
Effects of hydration levels on the bandwidth of microwave resonant
absorption induced by confined acoustic vibrations

Tzu-Ming Liu,1 Hung-Pin Chen,2 Shih-Chia Yeh,3 Chih-Yu Wu,3 Chung-Hsiung Wang,3

Tang-Nian Luo,4 Yi-Jan Chen,4 Shen-Iuan Liu,4 and Chi-Kuang Sun5,a�

1Institute of Biomedical Engineering, National Taiwan University, Taipei 10617, Taiwan
2Graduate Institute of Photonics and Optoelectronics, National Taiwan University, Taipei 10617, Taiwan
3Department of Entomology, National Taiwan University, Taipei 10617, Taiwan
4Department of Electrical Engineering, National Taiwan University, Taipei 10617, Taiwan
5Department of Electrical Engineering and Graduate Institute of Photonics and Optoelectronics,
National Taiwan University, Taipei 10617, Taiwan and Research Center for Applied Sciences,
Academia Sinica, Taipei 10617, Taiwan

�Received 26 August 2009; accepted 5 October 2009; published online 27 October 2009�

We found the hydration levels on the capsid surface of viruses can affect the bandwidth of
microwave resonant absorption �MRA� induced by the confined acoustic vibrations �CAV�. By
decreasing the pH value of solution down to 5.2 or inactivating the capsid proteins, we enhanced the
surface hydrophilicity and increased the magnitude of surface potentials. Both of these surface
manipulations raised the surface affinity to water molecules and narrowed the bandwidths of
CAV-induced MRA. Our results validate the viscoelastic transition of hydration shells. © 2009
American Institute of Physics. �doi:10.1063/1.3254251�

The vibration modes of molecules can be revealed by
infrared absorption spectroscopy if their displacements
change the dipole moments of molecules. Depending on the
bonding strength, the mass of atoms, and the types of vibra-
tions, the resonant absorption frequencies of molecules range
from hundreds of terahertz to several terahertz. For collective
vibrations of macromolecules such as proteins or virions, the
corresponding resonant frequencies will be around terahertz
and could be probed by the terahertz or microwave absorp-
tion spectroscopy.1,2 However, in this frequency range, the
periods of vibrations are close to or above the persistence
time of hydrogen bonding of water molecules. If the surface
to volume ratio of macromolecules is large, surrounding wa-
ter molecules will overdamp the vibrations and smear the
resonant absorption feature.1 Recently, we demonstrated that
confined acoustic vibrations �CAVs� �Ref. 3� of viruses can
modify dipole moments and result in microwave resonant
absorption �MRA�.2 The resonant absorption frequencies
correspond to those of dipolar active �SPH, l=1� modes.4,5

The activation of the resonant coupling relies on the core-
shell charge structures,4 which are inherent on the capsid
surfaces.2 Such characteristic absorption peak is rarely found
in terahertz spectroscopy on solvated proteins and the de-
tailed mechanism worth a further investigation.

In general, the bandwidth of CAV-related MRA could
either be homogeneously broadened by the acoustic quality
factors of �SPH, l=1� modes or inhomogeneously broadened
by the size distribution. Since the size variation of spherical
viruses is typically smaller than �5%, the corresponding
quality factor of CAV-related MRA �peak absorption fre-
quency over absorption bandwidth� will be larger than 10.
But according to a theoretical simulation on polymethyl-
methacrylate �PMMA� nanoparticles, viscous water could
strongly damp the vibration and decrease the quality factor
QMRA of �SPH, l=1� modes down to 3–5.6 For viruses,

whose mechanical properties are close to PMMA, the quality
factor of CAV-related MRA should thus be dominated by the
viscous damping of water. However, in our previous works,
the measured QMRA of inactivated enterovirus 71 �EV71�
was above 10, which is obviously larger than the theoretical
prediction. To figure out the actual factor that raises the qual-
ity factors of CAV-related MRA in viruses, here we prepared
purified Perina nuda viruses �PnV� �Ref. 7� in Tris buffer
and measured their MRA spectra. The CAV-related MRA
frequency of PnV was close to that of EV71 and the corre-
sponding QMRA match the theoretical prediction well at pH
=7.2. But when we reduced the pH value to 5.2 and en-
hanced the surface hydrophilicity of PnV, the bandwidth of
CAV-related MRA became narrower and the QMRA was well
above the viscosity limitation. As for EV71, the inactivated
EV71 also showed a QMRA value higher than 10 due to a
decrease of negative surface potentials. From these results,
we find that the surface affinity to waters can affect the qual-
ity factors of CAV-related MRA in viruses. Higher hydration
levels of hydration shells result in a viscoelastic transition,
which reduces the viscous damping of CAV from free water
molecules.

According to Lamb’s theory,3 the confined acoustic
modes in a free homogeneous sphere can be classified as
spheroidal �SPH� and torsional �TOR� ones. Only SPH
modes with angular quantum number l equal to 1 are
selection-rule allowed to induce dipolar coupling with elec-
tromagnetic waves. For stiff TiO2 and CdSe /CdTe
nanoparticles,8,4 these modes can be revealed by terahertz
absorption spectra. For soft virions with 30–100 nm diam-
eters, the eigen frequencies of �SPH, l=1� modes will down-
shift to the microwave frequency range.2 As indicated in our
previous work, such resonant coupling relies on the surface
charges and thus the adsorbed counterions of capsid proteins
in buffered solutions. The adsorption processes are dynamic
and result from the long range Coulomb force. On the other
hand, these charged amino acid residues will also form
strong hydrogen bonds with water molecules through charge-
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dipole interactions.9 Since charge-dipole interactions are
stronger than dipole-dipole interactions, the relaxation time
of hydrated water molecules around charged cites could be
longer than that in bulk water ��10−11 s�. Depending on the
structure and the level of hydration, the persistence time of
hydrogen bonds can range from 10−11 s to many hours.10 If
the water molecules stay longer than the vibration periods of
�SPH, l=1� modes, the acoustic impedance of hydration
shells will become reactive rather than resistive.11,12 In con-
sequence, the hydration shells with higher hydration levels
could provide better acoustic confinement and result in
higher QMRA than that predicted in Ref. 6.

The PnV is a picornalike insect virus with a capsid com-
posed of 60 copies of four different proteins �CP1, CP2,
CP3, and CP4�.7 Only CP1, CP3, and CP4 can reach surfaces
and determine the surface hydrophilicity. According to the
hydrophobicity indices13 of amino acid residues, we calcu-
lated the residue-averaged hydrophobicity indices of PnV
from the protein sequences of CP1, CP3, and CP4.7 At
pH=7.5 the hydrophobicity index of PnV is −4.1�10−3,
which is negative but very close to zero. If we made the pH
value across the acid dissociation constant pKa of the sec-
ondary amines of histidines �pKa=6�,14 the protonation of
histidines will drastically decrease their hydrophobicity from
−0.65 to −2.28.13 This change will reduce the hydrophobic-
ity of PnV to −0.03, indicating an enhancement of surface
hydrophilicity. To examine the effect of hydrophicility on the
CAV-induced MRA, we changed the pH values of buffer
from 7.2 to 5.2. The PnV particles were isolated from in-
fected NTU-PN-HH cell lines,15 purified with CsCl banding,
and resuspended in Tris buffer �pH=7.2� with a number den-
sity of 3.3�1010 /�l. From the transmission electron micro-
scope image, its diameter is 29.5�0.5 nm with a nearly
spherical shape �see Fig. 1�. The measured zeta potential � at
the slipping plane of viral colloids is −15.3 mV. Using a
dynamic light scattering method, the mean particle size is
measured to be �30 nm, indicating a dispersion of viruses in
buffer solutions without severe aggregations. Following the
same measurement scheme and data processing procedure
conducted in our previous work,2 we removed the contribu-
tion from buffers �inset of Fig. 2� and obtained the micro-
wave attenuation spectra �solid curve in Fig. 2�. After con-
sidering the background dielectric absorption �dotted curve
in Fig. 2� and calculate the insertion loss 1-�S11�2-�S21�2, it
shows a weak 0.3% CAV-related MRA at 43.8 GHz �solid
gray curve in Fig. 3�, which was close to that of the inacti-
vated EV71. The corresponding QMRA was 5, which agreed

well with the theoretical prediction for �SPH, l=1� modes of
30 nm PMMA nanoparticles in viscous water.6 Then we
gradually reduced the pH value of the Tris buffer by a titra-
tion of HCl. In the pH=6.2 case, under the same viral con-
centration, the zeta potential of PnV was increased to
−8.4 mV due to more adsorptions of anions. The dispersed
particle sizes still keep �30 nm. As we expected, more ad-
sorbed charges Q increased the CAV-related MRA to 4.2% at
46.8 GHz with QMRA=4.5 �dotted gray curve in Fig. 3�.2

Further decrease the pH value to 5.95, we found no aggre-
gation to occur. More adsorption of anions on capsid sur-
faces should make the zeta potential closer to the isoelectric
point. However, the measured � drop to −10 mV, which
could result either from more negative surface potentials or
less adsorbed anios. This drop of � could be due to the fact
that the pH value approaches the pKa of the secondary
amines of histidines and thus affect the conformations and
hydrations of capsid proteins.14 The corresponding micro-
wave absorption measurement showed a weaker 0.3% peak
absorption at 46.8 GHz, confirming a less adsorption of an-
ions. With the decreased anion adsorptions, the CAV-related
MRA quality factor QMRA reduced to 4 �dash-dotted gray
curve in Fig. 3�. The slightly larger frequency of CAV-related
MRA was due to the smaller size of PnV, which might result
from the purification steps or the change of pH value. Fi-
nally, we made the secondary amines of histidines fully pro-

FIG. 1. Negative contrast electron micrograph of isometric particles of PnV.
The viral particles are roughly spherical with a diameter of 29.5�0.5 nm.

FIG. 2. The attenuation spectra of PnV in pH=7.2 Tris �solid curve� after
removing the contribution from buffer �inset�. The dotted curve is the fitted
dielectric background absorption of PnV.

FIG. 3. The CAV-related microwave absorption spectra of PnV in pH=7.2
�solid gray curve�, pH=6.2 �dotted gray curve�, pH=5.95 �dash-dotted gray
curve�, and pH=5.2 �solid black curve� buffer. All traces are normalized to
their maximal insertion losses after removing the contributions from buffer
and background.

173702-2 Liu et al. Appl. Phys. Lett. 95, 173702 �2009�

Downloaded 05 Nov 2009 to 140.112.129.10. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



tonated by further reducing the pH value of solution down to
5.2. The zeta potential was increased to −8.63 mV with dis-
persed �30 nm particle sizes. More adsorption of anions
raised the magnitude of CAV-related MRA to 2.5%. The
bandwidth of CAV-related MRA was apparently narrowed
�solid black curve in Fig. 3� and the QMRA was abruptly
increased to 10.2, which exceeded the theoretically upper
limit considering the viscosity of water.6 From this pH-
dependent study, we found that the enhancement of the sur-
face hydrophilicity results in a rise of QMRA.

Except for the hydrophilicity, another factor that can af-
fect the surface affinity to waters is the surface potentials. To
further examine whether this factor also affects the band-
width of CAV-related MRA, we checked the microwave ab-
sorption traces of inactivated EV71 in our previous studies.
The inactivated EV71 had a lower −25 mV zeta potential at
pH=7.4.2 Since the number density of EV71 in our previous
work is more dilute �2�109 /�l�, the normalized magnitude
of CAV-related MRA is larger than 5% and comparable to
that of PnV. Therefore, more negative zeta potential of EV71
should not originate from less adsorbed anions but from the
more negative surface potential. As we mentioned in the in-
troduction, the resulted QMRA at pH=7.4 were 10.6, suggest-
ing that more negative surface potentials can also attract
more water molecules around, enhance the hydration level,
and make QMRA well above the viscosity limitation.6

In summary, through the enhancement of surface hydro-
philicity or the increase of magnitude of surface potentials,
we raised viral surface affinity to waters. The CAV-related
MRA bandwidths of viruses were thus narrowed and the cor-
responding quality factors of CAV-related MRA were well
above the viscosity limitation. Our results validate the vis-
coelastic transition of hydration shells. Higher hydration lev-
els can raise the acoustic confinement in viruses and thus the

quality factors of CAV-related MRA. These results indicate
that the hydration levels of macromolecules play a critical
role in the dipolar coupling of electromagnetic waves with
their collective vibrations. This mechanism can be exploited
to raise the sensitivity of virus detection with MRA devices.
Viruses with similar size and mechanical properties could be
distinguished through the bandwidth of CAV-related MRA.
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