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Abstract 1 

Biological functions of proteins depend on harmonization with hydration water surrounding them. 2 

Indeed, dynamical transition of proteins, such as thermal denaturation, is slaved to changes in mobility 3 

of hydration water. However, its commitment during dynamical transition is yet to be fully under-4 

stood, due to technical limitations in precisely characterizing the amount of hydration water. A state-5 

of-art CMOS dielectric sensor consisting of 65 GHz LC resonators addressed this issue by utilizing 6 

the feature that oscillation frequency sensitively shifts in response to the complex dielectric constant 7 

at 65 GHz with ultimately high precision. This study aimed to establish an analytical algorithm to 8 

derive the hydration number from the measured frequency shift and to demonstrate the transition of 9 

hydration number upon thermal denaturation of human serum albumin. The determined hydration 10 

number in the native state drew a “global” hydration picture beyond the first solvation shell, with 11 

substantially reduced uncertainty of the hydration number (about ± 1 %). This allowed detection of a 12 

rapid increase in the hydration number at around 55°C during the heating process, excellently in phase 13 

with the irreversible rupture of the α-helical structure into solvent-exposed extended chains, whereas 14 

the hydration number did not trace the forward path in the subsequent cooling process. Our result 15 

indicates that weakening of water hydrogen bonds triggers unfolding of the protein structure first, 16 

followed by the changes in the number of hydration water as a consequence of thermal denaturation. 17 
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1. Introduction 1 

Biochemical processes are inherently built on molecular fluctuations,1-4 bathed in the flexible and 2 

dynamic hydrogen bond (HB) network of liquid water.5 It is well known that at least a single layer of 3 

water molecules surrounding the protein surface (hydration level ℎ ≈ 0.3 g/g) yields the biological 4 

functionality of proteins, and dehydrated enzymes lose their activity.6 In fact, the rigidity of the water 5 

HB networks correlates with the flexibility of the protein side-chains that are directly related to the 6 

protein activity.6,7 However, even when hydrated, protein turns to a glassy-like state and as such its 7 

biological functions are suppressed below −70°C.8 This fragile-to-strong dynamical transition arises 8 

from the interplay with hydration water in the vicinity of the protein surface, because reduced water 9 

mobility in turn inhibits protein side-chain motions.9-14 At high temperatures, the second dynamical 10 

transition commonly referred to as the thermal denaturation, is observed.15-20 Unlike the first transi-11 

tion at low temperatures, the second transition lets the protein to unfold its conformation irreversibly 12 

but how hydration water is engaged in this process is not yet fully understood. 13 

Human serum albumin (HSA), a monomeric protein of 585 residues with a molecular weight of 14 

66.5 kDa,21 is one of the most well examined proteins in terms of its crystallographic structure and 15 

mechanisms of thermal denaturation.22-28 It has three homologous domains I–III that assemble to form 16 

a heart-shaped three-dimensional structure,22 and there is only a single Trp residue at position 214 in 17 

domain II and a single free Cys residue at position 34 in domain I.29 Using the intrinsic Trp-214 and 18 

extrinsic label at Cys-34 as spectroscopic probes,26,27 the unfolding process of HSA during thermal 19 

denaturation is found to consist of three phases. In the first phase (i), the temperature increase up to 20 

50 ~ 55°C results in an initial expansion involving reversible separation of domains I and II. In the 21 

second phase, (ii) an intermediate structure in which domain II is irreversibly unfolded is formed by 22 

heating to <70°C, while in the third phase (iii), further heating eventually unfolds the closely packed 23 
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tertiary native structure of the protein.26 Nevertheless, despite the detailed picture of HSA confor-1 

mation during heating, the commitment of hydration water upon thermal denaturation is not well 2 

documented to date. This is because even though the contribution of hydration water in the function-3 

ality and dynamical transition of the protein has been primarily discussed in light of mobility of water 4 

hydrated to protein powder,9-14,16-20 the amount of hydration water rarely comes up in the topic of 5 

debate. Furthermore, from a biological point of view, characterizing the hydration state in solution is 6 

more desirable than in powder samples, as motion of hydration water in solution is distinct from that 7 

around a hydrated powder.30 8 

Since the complex dielectric functions 𝜀𝜀̃(𝜔𝜔) = 𝜀𝜀′(𝜔𝜔) − 𝑖𝑖𝜀𝜀"(𝜔𝜔)  (permittivity 𝜀𝜀′  and dielectric 9 

loss 𝜀𝜀" as a function of angular frequency 𝜔𝜔) below 100 GHz directly reflect bulk/hydration water 10 

dynamics, dielectric spectroscopy in the micro- and millimeter-wave regions provides quantitative 11 

information of the hydration state.31-34 Yet, according to the large uncertainty of the hydration number 12 

(>5 %, typically corresponding to several dozen or hundred molecules), which is at the border of 13 

experimental accuracy, variations in the amount of hydration water during dynamical transition of 14 

protein have yet to be examined by dielectric spectroscopy. Alternatives to spectroscopic approaches 15 

are the narrow-band measurement systems that can uniquely measure 𝜀𝜀̃(𝜔𝜔)  with high precision, 16 

such as a cavity resonator35 and metamaterial36, which are more promising for finding tiny changes 17 

in the hydration state. Indeed, it was reported that the complex dielectric constant at 5.13 GHz esti-18 

mated from the measured frequency shift of the cavity resonator significantly improved the uncer-19 

tainty of the estimated hydration number.37 From this perspective, a single-frequency resonator that 20 

is equipped with a high quality factor and is sensitive to the complex dielectric constant in the micro-21 

wave or millimeter-wave regions can potentially open up the unexplored importance of hydration 22 

water to the protein functions. 23 
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Recently, the development of a novel complementary metal-oxide-semiconductor (CMOS) dielec-1 

tric sensor that provides a change in the oscillation frequency as a result of the 𝜀𝜀̃(𝜔𝜔) in the near-2 

field has been advancing, and its operation frequency is now extended to millimeter or terahertz re-3 

gions.38-40 In particular, variable-control oscillator (VCO)-based CMOS that locks the oscillation at a 4 

certain frequency in a self-sustained manner has the advantage of measurement stability, circumvent-5 

ing fluctuation of an external source.40 Mitsunaka et al. fabricated a silicon-based VCO-CMOS die-6 

lectric sensor consisting of arrayed 65 GHz LC resonators, and demonstrated ultimately stable oscil-7 

lation (± 0.17 MHz, corresponding to 2.67 ppm).38 Therefore, the ultimately precise and stable 65 8 

GHz CMOS dielectric sensor has the potential to be the top candidate for sensing very minute changes 9 

in hydration water around the protein. Notwithstanding, they have yet to uniquely determine the com-10 

plex dielectric constant 𝜀𝜀̃ = 𝜀𝜀′ − 𝑖𝑖𝜀𝜀" using the sensor, since the measured LC oscillation frequency 11 

is dependent on two unknown parameters: permittivity 𝜀𝜀′ and dielectric loss 𝜀𝜀". 12 

In this study, we aimed to quantitatively characterize the number of hydration water upon thermal 13 

denaturation of HSA, making full use of the high measurement precision of the state-of-art 65 GHz 14 

CMOS dielectric sensor. For this purpose, a broadband dielectric spectroscopy that measures 𝜀𝜀̃ in a 15 

wide range of frequencies, was first carried out to interpret the underlying molecular dynamics ob-16 

served at 65 GHz (section 3.1), and then, the relationship between the change in the oscillation fre-17 

quency of the 65 GHz CMOS dielectric sensor and the amount of hydration water was established 18 

(section 3.3). In the meantime, temperature-dependent changes in the HSA secondary structure con-19 

tent were quantitatively examined with the aid of Fourier-transform infrared (FTIR) spectroscopy 20 

(section 3.2). Finally, the transition of the hydration number 𝑁𝑁hyd during the thermal transition of 21 

HSA was investigated with high precision on the basis of a change in the oscillation frequency of the 22 

65 GHz CMOS sensor (section 3.4). 23 
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2. Materials and methods 1 

2.1 Sample preparation 2 

HSA protein powder (>95 % purity) purchased from FUJIFILM Wako Pure Chemical Industry, 3 

Ltd. was used in this study without further purification. The native HSA aqueous solution at a con-4 

centration of 10 wt% (HSA molar concentration 𝐶𝐶HSA = 1.5 mM) was prepared by dissolving the 5 

powder sample into distilled water demineralized by >5 MΩ∙cm. Density measurement was used to 6 

derive the stoichiometric molar concentration of water in the solution (𝐶𝐶water) and its molar ratio to 7 

that of pure water (𝜙𝜙water). 8 

2.2. Broadband dielectric spectroscopy 9 

The complex dielectric function 𝜀𝜀̃(𝜔𝜔) of pure water and the native 10 wt% HSA aqueous solution 10 

over a frequency range from 10 MHz to 12 THz was determined by impedance analyzer (IA), vector 11 

network analyzer (VNA), terahertz time-domain attenuated total reflection (THz TD-ATR), and far-12 

infrared Fourier-transform attenuated total reflection (FIR FT-ATR) measurements. IA measurements 13 

between 10 MHz and 0.5 GHz were carried out with an RF LCR meter 4287A (Agilent Technologies) 14 

calibrated with open (air), short (a 0.5 mm-thick gold plate), and load (water).41 A VNA system N5230 15 

equipped with a dielectric probe kit 8507E and an ECal module N4693A (Agilent technologies) was 16 

used to measure the complex dielectric function in the frequency range from 0.5 to 50 GHz, after the 17 

three-point calibration procedure.41 Frequencies over 50 GHz and 3 THz were measured by two THz 18 

TD-ATR spectroscopy systems, where a Dove prism made of a high-resistance monocrystalline sili-19 

con was employed. A TAS7500TS platform (ADVANTEST Corp.) connected to two low-temperature 20 

grown GaAs-based photoconductive (PC) antennas was used for the asynchronous optical sampling 21 

measurements in the lower frequencies (50 GHz ~ 1 THz),42 and the higher-frequency counterpart 22 

from 1 to 3 THz was measured with a homebuilt system consisting of a femtosecond fiber laser 23 

(FemtoFErb780, TOPTICA Photonics AG) and two dipole PC antennas G10620-11 (Hamamatsu 24 
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Photonics KK). The complex dielectric function at the highest frequencies, 3 ~ 12 THz, was deter-1 

mined with the use of FIR FT-ATR measurements (FARIS-1s, JASCO Corp.), combined with the 2 

Kramers-Kronig transform.42,43 In all of the above five experimental systems, the sample temperature 3 

was kept at 25°C with an accuracy of ± 0.1°C. 4 

2.3 FTIR spectroscopy 5 

The FTIR measurements were performed using an IRPrestige-21 spectrometer (Shimadzu) 6 

equipped with a MIRacle ATR accessory with a ZnSe crystal (PIKE Technologies). To avoid the 7 

systematic redshift of absorption bands inherent in ATR spectroscopy,44 the Kramers-Kronig trans-8 

form43 was used to derive the absorption coefficient 𝛼𝛼(𝜈𝜈)  from the measured reflectance 𝑅𝑅(𝜈𝜈) . 9 

Then, by subtracting the contribution of the solvent, the difference absorption spectrum 𝛿𝛿𝛼𝛼(𝜈𝜈) was 10 

obtained from 1350 to 1700 cm-1, which is commonly used for secondary structure analysis.45 The 11 

sample temperature was raised stepwise from 25°C to 75°C at 10°C intervals, and subsequently re-12 

versed to 25°C in the same manner, aiming to examine the temperature dependence of 𝛿𝛿𝛼𝛼(𝜈𝜈). 13 

2.4 CMOS dielectric sensor consisting of 65 GHz LC resonators 14 

The CMOS dielectric sensor embedding 65 GHz LC resonator structures, manufactured by Sharp 15 

Corporation, was used in this study.38 As shown in Fig. 1, the metallic inducting wire and the gap of 16 

 
Fig. 1 Illustration of a 65 GHz LC-resonator element integrated in the CMOS sensor chip (left) and 
the measurement setup (right). 
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the structure are regarded as the inductance 𝐿𝐿0 and the capacitance 𝐶𝐶0 respectively; the LC resona-1 

tor is protected by a passivation layer with a capacitance of 𝐶𝐶1. Each resonator structure with a size 2 

of 0.008 mm2 is arrayed as a 62 × 24 matrix in a zigzag manner, with a 40 μm spacing in the horizontal 3 

direction to minimize parasitic coupling with the adjacent elements. The gating time of each LC res-4 

onator was set at 200 μs with a delay time of 0.125 μs, allowing an effective frequency resolution of 5 

<0.33 MHz. 6 

Because the electric field is localized within several dozens of micrometers from the chip surface,38 7 

each resonator feels the effective capacitance 𝐶𝐶eff that includes the contribution from the passivation 8 

layer and the sample placed on it. Assuming a dielectric sample with a complex dielectric constant of 9 

𝜀𝜀2̃ = 𝜀𝜀2
′ − 𝑖𝑖𝜀𝜀2

′′ at 65 GHz resting upon the resonator, the LC oscillation frequency 𝑓𝑓 is consequently 10 

described as 11 

𝑓𝑓 =
1

2𝜋𝜋�𝐿𝐿0𝐶𝐶eff
= �2𝜋𝜋�𝐿𝐿0 �𝐶𝐶0 + 𝐶𝐶1

𝐶𝐶1𝐶𝐶2 + 𝐶𝐶22 + 𝐺𝐺22

(𝐶𝐶1 + 𝐶𝐶2)2 + 𝐺𝐺22
��

−1

 (1) 

where, 𝐶𝐶2 = 𝐶𝐶𝜀𝜀2
′ and 𝐺𝐺2 = 𝐶𝐶𝜀𝜀2

′′ (𝐶𝐶: constant) are the capacitance and conductance of the sample,38 12 

respectively. Eqn. (1) indicates that 𝑓𝑓 undergoes a low-frequency shift in the presence of the sample, 13 

demonstrating the potential of this sensor as a quantitative index to estimate the complex dielectric 14 

constant 𝜀𝜀2̃ of the sample at 65 GHz. To relate directly the resonant frequency 𝑓𝑓 with 𝜀𝜀2̃, the tem-15 

perature dependence of air and pure water was recorded over 20 ≦ 𝑇𝑇 ≦ 80°C to determine the in-16 

strumental constants 𝐿𝐿0, 𝐶𝐶0, 𝐶𝐶1 and 𝐶𝐶, using a nonlinear least-square fitting procedure, as a cali-17 

bration measurement (see the ESI S1 for details). 18 

After the calibration, a 2-well silicone compartment with a maximum volume capacity of 70 μL 19 

was directly adhered to the LC resonant array area (~ 3 mm square) of the sensor chip through a 20 

water-impermeable adhesive, in order to evenly divide it into two measurement sections. By sealing 21 

the silicon compartment with a cover glass, undesirable sample evaporation was avoided. The rear 22 
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surface of the sensor chip was attached to a Peltier temperature control unit to vary the sample tem-1 

perature, consistently between the two compartments. Following a background measurement in air, 2 

the respective sections of the well compartment were filled with pure water and the 10 wt% HSA 3 

solution, and then the frequency shift ∆𝑓𝑓 defined by Eqn. (2) was determined: 4 

∆𝑓𝑓 = 𝑓𝑓BKG − 𝑓𝑓SAM  (2) 

where 𝑓𝑓BKG and 𝑓𝑓SAM are the oscillation frequencies of the background and sample measurements, 5 

respectively. As for the sample measurements, the time-lapse data acquisition of 𝑓𝑓SAM at regular 6 

intervals was launched under the (i) “temporal” heat treatment and (ii) “step-by-step” heat treatment. 7 

The former involved a rectangular-like temperature change 25°C → ~70°C (for 15 min) → 25°C, so 8 

as to compare the frequency shift ∆𝑓𝑓 at 𝑇𝑇 = 25°C before and after the heating treatment. In the 9 

latter experiment, the sample temperature was raised from 25°C to ~ 80°C, at nearly regular intervals, 10 

in a stepwise manner and then similarly reversed to 25°C, with the aim of examining the temperature 11 

dependence of ∆𝑓𝑓. In common to these two experiments, variation in the measured oscillation fre-12 

quency 𝑓𝑓 was locked within ± 1 MHz during the entire measurement, ensuring the long-term stabil-13 

ity of our system (see the ESI S2). 14 

3. Results and discussion 15 

3.1 Identification of the molecular dynamics at 65 GHz 16 

The broadband complex dielectric spectra 𝜀𝜀̃(𝜔𝜔), from 10 MHz to 12 THz, of pure water and the 17 

native 10 wt% HSA aqueous solution at 𝑇𝑇 = 25°C are shown in Fig. 2(a). With regard to pure water, 18 

a huge dispersion around 20 GHz (hereafter called γ1 mode) is derived from the collective reorienta-19 

tional relaxation of bulk water, while an additional relaxation mode (γ2) exists in the sub-THz region 20 

with an intensity approximately 50 times smaller than the γ1 relaxation.42,46 Beyond 1 THz, several 21 

intermolecular vibration modes of water, such as the intermolecular bending (B) centered around 1.5 22 
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THz, the intermolecular stretching (S) around 5 THz and the libration (L) around 18 THz, have an 1 

increasing impact.42 The fact that the real part 𝜀𝜀′(𝜔𝜔) below 1 GHz converges to the static permittiv-2 

ity (78.38) indicates that no other water dynamics are responsible for the dielectric responses in the 3 

lower frequencies, except for a faint electric conductivity tail observed in the dielectric loss spec-4 

trum 𝜀𝜀"(𝜔𝜔). For the 10 wt% HSA aqueous solution, the dielectric loss 𝜀𝜀"(𝜔𝜔) exhibits a slightly 5 

smaller main relaxation relative to pure water, reflecting a decreased molar concentration of bulk 6 

water. The permittivity spectrum 𝜀𝜀′(𝜔𝜔) with dispersion below 1 GHz is indicative of the presence 7 

of other mode(s) that is dynamically slower than the bulk water relaxations, although it is masked by 8 

a considerably large electric conductivity in 𝜀𝜀"(𝜔𝜔). Certainly, some of the vibration density of states 9 

of protein solute are infrared-active,47,48 but they are considered negligible in our case because their 10 

contribution is 2 orders smaller than that of the water modes.49  11 

In order to reveal the underlying components behind the spectra, the complex dielectric function 12 

𝜀𝜀̃(𝜔𝜔) of the HSA solution was fitted with Eqn. (3), following previous studies:31-34,42 13 

𝜀𝜀̃(𝜔𝜔) −
𝜎𝜎

𝑖𝑖𝜔𝜔𝜀𝜀0
= 𝜒𝜒�β(𝜔𝜔) + 𝜒𝜒�𝛿𝛿1(𝜔𝜔) + 𝜒𝜒�𝛿𝛿2(𝜔𝜔) + 𝜒𝜒�γ1(𝜔𝜔) + 𝜒𝜒�γ2(𝜔𝜔) + � 𝜒𝜒�v(𝜔𝜔)

v=B,S,L

+ 𝜀𝜀∞ 

𝜀𝜀̃(𝜔𝜔) −
𝜎𝜎

𝑖𝑖𝜔𝜔𝜀𝜀0
=

∆𝜀𝜀β
1 + 𝑖𝑖𝜔𝜔𝜏𝜏β

+
∆𝜀𝜀𝛿𝛿1

1 + 𝑖𝑖𝜔𝜔𝜏𝜏𝛿𝛿1
+

∆𝜀𝜀𝛿𝛿2
1 + 𝑖𝑖𝜔𝜔𝜏𝜏𝛿𝛿2

+
∆𝜀𝜀γ1

1 + 𝑖𝑖𝜔𝜔𝜏𝜏γ1
+

∆𝜀𝜀γ2
1 + 𝑖𝑖𝜔𝜔𝜏𝜏γ2

+ �
∆𝜀𝜀v𝜔𝜔v2

𝜔𝜔v2 − 𝜔𝜔2 + 𝑖𝑖𝜔𝜔𝛤𝛤vv=B,S,L

+ 𝜀𝜀∞ (3) 

where, 𝜒𝜒�β(𝜔𝜔), 𝜒𝜒�𝛿𝛿(𝜔𝜔) and 𝜒𝜒�γ(𝜔𝜔) are the Debye-type complex susceptibilities (relaxation strength 14 

∆𝜀𝜀 and relaxation time 𝜏𝜏) of β- (protein), δ- (mainly hydration water), and γ- (bulk water) relaxation 15 

processes, respectively, and 𝜒𝜒�v(𝜔𝜔) is the damped harmonic oscillator model (∆𝜀𝜀v: vibration strength, 16 

𝜔𝜔v 2𝜋𝜋⁄ : resonant frequency, and 𝛤𝛤v 2𝜋𝜋⁄ : damping constant) representing the intermolecular vibration 17 

modes of water (v =  B, S, L), and 𝜀𝜀∞  is the high-frequency limit of the permittivity. The term 18 

𝜎𝜎 𝑖𝑖𝜔𝜔𝜀𝜀0⁄  (where 𝜎𝜎 is the electric conductivity and 𝜀𝜀0 is the permittivity of vacuum) corresponds to 19 
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the loss by conductivity. As shown in Fig. 2(b), the conductivity-free complex dielectric spectrum 1 

𝜀𝜀̃(𝜔𝜔) − 𝜎𝜎 𝑖𝑖𝜔𝜔𝜀𝜀0⁄  of the native 10 wt% HSA solution was well reproduced by Eqn. (3), and the ob-2 

tained best-fitted parameters are consistent with previously reported values.34,35,42 3 

Figs. 2(a) and (b) clearly indicate that the total contribution of the conductivity term (𝜎𝜎 𝑖𝑖𝜔𝜔𝜀𝜀0⁄ ) and 4 

the non-bulk water relaxation modes (𝜒𝜒�β + 𝜒𝜒�𝛿𝛿1 + 𝜒𝜒�𝛿𝛿2 ) to the complex dielectric function 𝜀𝜀̃(𝜔𝜔) 5 

above 50 GHz is extremely small. However, beyond 300 GHz, the growing contribution of the inter-6 

molecular vibration modes of water (∑𝜒𝜒�v) makes it difficult to separate the bulk/hydration water 7 

dynamics, as their line-shapes are hardly discerned.49-51 According to these findings, we emphasize 8 

here that the dielectric constant 𝜀𝜀̃ in the 65 GHz region observes selectively the bulk water relaxation 9 

dynamics without interference from the protein solute and hydration water modes. Therefore, when 10 

limited to this frequency region, Eqn. (3) used to fit the complex dielectric function 𝜀𝜀̃(𝜔𝜔) of the 10 11 

wt% HSA aqueous solution can be more simply approximated as the following equation. 12 

𝜀𝜀̃(𝜔𝜔) ≈ 𝜒𝜒�γ1(𝜔𝜔) + 𝜒𝜒�γ2(𝜔𝜔) + 𝜀𝜀∞ 

 
Fig. 2 (a) Complex dielectric spectra of pure water and the native 10% HSA aqueous solution 
at 25°C over 10 MHz and 12 THz (upper panel: permittivity 𝜀𝜀′(𝜔𝜔), lower panel: dielectric loss 
𝜀𝜀"(𝜔𝜔)). The broken lines depict the electric conductivity terms 𝜎𝜎 𝑖𝑖𝜔𝜔𝜀𝜀0⁄  (see text). (b) Conductiv-
ity-free complex dielectric spectrum of the 10 wt% HSA aqueous solution and its constituent sub-
components described by Eqn. (3). 
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𝜀𝜀̃(𝜔𝜔) =
∆𝜀𝜀γ1

1 + 𝑖𝑖𝜔𝜔𝜏𝜏γ1
+

∆𝜀𝜀γ2
1 + 𝑖𝑖𝜔𝜔𝜏𝜏γ2

+ 𝜀𝜀∞ (4) 

It should be noted that this approximation is the case for a solute molecule with as large molecular 1 

weight as a protein, but not for small osmolyte molecules such as saccharides, amino acids, and urea 2 

(see the ESI S3). 3 

With regard to the γ1-process, our spectrum decomposition analysis provided ∆𝜀𝜀γ1 = 62.84 ± 4 

0.18 for the native 10 wt% HSA solution at 25°C. The smaller relaxation strength compared to pure 5 

water (∆𝜀𝜀γ1w = 72.70 ± 0.18) is attributed to the decreased amount of bulk water, since the relaxation 6 

strength ∆𝜀𝜀 is proportional to the number density of the dipole.49-51 Then, the ratio of bulk water in 7 

the solution to that in pure water, 𝜙𝜙bulk, is calculated using Eqn. (5).32,33 8 

𝜙𝜙bulk =
∆𝜀𝜀γ1
∆𝜀𝜀γ1w

 (5) 

The obtained bulk water fraction (𝜙𝜙bulk = 0.864 ± 0.03) is significantly smaller than the stoichio-9 

metric water ratio (𝜙𝜙water = 0.915) determined by our density measurement, suggesting that a subset 10 

of water molecules in the solution turns to hydration water in the presence of protein solute. Defining 11 

hydration water as all water molecules that no longer contribute to the bulk water relaxation process, 12 

the number of hydration water per solute (hydration number 𝑁𝑁hyd) is determined by 13 

𝑁𝑁hyd =
𝐶𝐶water − 𝐶𝐶bulk

𝐶𝐶HSA
 (6) 

where 𝐶𝐶bulk = 𝜙𝜙bulk ∙ 𝜌𝜌w 𝑀𝑀w⁄  (𝜌𝜌w and 𝑀𝑀w: density and molecular weight of pure water, respec-14 

tively) is the bulk water concentration in the 10 wt% HSA solution.32,33 According to Eqn. (6), our 15 

data yielded 𝑁𝑁hyd = 1893 ± 123 (corresponding to 0.514 ± 0.033 g/g solute), which is in excellent 16 

agreement with a previous dielectric measurement finding 𝑁𝑁hyd = 1840.37 From a geometrical point 17 

of view, however, the number of water molecules required to form a complete first hydration layer 18 

around HSA is approximately 1070 (~ 0.3 g/g),37 and small-angle scattering experiments revealed 19 

that the number of tightly bound water molecules surrounding an HSA solute is approximately 20 
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1100.52,53 Since Eqns. (5) and (6) define any water molecules with distinctly retarded reorientation 1 

dynamics as hydration water, loosely constrained water beyond the first hydration layer and tightly 2 

bound water are both regarded as hydration water. Seemingly, analysis of the δ relaxation processes 3 

that observe hydration water dynamics draws a more straightforward and valuable picture about the 4 

hydration state, rather than our indirect strategy. From a practical point of view, however, the origins 5 

of the δ-processes are so complicated that it is much more difficult to quantitatively interrelate them 6 

with the hydration state.54 7 

3.2 Estimation of the secondary structure using FTIR spectroscopy 8 

Since the C=O bond length and energy are modulated by HB and transition dipole-dipole coupling 9 

but is hardly affected by the nature of the side-chains (see the ESI S4),45,55 the peak wavenumber 10 

inhomogeneity of carbonyl stretching vibration (so-called amide I; 1600 ~ 1700 cm-1) provides infor-11 

mation about the secondary structure. The amide II (1500 ~ 1600 cm-1) and III (1200 ~ 1400 cm-1) 12 

bands are also subject to backbone conformation, although their correlation with the protein second-13 

ary structure is less straightforward than that of amide I.45 14 

In our stepwise temperature changes, the forward (heating) process from 25°C to 75°C causes 15 

markedly reduced absorption 𝛿𝛿𝛼𝛼(𝜈𝜈) over 1350 cm-1 and 1700 cm-1, as shown in the upper panel of 16 

Fig. 3(a) and Fig. S4 in the ESI. In the recovery (cooling) process down to 25°C, however, 𝛿𝛿𝛼𝛼(𝜈𝜈) is 17 

much less sensitive to temperature, implying little refolding of the HSA secondary structure. As each 18 

secondary structure element gives rise to inherent amide I sub-band at slightly different wave-19 

numbers,56 the modified amide I band shape is interpreted as variation in the secondary structure 20 

contents due to denaturation.57-59 Computing second derivative spectrum is one of the most common 21 

numerical approaches to separate highly overlapping components without an arbitrary choice of de-22 

convolution parameters.59 As shown in the lower panel of Fig. 3(a), the calculated second derivative 23 
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𝑑𝑑2𝛿𝛿𝛼𝛼(𝜈𝜈) 𝑑𝑑𝜈𝜈2⁄  obviously exhibits distinct signatures upon thermal denaturation: the native HSA (for-1 

ward 25°C) is characterized as three relatively sharp components, while after thermal denaturation 2 

(75°C and recovered 25°C) only broad and weak bands are recognizable. In the native state, the most 3 

intense sub-band at 1654 cm-1 and the weak component at 1680 cm-1 can be safely assigned to the α-4 
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helix and β-turn components, respectively.56-59 The low-wavenumber sub-band around 1632 cm-1 has 1 

long been considered to originate from β-sheets59 but recently it was pointed out that this assignment 2 

likely overestimates the β-sheet content of globular proteins such as HSA.60 Meanwhile, the amide I 3 

wavenumber of α-helices is known to downshift by ~ 20 cm-1 upon hydration when the backbone 4 

 
Fig. 3 (a) Difference absorption spectrum 𝛿𝛿𝛼𝛼(𝜈𝜈) over 1350 and 1700 cm-1 and its second de-
rivative 𝑑𝑑2𝛿𝛿𝛼𝛼(𝜈𝜈) 𝑑𝑑𝜈𝜈2⁄  in the amide I region (1600 ≦ 𝜈𝜈 ≦ 1700 cm-1; note that the second deriv-
ative is displayed by reversing the positive and negative signals). (b) Generalized 2D asynchronous 
correlation contour Ψ(𝜈𝜈1, 𝜈𝜈2) in the amide I region. The red and blue areas correspond to positive 
and negative correlations, respectively. The horizontal black line represents 𝜈𝜈2 = 1654 cm-1. (c) 
Moving-window asynchronous 2D correlation contour Ψ(𝜈𝜈1,𝑇𝑇) sliced at 𝜈𝜈2 = 1654 cm-1. Posi-
tive and negative correlations are displayed in the same color as (b). (d) Estimated content of α-
helices, β-sheets, and unordered (including both the random coil and extended) structures. The β-
turn structure (~ 3.6 %, independent of temperature) is not depicted. The forward and recovery 
processes at 25 °C are described as closed and open symbols, respectively. 
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C=O group forms a bifurcated HB to a water molecule in the out-of-plane direction.61-63 For this 1 

reason, in the case of helical-rich HSA,22-24 it is supposed that both β-sheets and hydrated α-helix are 2 

the main factor giving rise to the 1632 cm-1 sub-band. 3 

Upon heating to 75°C and subsequent recovery to 25°C, the 1632 cm-1 and 1654 cm-1 sub-bands 4 

are substantially reduced, while a new sub-band is alternatively evolved around 1620 cm-1, suggesting 5 

replacement of α-helices with other secondary structures due to irreversible unfolding. Nevertheless, 6 

the interpretation of this denaturation-derived band at ~ 1620 cm-1 is complicated by the two over-7 

lapped components close in peak position.64,65 In the present study, this problem was resolved by 8 

applying the generalized two-dimensional (2D) correlation analysis to the measured 𝛿𝛿𝛼𝛼(𝜈𝜈) for spec-9 

tral resolution enhancement, using temperature 𝑇𝑇 as a disturbing variable.66 The 2DShige© software 10 

developed by Shigeaki Morita (Kwansei-Gakuin University, 2004-2005), was used to calculate the 11 

synchronous Φ and asynchronous Ψ correlation plots that visualize, respectively, in-phase and out-12 

of-phase absorption variations with temperature. The obtained asynchronous correlation Ψ(𝜈𝜈1, 𝜈𝜈2) 13 

presented in Fig. 3(b) successfully discloses hidden sub-bands behind the complex amide I spectrum, 14 

in contrast to the limited information provided by the synchronous one (Fig. S5 of the ESI). When 15 

focusing on the correlation with the α-helix band at 𝜈𝜈2 = 1654 cm-1, the denaturation-derived sub-16 

bands were identified at 𝜈𝜈1 = 1613 cm-1, 1621 cm-1, 1641 cm-1, and 1691 cm-1, apart from the afore-17 

mentioned β-turn at 1680 cm-1 (a weak correlation at 1658 cm-1 may be an additional α-helix peak59). 18 

The negative correlations with 𝜈𝜈2 = 1654 cm-1 indicate that the evolution of these bands is subse-19 

quent to the loss of α-helices.66 Consistent with earlier studies on thermally denatured albumin,64,65 20 

our generalized 2D correlation analysis exposes the overlapping two sub-bands at 1613 cm-1 and 1621 21 

cm-1 merged into the broad ~ 1620 cm-1 component in the second derivative spectra. In light of the 22 

characteristic amide I wavenumber examined so far, the lowest (1613 cm-1) and highest (1691 cm-1) 23 

wavenumber components can be reasonably attributed to the intermolecular and intramolecular β-24 
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sheets, respectively. The most possible assignment for the 1641 cm-1 component is the random or 1 

irregular structure45 (though a possible contribution of the H-O-H bending of hydration water cannot 2 

be eliminated)67. Overall, this observation is consistent with the widely accepted picture that thermal 3 

denaturation increases the content of β-sheet and random coil structures at the expense of α-helix.59 4 

The strongest correlation observed at 𝜈𝜈1 = 1621 cm-1 is generally believed to originate from ex-5 

tended β-strands or β-sheets,55,59 but several authors raised a concern about this assignment since it 6 

inevitably overestimates the β-sheet content of globular proteins.60,68 A clue to settle this controversy 7 

is found in previous FTIR spectroscopy studies of temperature-responsive polymers such as poly(N-8 

isopropylacrylamide), which revealed that stretching vibration of carbonyl group forming an inter-9 

molecular HB with water (C=O … H2O) absorbs around 1620 cm-1.69-71 Corroborated by the simu-10 

lated amide I spectrum of water-exposed short peptide,72 we reached the conclusion that the 1621 cm-11 

1 sub-band that emerged in the thermally denatured state is more likely related with the extended side-12 

chain forming a HB with water, rather than the β-sheet. 13 

We further examined the denaturation-derived amide I sub-bands in terms of their temperature 14 

dependence with the aid of a moving-window 2D correlation analysis that allows us to obtain the 15 

spectral correlation with 𝜈𝜈2 on a plane between the wavenumber 𝜈𝜈1 and temperature 𝑇𝑇 axes.73 Fig. 16 

3(c) shows the moving-window asynchronous contour Ψ(𝜈𝜈1,𝑇𝑇) correlated with the α-helix compo-17 

nent (𝜈𝜈2 = 1654 cm-1). Despite little correlation below 50°C, Ψ(𝜈𝜈1,𝑇𝑇) exhibits strong negative cor-18 

relations above the unfolding temperature of HSA (~ 55°C),26 especially in the intermolecular β-sheet 19 

(𝜈𝜈1 = 1613 cm-1) and extended chain (1621 cm-1) sub-band regimes. Considering that negative asyn-20 

chronous correlation Ψ(𝜈𝜈1,𝑇𝑇) represents a steep and non-linear absorption change upon tempera-21 

ture increase, our results show that at approximately 55°C α-helices in the native state are rapidly 22 

replaced by denatured structures. 23 

On the basis of the above relationship between the amide band spectra and the secondary structures 24 

Page 17 of 31 Physical Chemistry Chemical Physics



 18 

of the protein, we then estimated quantitatively the contents of the secondary structure elements using 1 

a mathematical model proposed by Goormaghtigh and his co-workers.68 The evaluated contents at 2 

25°C before denaturation (62.6 % for α-helix, 9.7 % for β-sheet, 3.6 % for β-turn, and 24.1 % for 3 

unordered structure) presented in Fig. 3(d) are in good agreement with the circular dichroism (CD) 4 

spectroscopy,28,74-77 eliminating thus the systematic overestimation of the β-sheet content pertaining 5 

to curve fitting of the amide I spectrum. Note that the “unordered” category involves structures that 6 

do not have a regular HB pattern, such as water-exposed chain/loop structures and random coils. 7 

Although the native secondary structure is maintained at pre-denaturation temperatures, a monoto-8 

nous decrease in the fractional α-helix content starts from ~ 50°C and the disrupted helices do not 9 

show complete recovery upon cooling because they are reorganized into β-sheets and unordered 10 

structures in an irreversible manner. Remarkably, the unordered structures exhibit a larger increase 11 

than the β-sheets, and their final content (~ 50 %) surpasses that of α-helices at 75°C and is kept 12 

mostly constant during the whole subsequent recovery. Based on the strongest correlation of the 𝜈𝜈2 =13 

 1654 cm-1 sub-band with the 𝜈𝜈1 = 1621 cm-1 found in this study (Fig. 3(b)), it is considered that 14 

the native secondary structure of HSA rich in α-helices was mainly transformed into extended struc-15 

tures in the thermally denatured state, with a relatively small content of α-helix, intermolecular β-16 

sheet, and random coil conformers. 17 

3.3 Assessment of the bulk water fraction 𝝓𝝓bulk from ∆𝒇𝒇 18 

Fig. 4(a) shows the oscillation frequency 𝑓𝑓 of air and water, and the corresponding frequency shift 19 

∆𝑓𝑓 as a function of temperature. It was found that the oscillation frequency of pure water 𝑓𝑓SAM(𝑇𝑇) 20 

undergoes a noticeable downshift with increasing temperature, which results in a monotonous in-21 

crease in ∆𝑓𝑓(𝑇𝑇). This variance can be primarily explained by the temperature dependence of the 22 

complex dielectric constant 𝜀𝜀̃ at 65 GHz. Nevertheless, the oscillation frequency of air, whose die-23 

lectric constant is fixed (𝜀𝜀̃ = 1) independently of 𝑇𝑇, also changes with temperature albeit slightly, 24 
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implying temperature-dependent instrumental constants 𝐿𝐿0(𝑇𝑇), 𝐶𝐶0(𝑇𝑇) and 𝐶𝐶1(𝑇𝑇) (see the ESI S1 1 

for details). As illustrated in Fig. 4(b), the contour plot of the frequency shift ∆𝑓𝑓(𝜀𝜀2
′ , 𝜀𝜀2

′′) of pure 2 

water at 25°C calculated on the basis of Eqns. (1) and (2) reveals a pronounced high-frequency shift 3 

of ∆𝑓𝑓 upon increasing 𝜀𝜀2
′ or 𝜀𝜀2

′′. From this plot, it is also obvious that the frequency shift ∆𝑓𝑓 can 4 

be uniquely estimated from the complex dielectric constant 𝜀𝜀2̃ = 𝜀𝜀2
′ − 𝑖𝑖𝜀𝜀2

′′ at 65 GHz, but not vice 5 

versa. In other words, a single solution of (𝜀𝜀2
′ , 𝜀𝜀2

′′) at 65 GHz cannot be uniquely derived from the 6 

frequency shift ∆𝑓𝑓 because numerous possible (𝜀𝜀2
′ , 𝜀𝜀2

′′) pairs have the same ∆𝑓𝑓 value. Therefore, 7 

an additional constraint is required to characterize the hydration state from the measured ∆𝑓𝑓.  8 

A clue to settle this issue is offered by our dielectric spectroscopy finding in section 3.1 that the 9 

dielectric responses at 65 GHz can be approximated by Eqn. (4). Previous dielectric studies have 10 

shown that the relaxation times 𝜏𝜏γ1 and 𝜏𝜏γ2 hardly depend on protein concentration and confor-11 

mations,33,49,78 and hence they can be reasonably assumed identical to those of pure water at the same 12 

temperature. Furthermore, assuming that the high-frequency permittivity 𝜀𝜀∞ linearly changes from 13 

4.2 (pure water)42 to 2.7 (HSA crystalline)49, the locus of (𝜀𝜀2
′ , 𝜀𝜀2

′′) pairs at 65 GHz depending on the 14 

 

Fig. 4 (a) Oscillation frequencies 𝑓𝑓BKG(air) and 𝑓𝑓SAM(pure water) and the frequency shift ∆𝑓𝑓 
as a function of temperature. (b) Contour plot of the frequency shift ∆𝑓𝑓(𝜀𝜀2

′ , 𝜀𝜀2
′′) for pure water at 

25°C. The black solid line represents the locus of the complex dielectric constant at 65 GHz as a 
function of the bulk water fraction 𝜙𝜙bulk defined by Eqn. (5). The empty circles correspond to the 
representative values (𝜙𝜙bulk = 0.2~1.0 at 0.2 intervals).  
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bulk water fraction 𝜙𝜙bulk draws the black solid line in Fig. 4(b). It is clearly seen that the estimated 1 

(𝜀𝜀2
′ , 𝜀𝜀2

′′) coordinate moves from the upper right to the lower left at nearly regular intervals, as 𝜙𝜙bulk 2 

changes from 100 % (pure water) to the waterless situation. More importantly, the depicted locus lies 3 

in the direction orthogonal to the contour lines of ∆𝑓𝑓, leading to a one-on-one correspondence of 4 

𝜙𝜙bulk with ∆𝑓𝑓. This way, the bulk water fraction 𝜙𝜙bulk can be uniquely determined from the meas-5 

ured frequency shift ∆𝑓𝑓, and eventually, the hydration number 𝑁𝑁hyd can be successfully derived 6 

with the aid of Eqn. (6). 7 

3.4 Characterization of the hydration state upon thermal denaturation 8 

Simultaneous measurement of pure water and the 10 wt% HSA aqueous solution allowed us to 9 

record the time dependent ∆𝑓𝑓 upon “temporal” heating treatment, where the sample temperature 10 

rapidly increased from 𝑇𝑇 = 25°C to 70°C at 𝑡𝑡 = 2.0 h and then recovered to 𝑇𝑇 = 25°C after an 11 

elapse of 15 minutes. The results in Fig. 5(a) show first that the frequency shift ∆𝑓𝑓 of pure water is 12 

greater than that of the 10 wt% HSA solution at any time, reflecting the larger complex dielectric 13 

constant for pure water at 65 GHz. Second, rapid upshifts of ∆𝑓𝑓 at 𝑡𝑡 = 2.0 h are attributed to the 14 

rectangular-like temperature variation (25°C→70°C→25°C), since the frequency shift ∆𝑓𝑓  varies 15 

 
Fig. 5 (a) Time-dependent changes in the frequency shift ∆𝑓𝑓(𝑡𝑡) of pure water and the 10 wt% 
HSA aqueous solution. Heating at 𝑇𝑇 = 70°C was temporally treated for 15 min starting at 𝑡𝑡 =
 2.0 h. The insets show enlarged views at approximately 𝑇𝑇 = 25°C. (b) Hydration number 𝑁𝑁hyd 
of native and denatured HSA molecules at 25°C. The error bars correspond to the standard errors 
of three replicate experiments. 
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sensitively with temperature, as confirmed in Fig. 4(a). The enlarged views displayed in the insets of 1 

Fig. 5(a) make more obvious the differences between before and after temporal heating. On one hand, 2 

the frequency shift ∆𝑓𝑓 of pure water exhibits a back-and-fourth behavior, ensuring temperature con-3 

sistency and long-term stability. On the other hand, the frequency shift ∆𝑓𝑓 of the 10 wt% HSA aque-4 

ous solution is not reversed; consequently, the ∆𝑓𝑓 difference between pure water and the HSA solu-5 

tion before heating (138.7 ± 0.9 MHz) is widened to 151.7 ± 0.9 MHz after cooling (note that long-6 

term variation of our system is less than ± 1.6 MHz; see the ESI S2).  7 

As the β- (protein) and δ- (hydration water) relaxation processes have negligible influence on the 8 

complex dielectric constant at 65 GHz even in the thermally denatured state due to their long relaxa-9 

tion time,79 the smaller value of ∆𝑓𝑓 after recovery definitely represents decreased molar fraction of 10 

bulk water attributed to thermal denaturation. To express more quantitatively the hydration state of 11 

HSA, the hydration number 𝑁𝑁hyd at 25°C was determined by means of Eqn. (6) via estimating the 12 

bulk water fraction 𝜙𝜙bulk from ∆𝑓𝑓. As shown in Fig. 5(b), the obtained 𝑁𝑁hyd = 1939 ± 27 in the 13 

native state agrees well with our dielectric spectroscopy result (𝑁𝑁hyd = 1893 ± 123), verifying our 14 

measurement and analysis. It should be emphasized here that the derived uncertainty of 𝑁𝑁hyd is only 15 

about one-fifth of that determined by dielectric spectroscopy, owing to the highly accurate and stable 16 

oscillation at 65 GHz. Indeed, the uncertainty of the measured ∆𝑓𝑓 (± 0.4 MHz) corresponds to only 17 

± 0.024 and ± 0.012 for permittivity 𝜀𝜀′ and dielectric loss 𝜀𝜀", respectively. These values are signif-18 

icantly smaller than the standard error of our dielectric spectroscopy measurement at 65 GHz (greater 19 

than ± 0.08 for 𝜀𝜀′ and ± 0.04 for 𝜀𝜀"; signal-to-noise ratio of >104). The above argument leads to the 20 

conclusion that our CMOS dielectric sensor derives a 𝑁𝑁hyd value consistent with that of dielectric 21 

spectroscopy, but its precision is significantly improved due to the highly stable oscillation of the LC 22 

resonators.  23 

As mentioned in section 3.1, the determined 𝑁𝑁hyd for native HSA is substantially greater than the 24 
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number of water molecules that are densely packed in the first solvation shell (~ 1100)52,53 with an 1 

average thickness of ~ 3 Å,80,81 where water structure and dynamics are profoundly distinct from the 2 

bulk.82 Taking advantage of a linear relationship between the hydration shell thickness and the hydra-3 

tion number reported by molecular dynamics simulation of a globular protein,82 we roughly estimated 4 

the thickness of the hydration shell as ~ 3.85 Å in the case of native HSA. In the present analysis, we 5 

regarded hydration water as those molecules no longer contributing to the collective relaxation pro-6 

cess of bulk water 𝜒𝜒�γ1.84,85 Since the structure and dynamics of hydration water at the very vicinity 7 

of the protein surface are driven by the local interactions with the surface residues and geometrical 8 

constraints,86 their correlation with bulk water dynamics fades away. Restoring the bulk water dy-9 

namics occurs at long distance from the protein surface into the bulk due to global dynamical collec-10 

tivity,87 therefore, a subset of water molecules beyond the first solvation layer is dynamically distin-11 

guished from the 𝜒𝜒�γ1 process and as such is identified as hydration water in our definition.88 12 

As presented in Fig. 5(b), the hydration number 𝑁𝑁hyd was found to increase by ~ 20 % after tem-13 

poral heating. Even though only a few studies so far have focused in characterizing the amount of 14 

hydration water upon thermal denaturation of proteins, our result is consistent with an exceptional 15 

work by Hédoux et al., who measured the OH stretching Raman spectrum of hydrogenated lysozyme 16 

in D2O solvent and found an increased hydration number in the denatured state.89 Nevertheless, their 17 

hydration number for native lysozyme (158 ± 8), corresponding to ℎ ≈ 0.2 g/g, likely observes only 18 

a part of the first hydration layer, since such tightly bound water molecules that protein-solvent iso-19 

topic exchanges can easily occur are regarded as hydration water in their definition. Hence, our work 20 

is the first to describe the whole picture of the hydration number 𝑁𝑁hyd upon thermal denaturation. 21 

From a thermodynamic point of view, protein folding into native globular conformation is driven by 22 

hydration entropy, whereas upon unfolding, the large energy loss by the intramolecular interactions 23 
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in a protein is largely compensated for by a corresponding gain from hydration enthalpy.90,91 Hydra-1 

tion water with restricted dynamics having smaller entropy than bulk, lesser 𝑁𝑁hyd in the native state 2 

agrees well with a concept that a protein folds into its native structure to maximize the entropy of 3 

solvent water.91 Furthermore, our study shows that the large gain from hydration enthalpy upon un-4 

folding results from the growth in 𝑁𝑁hyd at a microscopic level. 5 

To explore the underlying mechanism regarding the hydration state in more detail, we also exam-6 

ined the temperature dependence of ∆𝑓𝑓 when the sample’s equilibrium temperature was varied in a 7 

stepwise manner (the “step-by-step” experiment). As presented in Fig. 6(a), ∆𝑓𝑓(𝑇𝑇) of pure water 8 

undergoes a monotonous upshift with temperature, and the reversed route is perfectly followed when 9 

cooling. In contrast, the 10 wt% HSA solution heated up to ~ 80°C obviously exhibits hysteresis 10 

behavior, showing smaller ∆𝑓𝑓(𝑇𝑇) in the recovery process (open circles) compared with that in the 11 

forward (closed circles). The measured frequency shifts ∆𝑓𝑓(𝑇𝑇) of pure water and the HSA solution 12 

at each temperature were then converted to the bulk water ratio, 𝜙𝜙bulk(𝑇𝑇) = ∆𝜀𝜀γ1(𝑇𝑇) ∆𝜀𝜀γ1w (𝑇𝑇)⁄ , and 13 

finally, the hydration number 𝑁𝑁hyd(𝑇𝑇) was determined. As summarized in Fig. 6(b), 𝑁𝑁hyd monot-14 

onously increases as raising temperature with a huge jump at around 55°C where the helical-rich 15 

secondary structure of HSA starts to fall apart. The rapid rise in 𝑁𝑁hyd perfectly in phase with re-16 

placement of α-helices with water-exposed extended chains (Fig. 3(d)) clearly declares that hydration 17 

to exposed backbone and side-chains is responsible for the increased 𝑁𝑁hyd when a globular HSA 18 

moves to a thermally denatured form. In other words, the increased amount of hydration water should 19 

be the result of protein unfolding. Meanwhile, Mallamace and his co-workers experimentally revealed 20 

that subtle enhancement of hydration water mobility due to weakened HBs at high temperatures lets 21 

protein to unfold,17-20,92,93 due to conformational flexibility of backbone and side-chains.94-96 These 22 

complementary evidences lead to the conclusion that the loosened hydration shell upon heating trig-23 

gers thermal denaturation by increasing conformational entropy of protein, and the hydration number 24 
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𝑁𝑁hyd is increased as a consequence. Nevertheless, the highly stable hydration shell consisting of a 1 

minimum quantity of water molecules around native protein is disappeared and becomes more unsta-2 

ble upon thermal denaturation, owing to less restricted exposed backbone and side-chains.97 3 

Since our FTIR spectroscopy analysis showed that each secondary structure content linearly varies 4 

up to 75°C, an inflection point around 62°C cannot be explained the secondary structure alone: re-5 

duction in the slope above 𝑇𝑇 ≈ 62°C can be rationalized by partial release of hydration water caused 6 

by thermally accelerated backbone and side-chain motions that inhibits surrounding water to form 7 

stable HBs,94-96 and aggregation that results in the exclusion of water molecules from the protein 8 

surface. The slight increase in 𝑁𝑁hyd below 55°C may have its roots in the overall expansion involv-9 

ing growth of solvent-accessible surface area (SASA) while keeping the native secondary struc-10 

tures.26 With regard to the recovery process from ~ 80°C to 25°C, the downward trend in 𝑁𝑁hyd via 11 

a different path from the heating process is undoubtedly ascribed to irreversible thermal denaturation. 12 

This is not the case with reversible unfolding by heating up to 45°C, where the hydration number 13 

traces its forward path, as revealed in our additional experiments presented in Fig. S6 in the ESI. In 14 

the recovery process, the constant hydration number around 3700 turned to decline with 𝑇𝑇 ≈ 55°C 15 

 
Fig. 6 (a) Temperature dependence of the frequency shift ∆𝑓𝑓(𝑇𝑇) of pure water and the 10 wt% 
HSA aqueous solution when the sample temperature shifts step-by-step up to nearly 80°C. Closed 
and open symbols represent the heating and cooling processes, respectively. Experimental uncer-
tainty (typically not more than ± 0.6 MHz) is not displayed here. (b) Derived hydration number as 
a function of temperature, 𝑁𝑁hyd(𝑇𝑇), of the 10 wt% HSA aqueous solution. Closed and open circles 
represent the heating and cooling processes, respectively. Uncertainty is not shown because the 
error bars are smaller than the symbol sizes. 
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as a boundary, at the similar rate to that in the forward process. Since the secondary structure content 1 

is kept at constant values in this temperature range (see Fig. 3(d)), the observed decrease of 𝑁𝑁hyd 2 

may be attributed to reduction in SASA without restoring the native secondary structure. 3 

At 25°C after recovery, the hydration number 𝑁𝑁hyd obtained by the “step-by-step” heating exper-4 

iment was significantly larger than that by the previous “temporal” heating shown in Fig. 5(b). This 5 

discrepancy is due to a lower degree of denaturation for the latter heating treatment: according to an 6 

earlier study quantifying the degree of denaturation by measuring optical absorption of 2-(4’-hydrox-7 

yphenylazo) benzoic acid that specifically binds to the native albumin, the degree of denaturation by 8 

our “temporal” heating is about half of that by the “step-by-step” one.98 9 

4. Conclusions 10 

Although it is widely known that biological functions of proteins are built on harmonization with 11 

hydration water surrounding them, as far as the amount of hydration water is concerned, the commit-12 

ment of hydration upon dynamical transition is yet to be described because of technical difficulties 13 

in precisely characterizing the hydration number 𝑁𝑁hyd. To address this issue, this study first em-14 

barked on developing a theoretical algorithm to quantitatively determine 𝑁𝑁hyd  based on the fre-15 

quency shift ∆𝑓𝑓 of a state-of-art 65 GHz CMOS dielectric sensor. To this end, the complex dielectric 16 

function 𝜀𝜀̃(𝜔𝜔) of the native HSA aqueous solution from 10 MHz to 12 THz was determined by 17 

combining five different spectroscopy systems to expose the underlying molecular mechanism that 18 

is observed around the 65 GHz region. As a consequence, we revealed that 𝜀𝜀̃ around 65 GHz selec-19 

tively reflects the reorientation dynamics of bulk water, indicating that the measured ∆𝑓𝑓  by our 20 

CMOS dielectric sensor was an appropriate index to quantify the amount of bulk water. Next, by 21 

defining hydration water as any water molecule that no longer reorients as bulk, we were able to 22 

characterize the “global” hydration state, including both the tightly bound and the relatively loosely 23 
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perturbed water. The value 𝑁𝑁hyd determined by our CMOS measurement was in good agreement 1 

with that obtained by dielectric spectroscopy, but the markedly reduced uncertainty (by about one-2 

fifth) could be obviously traced back to the ultimately stable oscillation frequency of the CMOS 3 

dielectric sensor. 4 

Benefitting from such ultimate precision, we succeeded in characterizing the transition of 𝑁𝑁hyd 5 

upon thermal denaturation of HSA, with an uncertainty of ~ 1 %. The rapid rise in 𝑁𝑁hyd observed at 6 

around 55°C excellently in phase with the rupture of the α-helical structure into solvent-exposed 7 

extended chains, as observed by our FTIR spectroscopy. This result indicates that the loose hydration 8 

shell at high temperatures allows the secondary and tertiary structure of protein to unfold, and the 9 

increase in the hydration number 𝑁𝑁hyd arises as a consequence of the unfolded secondary structure. 10 

Owing to recent advances in molecular dynamics simulations investigating “macroscopic” thermo-11 

dynamic quantities, it is reported that hydration entropy drives a protein to fold while the large amount 12 

of gain from hydration enthalpy plays a part in protein unfolding.90,91 Remarkably, our “microscopic” 13 

observation that entropically unfavorable but energetically favorable hydration water is increased in 14 

amount upon thermal denaturation is consistent with the general view of the thermodynamic mecha-15 

nisms. Further quantitative characterization of the hydration state will help to understand the biolog-16 

ical roles of hydration water in protein folding, recognition and catalytic activity of enzymes.99 17 
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