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Change of the isoelectric point of hemoglobin at
the air/water interface probed by the orientational
flip-flop of water molecules†

Stéphanie Devineau, ‡abc Ken-ichi Inoue,a Ryoji Kusaka,§a Shu-hei Urashima,a

Satoshi Nihonyanagi, ad Damien Baigl,bc Antonio Tsuneshigee and Tahei Tahara*ad

Elucidation of the molecular mechanisms of protein adsorption is of essential importance for further

development of biotechnology. Here, we use interface-selective nonlinear vibrational spectroscopy to

investigate protein charge at the air/water interface by probing the orientation of interfacial water

molecules. We measured the Im w(2) spectra of hemoglobin, myoglobin, serum albumin and lysozyme at

the air/water interface in the CH and OH stretching regions using heterodyne-detected vibrational sum

frequency generation (HD-VSFG) spectroscopy, and we deduced the isoelectric point of the protein by

monitoring the orientational flip-flop of water molecules at the interface. Strikingly, our measurements

indicate that the isoelectric point of hemoglobin is significantly lowered (by about one pH unit) at the

air/water interface compared to that in the bulk. This can be predominantly attributed to the modifications

of the protein structure at the air/water interface. Our results also suggest that a similar mechanism

accounts for the modification of myoglobin charge at the air/water interface. This effect has not been

reported for other model proteins at interfaces probed by conventional VSFG techniques, and it

emphasizes the importance of the structural modifications of proteins at the interface, which can

drastically affect their charge profiles in a protein-specific manner. The direct experimental approach using

HD-VSFG can unveil the changes of the isoelectric point of adsorbed proteins at various interfaces, which

is of major relevance to many biological applications and sheds new light on the effect of interfaces on

protein charge.

Introduction

Protein adsorption at interfaces is a ubiquitous feature in bio-
technology. Indeed, protein immobilization on surfaces is usually
required in biocatalysis1,2 and for immunoassays.3 Foam forma-
tion and stability in food products also requires the effective
control of protein adsorption at the air/water interface.4–6

However, protein adsorption turns out to be an unwanted effect

when it results in the fouling of food processing reactors, bio-
sensors,7 and biomedical devices8 potentially leading to adverse
immune reactions to biomaterials.9 The adsorption of therapeutic
proteins at the air/water interface during the production process
also poses a potential risk to patients if it leads to structural
modifications in the final product.10 Understanding the mecha-
nisms of protein adsorption has been a long standing topic that
nonetheless still requires much attention to improve the design
of anti-fouling surfaces,11 to reduce bacterial adhesion12 and to
develop new lab-on-chip device for protein purification and
medical diagnosis.13 The relevant molecular mechanisms occur-
ring at interfaces have not been fully unraveled, preventing proper
control and prediction of protein adsorption.

Protein conformation at the interface has been studied using a
wide range of techniques, such as infrared,14,15 fluorescence,16,17

and nonlinear spectroscopy,18 circular dichroism,19 ellipsometry,20

and X-ray21 and neutron reflectivity.22 The dynamics of adsorbed
proteins was recently investigated by fluorescence,23 NMR24

and neutron scattering.25 Thermodynamics studies25 and MD
simulations26 pointed out the key role of water displacement
and restructuring in protein adsorption, suggesting that an
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additional hydration layer may prevent protein adhesion.8,27

However, most of the techniques that probe protein structure
do not capture changes of water molecule organization at the
interface. It is thus important to investigate both protein and
interfacial water structures at the molecular scale to better
understand the adsorption process.28 Moreover, interfaces have
peculiar physicochemical properties which are different from
the bulk such as a more acidic pH at the air/water interface29–31

and a different polarity sensed by adsorbed molecules.32 It is
not clear whether proteins would retain the same charge at the
interface compared to the bulk, and only a few experimental
studies have investigated this point.5,33,34

Vibrational sum frequency generation (VSFG) spectroscopy
is a powerful and versatile interface-specific technique to study
molecules at various interfaces.35–38 The second-order nonlinear
susceptibility w(2) is nonzero only in the region where the inver-
sion symmetry is broken, such as interfaces. Thus, VSFG selec-
tively measures the vibrational spectra of oriented molecules at
the interface without any contribution from the bulk under the
dipole approximation. In particular, VSFG spectroscopy provides
rich information about water structure at the interface by measuring
the OH stretching band whose frequency directly reflects the
hydrogen (H-) bond strength of water molecules.37

VSFG has been applied to protein adsorption at the air/water
interface.5,33,36,39–41 Protein adsorption leads to surface charg-
ing and it is expected that charge–dipole interaction induces
orientation of water molecules at the interface.42 In fact, in the
VSFG studies of lysozyme39 and BSA5,36 adsorption, the inten-
sity change of the OH stretching band was observed with the
change of pH, which suggests that the change of the protein
charge induces a change of water molecule orientation at the
interface. In the case of lysozyme and BSA, the point of zero net
charge appeared to be similar in the bulk and at the air/water
interface. However, in conventional homodyne-detected VSFG,
the signal measured is proportional to |w(2)|2 and loses informa-
tion on the w(2) phase, which prevents direct observation of the
OH orientation that is sensitive to the protein charge. Further-
more, the contribution of each vibrational mode can be positive
or negative, and its interference distorts the vibrational spectrum
obtained by |w(2)|2 measurements. This often misleads the
spectrum analysis. It is thus highly desirable to examine and
discuss protein adsorption not on the |w(2)|2 spectra but on the
w(2) spectra themselves.

The recent development of heterodyne-detected VSFG spectro-
scopy (HD-VSFG) can bring new insights in this topic by directly
probing the water molecule orientation at the interface together
with protein adsorption. HD-VSFG gives access to the real (Re)
and the imaginary (Im) parts of w(2).42–47 The spectral shape in
Im w(2) spectra can be interpreted in the same manner as IR
absorption or Raman spectra of molecules in the bulk.35 Moreover,
the sign of Im w(2) in the OH stretching region directly indicates
the up or down average orientation of water molecules while
that in the CH stretching region provides information on the
orientation of the methyl groups and the aromatic rings of the
adsorbed proteins. HD-VSFG spectroscopy has been applied to
aqueous interfaces and revealed various new insights.42,43,48–50

Very recently, it has also been used to study protein/water inter-
faces with the antifreeze protein DAFP-151 and a-lactalbumin.52

In this paper, we report an HD-VSFG study of water structure
and orientation at various air/protein/water interfaces. Hemoglobin
(HbA), serum albumin (BSA), myoglobin (Mb) and lysozyme (Lz)
were chosen as model globular proteins exhibiting a large range of
isoelectric points in the bulk: B4.8 for BSA,53 7.0 for HbA,54 7.4 for
Mb,55,56 and 11.3 for Lz.57 We show that HD-VSFG is sensitive
enough to detect the decrease by one pH unit of the isoelectric
point of human hemoglobin at the air/water interface.

Experimental
Proteins

Human adult hemoglobin was obtained from fresh blood drawn
into tubes containing ethyldiaminetetraacetate by venipuncture
of the median cubital vein of a healthy, non-smoker adult, at the
clinic of the Hosei University, Koganei Campus, in accordance
with the local, academic and legal procedures and guidelines.
HbA was purified following standard procedures,58 with some
modifications as described in the ESI.† HbA in the oxygenated
form was aliquoted and stored at –80 1C. HbA integrity was
checked by measuring the absorption ratios at 576 nm and 541 nm,
which are indicative of iron oxidation and protein damage.59

Lyophilized horse-heart metmyoglobin (Sigma, M1882) and bovine
serum albumin (Sigma, A0281) were dissolved and dialyzed in
pure water. Lysozyme from chicken egg white (Sigma, L7651)
was dissolved in phosphate buffer at pH 7.4. All the protein
solutions were centrifuged at 14 000g for 5 min at 4 1C before
use. Protein concentrations were determined by UV-vis spectro-
scopy on a Hitachi U-3310 spectrophotometer.55,60 HbA concen-
tration is expressed as heme molar concentration.

Chemicals

D2O (NMR grade, 99.9%) was purchased from Wako. Phosphate
buffers from pH 5.0 to pH 9.0 were prepared by dissolving mono-
sodium and disodium phosphate (Wako) in pure MilliQ-water
(MilliPore, 18.2 MO cm resistivity). All the experiments were
performed in 50 mM phosphate buffer.

HD-VSFG

The experimental set-up of multiplex HD-VSFG used in this
study was described previously.49 Briefly, the light source of the
setup was a Ti:sapphire regenerative amplifier (Spectra Physics,
Spitfire Ace, average power B5.0 W, repetition rate 1 kHz, pulse
width B80 fs). A part of the amplifier output passed through a
narrow band-pass filter (CVI Melles Griot, center wavelength
795 nm, bandwidth 1.5 nm) to produce a narrowband visible
pulse (o1). The other part of the output pumped a commercial
optical parametric amplifier (Spectra Physics, TOPAS Prime) to
generate broadband IR pulses (o2, center wavelength 2750, 3000
and 3400 nm, bandwidth B300 cm�1). The o1 and o2 pulses were
focused on and transmitted through an ultrathin y-cut quartz
crystal (10 mm thickness). When the o1 and o2 pulses were
spatially and temporally overlapped, the sum frequency (SF1)
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was generated at o3 = o1 + o2. The o1 and o2 pulses and SF1
were refocused at the surface of the solution with a spherical
concave mirror to generate the sum frequency of the sample
(SF2). SF1 was delayed by B3.3 ps with respect to SF2 by passing
through a 2 mm thick silica plate. SF1 and SF2 pulses were
introduced into a polychromator where they were dispersed and
temporally stretched to produce interference fringes in the fre-
quency domain. The interference fringes were detected by a charge-
coupled device (CCD) (Princeton Instruments, Spec-10:2KB). The
frequency domain spectrum was inverse Fourier transformed and
the heterodyne signal was extracted by using a filter function in the
time domain. The heterodyne signal was then Fourier transformed
back to the frequency domain. An equivalent heterodyne signal
from a z-cut quartz was recorded as the reference for calibrating
the intensity and the phase of the sample spectrum. Using this
procedure, the corrected imaginary (Im) and real (Re) w(2) spectra
of the sample were obtained. Three complex w(2) spectra were
measured with different o2, and they were combined to fully cover
the CH and OH stretching regions. Sum frequency, visible and IR
pulses were s, s and p polarized, respectively (ssp configuration).
The height of the solution surface was monitored by a displace-
ment sensor (Keyence, SI-F10) and maintained constant with an
accuracy of 1 mm during the measurements. The phase accuracy
was checked by measuring the Imw(2) spectrum of the air/D2O
interface (Fig. S1, ESI†). The Imw(2) is zero within the signal to noise
ratio in the OH stretching region. Protein solutions were equili-
brated for 20 min in a glass cell at 296 K before starting the
measurements. Each w(2) spectrum is the average of at least three
independent measurements.

Results
Adsorption of hemoglobin (HbA) at the air/water interface

First, we studied the adsorption of HbA at the air/water interface
by measuring the Im w(2) spectra in the CH and OH stretching
regions. HbA is a tetrameric protein composed of two a-chains
and two b-chains. Its isoelectric point in bulk water is 7.0.54 Before
protein adsorption, the Imw(2) spectrum of water at the air/neat
water interface exhibits two characteristic OH stretching bands
at B3450 cm�1 and B3700 cm�1 (Fig. 1, black line). The negative
low frequency band is assigned to the H-bonded OH with H-down
orientation (towards bulk water) and the positive high frequency
band corresponds to free OH, which is OH with no H-bond, with
H-up orientation (towards the air).35,43,61 By adding HbA to
phosphate buffer at pH 7.4, drastic changes are observed in the
aliphatic CH (2800–3000 cm�1), aromatic CH (B3060 cm�1),
H-bonded OH (3000–3600 cm�1) and the free OH (3700 cm�1)
regions, as shown in Fig. 1. The CH bands appear, the H-bonded
OH band changes its shape and sign, and free OH decreases. The
disappearance of the free OH band for [HbA] Z 1 mM suggests
that the surface is fully covered with adsorbed HbA under this
condition. Furthermore, no temporal evolution of the Imw(2) spectra
in the CH and OH stretching regions was observed, confirming that
protein damage under laser irradiation is negligible under the
present experimental conditions (Fig. S2, ESI†).

The negative bands at B2880 cm�1 and B2930 cm�1 are
assigned to the symmetric CH stretching vibrations of methyl
groups split by the Fermi resonance with the bending overtone.36,39

The positive band at B2980 cm�1 corresponds to the anti-
symmetric CH stretching of methyl groups. Because Im w(2)

originates only from interfacial molecules, this confirms spon-
taneous adsorption of HbA at the air/water interface from the
solution. Aliphatic amino acids containing one (Ala, Met, Thr)
or two (Leu, Ile, Val) CH3 groups are present in both a-chain
and b-chain subunits of a HbA tetramer, and the total number
of methyl groups per protein is 380 (Fig. 2a). The observed
negative sign of the methyl symmetric CH stretching indicates
an average H-up orientation of methyl groups that are pointing
towards the air.42,62 The CH stretching of methylene groups

Fig. 1 Imaginary w(2) spectra in the CH and OH stretching regions of HbA
at a concentration of 0.1, 1, 10 and 40 mM in 50 mM phosphate buffer at
pH 7.4. The spectrum of the air/neat water interface is also shown for
comparison.

Fig. 2 Localization of (a) residues having CH3 groups or an aromatic ring,
and (b) positively charged or negatively charged residues in tetrameric HbA
in the bulk (structure PDB 1B86).
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which could be expected at B2920 cm�1 is not prominent in
the present Im w(2) spectra.63 The low intensity negative band at
B3060 cm�1, which is lifted by both the methyl antisymmetric
CH stretching band at B2980 cm�1 and the broad OH band of
water peaked around B3300 cm�1, is assignable to the aromatic
CH stretching36 of HbA. By comparison with the IR and Raman
spectra, the two most probable vibrational modes of phenyl
CH stretching at this frequency are n2 at 3055 cm�1 and n20 at
3063 cm�1.64,65 Both vibrational modes have negative hyper-
polarizability,64 indicating that aromatic rings are oriented
towards the air similarly to the CH3 groups. HbA contains
36 aromatic residues (Phe, Tyr, Trp) distributed in both subunits
(Fig. 2a and Table S1, ESI†).

The large broad band arising at B3300 cm�1 is assigned to
the OH stretching of water molecules near the protein which is
adsorbed at the air/water interface. The contribution to the OH
stretching of Ser, Thr and Tyr residues is considered negligible
due to the large number of surrounding water molecules compared
to these residues. The OH band shifts towards a lower frequency
compared to neat water, indicating a stronger H-bonding of the
water network at the protein surface. Moreover, the sign of the
H-bonded OH band becomes positive when HbA is adsorbed
at the air/water interface, implying that orientation of water
molecules changes from H-down to H-up. The H-up orientation
for the HbA-adsorbed interface at pH 7.4 is the key finding of
the present study and we will further discuss this result in the
next section.

We note that the Imw(2) spectrum measured for [HbA] = 0.1 mM
varied significantly for each experiment (Fig. S3a, ESI†). Given the
limited area probed by the laser spot (beam diameter B100 mm),
this could possibly be due to partial protein coverage: the amount
of HbA would not be sufficient to entirely cover the water surface.
In fact, although the Imw(2) spectrum measured for [HbA] = 0.1 mM
varied largely, all the spectra are intermediate between the spectra
of 10 mM HbA solution and neat water and, more importantly,
they are well fitted by a linear combination of the two spectra
(Fig. S3b and Table S2, ESI†). This strongly suggests that the
variation of the spectra measured at [HbA] = 0.1 mM is due to
inhomogeneity of the protein adsorption and resultant different
protein coverage in the small laser spot moment to moment. It is
known that the conformation of adsorbed proteins on solid
surfaces66–68 and at the air/water interface40,69 depends on
surface coverage: a lower surface coverage can lead to higher
structural modifications. However, the present result shows
that even the spectrum of interfacial water at the low coverage
is well reproduced by a linear combination of the spectra of full
and no coverage, indicating that the water structure close to
HbA does not change with protein surface coverage. In particular,
the spectra are essentially the same for all HbA concentrations
above 1 mM.

Im v(2) spectra of HbA solution at the air/water interface as a
function of pH

The spectral shape of the H-bonded OH in the Im w(2) spectra
changes drastically with pH when HbA is adsorbed at the inter-
face, as shown in Fig. 3. At pH 5, the OH stretching band is

negative for HbA solution, indicating H-down orientation of water
molecules at the interface. The intensity of the OH stretching
bands of HbA solution at pH 5 and neat water are comparable,
indicating a similar degree of net orientation at the interface. The
OH stretching band intensity for HbA solution gets weaker as pH
increases and becomes minimum around pH 6. Then, the positive
OH stretching band appears and the intensity increases from
pH 6 to pH 9. Because no change of water orientation is observed
for buffer solutions without HbA (Fig. S1, ESI†), it is safe to
conclude that the observed orientational flip-flop of water
molecules is induced by the adsorption of HbA at the air/water
interface. (Note that HbA in bulk solution is stable in this
pH range.55) The small positive band visible at B3600 cm�1 at
pH 5 can be assigned to the OH stretching vibration of water
that interacts weakly with hydrophobic regions of the protein at
the interface.70,71

HD-VSFG studies on the monolayers of charged surfactants42

and charged lipids44 formed at the air/aqueous solution inter-
faces showed that the orientation of interfacial water changes
depending on the charge of the monolayer headgroups. H-up
and H-down orientations of water molecules are induced at
negatively charged and positively charged interfaces, respectively.
The negative OH band observed at pH 5 and the positive OH
band observed at pH 9 are well consistent with this scenario:
the observed flip-flop of water is induced by the change in the
sign of the net charge of the protein. The isoelectric point refers
to the pH at which the net charge of the protein is zero.
Therefore, it is expected that water orientation at the interface
becomes minimum at the isoelectric point because no potential
variation influences the water dipole at the interface (Fig. 4).
Given its isoelectric point at 7.0 in the bulk,54 one could have
expected a minimum signal appearing around pH 7. In this
regard, it is surprising to observe the intensity minimum of
the OH stretching band at pH 6 for HbA. In fact, it has been
reported for several proteins that the VSFG or SHG of aqueous/
mineral interfaces showed an intensity minimum at the bulk
isoelectric points of the protein.72,73 For example, Kim et al. and

Fig. 3 Imaginary w(2) spectra in the CH and OH stretching regions of
10 mM HbA in 50 mM phosphate buffer at bulk pH 5, 6, 7.4 and 9 at the
air/water interface.
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Engelhardt et al. reported that the OH band intensity measured
by conventional VSFG exhibited a minimum for Lz,39 BSA,5 and
b-lactoglobulin33 at the corresponding bulk isoelectric point
of each protein. Furthermore, the Bakker group reported in
their recent HD-VSFG study that a-lactalbumin/water interface
exhibited an OH band minimum at the bulk isoelectric point of
a-lactalbumin.52 This report is particularly important as they
measured the Im w(2) spectra which are free from interferences
that are inevitable in conventional homodyne detection. Contrary
to other VSFG and SHG studies of charged interfaces, in the
present study, the minimum of the OH band intensity is observed
at pH 6, which is one pH unit lower than the bulk isoelectric point
of HbA. This result suggests that the isoelectric point of HbA is
shifted to pH B 6 when it is adsorbed at the air/water interface
(Fig. 4). The validity of this interpretation will be further discussed
in the last section.

Orientation of water molecules with various proteins at the
air/water interface

In addition to HbA, we measured the Im w(2) spectra of BSA,
Mb and Lz at fixed pH 7.4 to compare the orientation of inter-
facial water molecules with proteins of different charges adsorbed at
the air/water interface (Fig. 5). The isoelectric points of these proteins
in the bulk are B4.8 for BSA,53 7.0 for HbA,54 7.4 for Mb,55,56

and 11.3 for Lz.57 At pH 7.4, BSA is negatively charged, Lz is
positively charged, HbA and Mb are close to their isoelectric
point in the bulk. All the proteins showed high affinity for the
air/water interface as evidenced by the intense CH bands of
methyl groups at B2880 cm�1, B2930 cm�1 and B2980 cm�1,
as well as the complete disappearance of the free OH band at
3700 cm�1. The negative sign of the former two CH bands in
the Imw(2) spectrum indicates an average H-up orientation of the
methyl groups for the four proteins. A slight difference in the CH
stretching bands is observed for Mb: the intensity of the
B2930 cm�1 band is substantially larger than the B2880 cm�1

band for Mb, whereas the intensities of these two bands are
comparable for other proteins. Such a difference in the CH band
shape in the VSFG spectra of the self-assembled monolayer has
been attributed to different average tilt angles of the methyl
groups.74 Moreover, Mb is the only protein that does not exhibit
the aromatic CH band at B3060 cm�1, which suggests a some-
what different protein conformation at the interface. For all the
proteins, the free OH band disappears, suggesting that the surface
is completely covered by adsorbed proteins at 10 mM concentration
at pH 7.4. The hydrophobic OH stretching band at B3600 cm�1 is
observed for Lz as in the case of HbA at pH 5.

The H-bonded OH stretching bands of adsorbed proteins in
Fig. 5 display opposite signs and different frequency shifts depend-
ing on the adsorbed protein. The sign of the OH stretching band
indicates H-down water orientation for adsorbed Lz and H-up
water orientation for adsorbed Mb, HbA and BSA. The bulk
isoelectric points of Lz and BSA are far from the present condition
(pH 7.4) and therefore Lz and BSA are expected to be positively and
negatively charged, respectively. This is consistent with the charge
indicated by the water orientation observed. In contrast, the H-up
orientation of water molecules at the Mb interface suggests that
the protein is negatively charged at the air/water interface, as
observed for HbA, even though the bulk isoelectric point is close to
the present pH (7.4 for Mb and 7.0 for HbA). The intensity of the
OH stretching band is smaller for Mb, indicating that the net
charge of adsorbed Mb is less than that of adsorbed HbA.

For negatively charged proteins, it looks that the H-bonded
OH band shows gradual red shifts with the decrease of the
integrated band intensity in the order of HbA 4 BSA 4 Mb.
It might suggest that stronger H-bonding between nearby water
molecules and the protein at the air/water interface results in
less net water orientation in total. However, the reason of this
observation is not clear at the moment because the H-bonding
strength between water molecules and a protein may not solely
depend on the protein charge but also varies with the protein
composition and conformation, which provide different local
environments for the surrounding water.

Discussion
Assignment of the OH stretching band intensity minimum

In this section, we discuss the validity of the assignment of the
pH value of the minimum OH stretching band intensity to
the isoelectric point of the adsorbed protein. At the beginning,

Fig. 4 Schematic representation of the orientation of interfacial water
molecules at HbA adsorbed aqueous interface as a function of bulk pH.

Fig. 5 Imaginary w(2) spectra in the CH and OH stretching region of 10 mM
HbA, BSA, Mb and Lz in 50 mM phosphate buffer at pH 7.4 at the air/water
interface.
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we discuss two other possibilities. First, we consider the possible
effect of phosphate buffer on the isoelectric point of HbA. The
isoelectric point is the point of zero net charge of a protein under
specific salt and buffer conditions, whereas the isoionic point is
the point of zero net charge of a protein in pure water.75 Thus the
isoelectric point may vary depending on the nature and the
concentration of the ionic species in solution.76 The isoelectric
point of HbA measured by zeta potential in our experimental
conditions is 7.0 � 0.1 in phosphate buffer (data not shown). As
a control, we also performed the HD-VSFG experiment in pure
water. The pH of HbA solution is B7.2 and the isoionic point of
HbA is 7.1,77–79 implying that bulk HbA is close to neutral in
these conditions. The Im w(2) spectrum of HbA in pure water
(Fig. S5, ESI†) exhibits a positive OH stretching band indicating
H-up water orientation. This suggests that adsorbed HbA is
negatively charged at the air/water interface even without phos-
phate buffer. It confirms that the H-up orientation of water
molecules and the shift of the isoelectric point of HbA at the
air/water interface are not predominantly due to phosphate buffer
but are attributable to the adsorbed HbA.

Second, we discuss the possibility that the ‘‘apparent’’ shift
of the isoelectric point of the adsorbed protein arises from the
pH change at the air/water interface.29,30,80 In general, the pH at
the air/water interface can be different from that in the bulk,
and recent experimental and theoretical studies indicate that
interfacial pH is lower due to the surface affinity of H3O+ and
bulk preference of OH� in bulk neat water.29–31,81 However, in
the case of an aqueous interface covered by proteins, the water
molecules which are probed are localized at the protein/water
interface. Therefore, the pH shift at the air/water interface is
not directly related to the shift of the apparent isoelectric point
of the protein at the interface. Moreover, the deviation of surface
pH is supposed to induce the same effect on any proteins at
the interface, but it is not the case as several proteins exhibit a
VSFG intensity minimum around their bulk isoelectric point.33,52

Thus, the intrinsic pH shift at the bare air/water interface does
not account for the observed shift of the isoelectric point of HbA
and Mb at the water surface.

Then, we examine the validity of our interpretation that the
VSFG minimum indicates the isoelectric point of a protein at the
interface. In this context, we need to note that, at a zwitterionic
lipid water interface, a net positive OH band consisting of H-up
and H-down orientation of water molecules was observed by
HD-VSFG despite the net neutral charge of the lipid.70,82 This
behavior was explained by the different charge density of posi-
tively charged choline and negatively charged phosphate moieties
and by the higher solvent accessibility of negatively charged
groups in the lipid structure.70 Following this, one might think
that the minimum intensity of the OH band may not corre-
spond to the isoelectric point of a protein at the interface.
However, the isoelectric point, which is determined as the point
of zero global charge in electrophoresis, does not correspond
only to charge neutralization but also additionally depends on
dipole contributions. Indeed, liposomes composed of zwitterionic
lipids show non-zero zeta potentials in bulk electrophoresis, which
are attributed to the dipole contribution.83 Thus, the observation

of the net positive OH band at the zwitterionic lipid interface does
not conflict with the empirical rule that the OH band in the VSFG
spectrum is minimum at the isoelectric point of the protein.
Moreover, the Bakker group reported that the OH band intensity
in the Imw(2) spectrum becomes minimum at the bulk isoelectric
point of a-lactalbumin.52 In proteins, positive charges are essen-
tially carried by the amino and guanidino moieties of Lys and Arg
residues, whereas negative charges are carried by the carboxylate
moieties of Glu and Asp residues. Because these charged moieties
are common to all proteins,84 it is very unlikely that the minimum
of the OH band intensity is observed at the isoelectric point for
some proteins but not for the others. Rather, it is much more
reasonable to consider that the isoelectric point of a protein is
held in some proteins but is shifted in others, possibly due to
the different extents of protein reorganization at the interface.
Furthermore, the charge distributions of the side chains calcu-
lated by quantum chemical calculations are comparable for
positively charged and negatively charged residues (Fig. S6, ESI†).
This suggests that if the exposure to the solvent is the same, the
negative residues cannot induce a much larger orientation of the
water dipole than the positive residues, contrary to the case of
zwitterionic lipid interfaces. By contrast, it is readily expected that
the charge distribution of the residue depends on the protein
structure that determines the local environment and hydration
state of each residue and hence that the structural change of the
protein induces a shift of the pKa of the residues. Thus, the sole
charge density of each isolated moiety cannot account for the
present shift of the isoelectric point of HbA and Mb at the
air/water interface. Based on these considerations, we can con-
clude that the observed OH band minimum of HbA at pH 6 is
attributable to the shift of the isoelectric point of the protein
adsorbed at the air/water interface.

Possible mechanisms for the shift of the isoelectric point of the
proteins at the air/water interface

The average orientation of water molecules probed by HD-VSFG in
the present study can be interpreted as the effect of the electro-
chemical potential of the protein adsorbed at the air/water interface
on the surrounding water molecules.85,86 The H-up orientation of
water molecules at pH 7.4, close to the isoelectric point of HbA and
Mb in the bulk, indicates that both proteins have a negative
potential when adsorbed at the air/water interface. Moreover,
the minimum intensity of the OH band in the Im w(2) spectrum
at pH 6 suggests that the isoelectric point of HbA decreases
by one pH unit when adsorbed at the air/water interface.
This result is notably different from previous VSFG and SHG
studies that reported a similar isoelectric point in the bulk and
at the air/water interface for Lz,39 BSA,5 a-lactalbumin,52 and
b-lactoglobulin.33 It highlights the difference in protein structural
reorganization at the air/water interface.

HbA is composed of 78 acid residues (Glu, Asp) and 74 basic
residues (Lys, Arg) located in both a-chains and b-chains of the
tetramer (Fig. 2b). The negative charge of adsorbed HbA at
pH 7.4 implies that a greater number of Glu and Asp groups are
deprotonated and/or a fewer number of Lys and Arg groups
are protonated at the interface. It is widely known that the
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structure of proteins changes when they are adsorbed at the
interface (surface denaturation). The shift of the protein iso-
electric point at the interface can be induced by a change of the
tertiary or secondary structure of the protein during adsorption
which leads to a different exposure of charged residues and
hence a different solvation state. The substantial change of the
adsorbed protein structure is expected to alter the pKa of the
charged residues by several possible mechanisms: the exposure
and solvation of charged residues that were buried in the
protein structure, the disruption or formation of new attractive
and repulsive charge–charge interactions with neighboring groups,
and the disruption or formation of H-bonds in charge–dipole
interactions.84 A large number of studies have reported the
structural change of proteins at the air/water interface.10,50,69,87,88

For example, Holt et al. reported that Mb forms a monolayer at
the air/water interface at a concentration of 6 mM and a partial
multilayer above 30 mM.88 They found that the thickness of the
first layer, either in a monolayer or in a partially filled multilayer,
is smaller than the size of the native protein. Hence, it is evident
that the adsorbed protein structure is altered, and this was
attributed to a partial loss of tertiary structure. Therefore, the
structural change of the adsorbed proteins is likely to be respon-
sible for the alteration of HbA charge at the air/water interface.
The magnitude of this effect would depend on the protein
because the degree of structural change at the air/water interface
should be protein-dependent. Thus, this mechanism can explain
why other proteins adsorbed at the air/water interface and at
mineral/water interfaces showed a similar isoelectric point to the
bulk. In fact, the observation of the negative CH bands of the
protein in the present study indicates that more aliphatic
residues become exposed to the air, being in harmony with
structural modifications of the protein occurring during adsorp-
tion at the air/water interface.10

A preferential orientation of the proteins, which makes some
domains specifically exposed to the air, may also alter the protein
charge at the interface. This effect may be important for Mb which
has a more asymmetric charge distribution showing clusters of
charged residues at its surface (Fig. S4, ESI†). In this case, it is
readily anticipated that significant changes in the hydration state
of the charged residues occur with adsorption at the air/water
interface, which can cause the shift of pKa of the residues and
hence a change of the isoelectric point of the protein.

HbA is a tetrameric protein in which a-chains and b-chains
have different isoelectric points: 7.5–7.8 for a-chains and
6.1–6.7 for b-chains.55 If the adsorbed protein is oriented in such
a way that one subunit becomes less exposed to the solvent than
the other, then the overall isoelectric point of the tetramer would
be altered. Moreover, if the tetramer dissociates and one of the
two subunits is preferentially adsorbed at the air/water interface,
as observed for insulin,89 the charge of the protein probed at the
interface would also change. Nevertheless, the surface pressure
analysis of the methemoglobin monolayer at the air/water inter-
face showed that the protein retains its native quaternary struc-
ture at the interface, which is an equilibrium between dimers (ab)
and tetramers (a2b2) depending on the conditions.90 Thus, HbA
dissociation is not considered as the main factor for the change

of HbA charge at the air/water interface, and the preferential
orientation may play a role. We think that the change of the charge
of hemoglobin, which is a tetrameric protein, and myoglobin,
which is a monomeric protein, is induced by similar mechanisms
at the air/water interface.

Gao et al. measured the isoelectric point of bovine HbA
immobilized in nanochannels and observed a decrease of the
isoelectric point to 6.6 due to confinement.91 It shows that the
change of the environment alters the charge state of HbA to a
large extent. Interestingly, two very different stresses, i.e. exposure
to the air/water interface and confinement in nanochannels,
result in a decrease of the protein isoelectric point. On the other
hand, others proteins such as BSA,5,34 Lz39 and a-lactalbumin52

were reported to keep the same isoelectric point at the air/water
interface and in the bulk. This difference suggests that some
proteins are more sensitive than others to the environment and
more largely change their structure, causing a significant shift of
their isoelectric points.

It would be very interesting to study the effect of pH for other
proteins, and to clarify whether a change of the isoelectric point
is specific to hemoglobin and myoglobin or if it is common to a
broader diversity of proteins. A change of the protein charge
could have major impacts on many biological processes in
which finely tuned electrostatic interactions are involved, such
as protein–protein interactions or interaction relevant to mole-
cular recognitions. The present study evidences the need to
reconsider the effect of protein charges at various interfaces,
e.g. biocompatible materials or biosensors, and to deepen our
understanding on the structural change of proteins at inter-
faces at the molecular and residue levels.

Conclusion

In summary, we measured the Im w(2) spectra of HbA, Mb, BSA
and Lz solutions at the air/water interface in the CH and OH
stretching regions by using HD-VSFG spectroscopy, and we
deduced the net charge of HbA adsorbed at the air/water
interface by detecting the orientational flip-flop of water mole-
cules at the interface. Direct measurements of the sign of Im w(2)

as a function of bulk pH indicate that the isoelectric point of HbA
is shifted from pH 7.0 in the bulk to pH B 6 at the air/water
interface. A similar change of the isoelectric point was also
suggested for myoglobin adsorbed at the air/water interface.
The shift of the isoelectric point at the interface is likely due to
the change of the protein conformation and local hydration state
at the interface. A preferential orientation of the adsorbed protein
may also contribute to this effect. Contrary to previous studies on
other model proteins, a significant change of the protein charge
is observed at the interface by HD-VSFG, highlighting the
different extents of structural reorganization of proteins at
the air/water interface. This requests reconsideration of the
effect of interfaces on the protein charge.

HD-VSFG is a powerful experimental method to study liquid
interfaces at the molecular level. The present study showed that
HD-VSFG is also a promising technique to investigate protein

PCCP Paper



This journal is© the Owner Societies 2017 Phys. Chem. Chem. Phys., 2017, 19, 10292--10300 | 10299

adsorption as well as a relevant interfacial water structure with
high specificity and sensitivity. The evidence of a change of HbA
and Mb charge at the air/water interface opens the way to more
systematic studies on the protein charge at various interfaces.
Indeed, a change of protein charge could impact ligand binding
or protein–protein interactions in which electrostatic forces are
involved. Thus, this effect may be of major relevance for the
interactions between materials and complex biological media,
which are essential, for example, in material biocompatibility
or sensor biofouling.
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