin et al.
(36). Thus, the observed changes in D are most likely due to
reversible conformational changes in the protein layers and the
trapped liquid (15, 16).! This conclusion is further supported
by the fact that ultrasonic absorption studies in the kHz-MHz
regime of aqueous solutions of proteins have shown that
proteins can absorb ultrasonic compressional waves via pri-
marily reversible structural and conformational alterations in
the proteins (including their hydration shell) (24, 25). Even if
compressional waves do not interact in exactly the same way
with proteins in solution as adsorbed proteins (see ref. 16 for
details), it is likely that the physical and mechanistic origin(s)
of the observed D-shifts are the same for compressional waves
in protein solutions.

One general feature in the studies at pH =6.5 for HbCO and
pH =7.0 for met-Hb is that 9D /df() are significantly smaller
than 0D /df () (see, e.g., Fig. 5). The relatively small value of
the slope of the first phase (attributed to a conformationally
modified rigidly attached, dense adlayer) is consistent with (i)
low internal dissipation due to the strong attachment to and
spreading on the surface and (ii) low dissipation due to
intralayer liquid since the modified proteins fill most of the
space. The larger value of the slope of the second phase
(attributed to a loosely bound adlayer composed of native-like

ITt should be noted that the amplitude of oscillation is typically ~1 nm.
This means that the crystal surface moves with a velocity < 1 cm/s and
that the maximum kinetic energy transferred to the proteins due to
the oscillation is much smaller than kgT. The oscillatory motion of the
crystal is therefore not expected to significantly influence the struc-
ture or adsorption behavior of the protein molecules.
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proteins) is consistent with (7) high dissipation from motions
coupled to the interlayer and surrounding water, since this
layer is thicker and allows a larger amount of trapped liquid
and (if) a high dissipation in the more flexible and more weakly
bound protein molecules. The quantitatively different behav-
ior at saturation at high pH (almost zero dD/9f) points toward
another mechanism than bilayer formation. At present, we
have no interpretation of this behavior.

A second general feature in the present studies is the large
magnitude of dD/df at low coverage at low and high pH (see
Fig. 5). Consider for example the situation at pH 9.0 and 9.6
for HbCO, where the coverage is only 10% smaller at pH 9.6
than at 9.0, whereas the value of aD/df is 70% larger. This pH
change induces obviously a large change in the protein—surface
or protein—protein interaction. Because the difference in cov-
erage is so small, the effect due to liquid confined between the
adsorbed protein molecules is most likely also small in this
case. Moreover, the high protein charge at these pH values
should prevent the proteins to cluster on the surface. It is
therefore reasonable to attribute the increase in D to losses in
the individual proteins including their hydration shell. One
possible explanation for the large change in 4D/df upon
increase of the pH from 9.0 to 9.6 is that the pH change
enhances surface-induced dissociation and denaturation (c.f.
above) of the proteins in a way that changes the viscoelastic
properties of the layer. This interpretation is consistent with
studies of Hb denaturation in solution (29), which show a
fivefold increase in intrinsic viscosity of Hb upon denaturation.

Concluding Remarks. The process of Hb adsorption on a
surface can be followed in detail by using the QCM, which
allows simultaneous frequency- and energy dissipation-shift
measurements. Variation of the pH causes significant changes
in the adsorbed amounts, the kinetics, and in the magnitude of
the dissipation shift per added protein at different coverage.
The general trends observed are: (i) Simple monolayer for-
mation of presumably intact proteins at high ionic strength
near pl, and bilayer formation around pI at lower ionic
strength. (ii) Much lower saturation coverage at low and high
pH compared with pH = pI, which is attributed to electrostatic
repulsion due to surface charges on the proteins, and increased
spreading (conformational changes) due to reduced protein
stability. (iif) Some functionality of the proteins in the second
layer of a bilayer indicated by the ability to be modified by
reduction and CO binding. (iv) The energy dissipation is
generally larger in the second layer of intact Hb compared to
the first layer of conformationally modified molecules, which
is attributed to a combination of inherent differences between
the two layers with respect to viscoelasticity and the amount
and distribution of trapped water.
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