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Ondrej Krivosudský ∼ Doctoral Thesis

January 2019





The Czech Academy of Sciences
Institute of Photonics and Electronics ∼ Bioelectrodynamics

Czech Technical University in Prague
Faculty of Electrical Engineering ∼ Department of Electromagnetic Field

Radiofrequency and microwave properties
of protein structures

Doctoral Thesis

Ondrej Krivosudský
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Abstract

Motivation
Electromagnetic characterization of biomolecular nanostructures is providing deeper understanding

of the interaction of electromagnetic waves with polar and structurally complex biological matter. It

is also opening a new way for possible probing of these structures by electromagnetic field, to enhance

or change their function and to explore novel paths to future electrodynamic and electronic therapeutic

and diagnostic methods in biotechnology and medicine.

Aim
The study had ambitions to (i) develop a model describing the electromagnetic field coupling

to "biological-like" nanostructures, (ii) design and develop appropriate tools for investigation of

biomolecules, and (iii) apply these tools to evaluate the dielectric response of tubulin and microtubule

solution in the broad frequency range.

Methods
The presented results of electromagnetic and biophysical properties of biomolecules are based on

(i) theoretical modeling of nanostructures and their interaction with electromagnetic radiation, (ii)

measuring and calculation of the high-frequency dielectric response of tubulin and microtubule, and

(iii) investigation of the broadband dielectric response of tubulin and microtubule solution.

Results and Conclusions
The coupling of the external electromagnetic field to vibrations of nanobjects is significant only when

vibrations are sufficiently underdamped. The high-frequency permittivity i.e. refractive index together

with polarizability of tubulin was obtained from experimental results and calculated from theory . The

dielectric response of tubulin polymerization was evaluated in broadband frequency range.

Keywords
dielectric spectroscopy, protein, microtubule, electromagnetic field;
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1 Introduction

Forces and geometry determine the structure and govern a function. This fundamental principle can be applied

to every biological nanostructure; molecule, amino acid or protein. Knowledge of the pertinent forces and

their effects is therefore essential to fully understand their properties and behaviour.

Structure and all overall geometry of a protein can be obtained by multiple techniques such as Cryo-electron mi-

croscopy. It is allowing the observation of biological specimens in their native environment with unprecedented

near-atomic resolution [1]. However, to obtain and understand also the forces and a function of biomolecules,

knowledge of their static structure alone is insufficient. Dynamic behavior plays an important role, therefore it

is attracting the attention of scientific community for several decades [2–5]. One of the very useful methods of

probing the dynamic behavior of biomolecules in their native state is dielectric spectroscopy.

The dielectric spectroscopy enables to understand the biomolecular structure and its interactions through a

broad variety of time-scales. It also provides a deeper understanding of electromagnetic properties of biomolec-

ular nanostructures in their natural environment which determines the interaction of electromagnetic waves with

polar and structurally complex biological matter. Such a piece of knowledge has a potential to boost research

in several other fields of science and technology, including biophysics or high-frequency bioelectronics.

It is also opening a new way for possible probing of these structures by an electromagnetic field, to enhance

or change their function and to explore novel paths to future electrodynamic and electronic therapeutic and di-

agnostic methods in biotechnology and medicine. However, due to their complexity, small dimensions (micro-

to nano-size) and sophisticated dynamic behavior, characterization of these structure under their natural condi-

tions is still a challenging task.

In this thesis, we focused mainly on the tubulin protein. The are numerous reasons for choosing it. Tubulin, or

microtubule in its polymerized form, is the pillar of cellular cytoskeleton. One of the microtubule roles given

by nature is to provide mechanical support of a cell [6] and participate in the molecular transport of crucial cell

cargo [7]. The microtubule itself also posses a unique ability of self-assembly and self-repairing [8,9] together

with extraordinary electric properties [10, 11].
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CHAPTER 1. INTRODUCTION

The microtubule also serves as a main target in cancer treatment and as a target of many post-translational

modifications [12, 13].

Based on the arguments above, we firmly believe that obtaining the electromagnetic properties of such struc-

tures plays an important role.

The thesis is divided into several parts starting with State of the art. In the first Subsection 2.1 we briefly

discuss the biological nature of microtubule. The Subsection 2.1 also contains some historical overview of the

pioneering experiments which were mainly focused on the investigation of microtubule unusual electric proper-

ties. The dielectric spectroscopy and application, on biomolecules with a strong focus on proteins, is discussed

in the following Subsection 2.2. The core of the work is then divided to the subsequent three sections. In

Section 4 Microwave absorption by nanoresonator vibrations tuned with surface modification we provide a

rigorous theoretical treatment of the interaction of the "nano-rod" like structures with surrounding medium

and the possible effects on the vibrations as consequent interaction with the electromagnetic field. Section 5,

Resolving controversy of the unusually high refractive index of tubulin is devoted to the measurement and cal-

culation of the refractive index (and high-frequency permittivity) of tubulin and microtubule.

The last part of the thesis is then committed to the development of the microwave sensor which was used to

probe the dielectric properties of the tubulin and microtubule solutions, see Section 6.

The thesis also includes the article devoted to sensor design for probing the broadband frequency range of

biomolecules. Our initial intention was to provide the reader with a tool and manual how to approach to mi-

crowave sensor design from the bottom up approach. We verified all design steps starting from theoretical

analysis, our manufacturing capabilities, the frequency of interest, sample volume etc. Our sensor was tested

to measure the dielectric spectra of alanine biomolecule, see Appendix A. The approach and analysis we de-

veloped were later used to different design in previously mentioned Section 6.

List conclusion with a list of author’s publications is placed at the end of the thesis. As appendix I also enclose

the supplementary material to Sections 4, 5, and 6.
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2 State of the art

2.1 Microtubules – natural nanostructures

Microtubules, self-assembling and self-repairing protein nanostructures creating physical pillars for cell inte-

rior, are present in almost all eukaryotic cells [9]. They are involved as the main performer in crucial biological

cell functions like division, transport of cellular components, and cell motility. Microtubule itself is constructed

from numerous αβ - tubulin dimers in "rod-like" shape with an approximate outer diameter of about 25 nm and

the inner diameter about 17 nm, see Fig. 2.1. The whole structure is mostly composed of 13 protofilaments,

Figure 2.1: Left part: Tubulin heterodimer consist of α- and β-monomer. Right part: A cross-section of a
microtubule and schematic depiction of a microtubule

which are creating the microtubule body. For certain highly specialized complexes, as for example neurons,

they can be built from 11 to 15 protofilaments [14] (p. 974). Given by the composition of an amino acid chain

and structure of αβ - tubulin, microtubules posses several interesting properties. Most prevailed is electric prop-

erty connected with tubulin. Tubulin itself has a high total static dipole moment of about 1,714 D [16]. This

value, in comparison with other proteins, seems to be quite exceptional [15], see details in Fig. 2.2.

The electric properties of microtubules caught the attention of the scientific community already 30 years ago.

One of the pioneering works which showed unusual properties of microtubule nanostructures was done by

Vassilev et al. [17]. Their findings of microtubules alignment in the presence of electric and magnetic field

suggested for the first time a possible role of microtubules in the biological effects of exo- and endogenous

3



CHAPTER 2. STATE OF THE ART

Figure 2.2: Distribution of electric charge (left) and dipole moment (right) in proteins (grey color) (12,000
PISCES set) and α- and β-tubulins (yellow color) from 240 species. Data of protein distribution
obtained from work of Felder et al. [15].

fields. Another interesting experiment was performed by Ortner et al. [18] where they exposed microtubules

to microwave radiation (2,450 MHz) during polymerization in vitro. They did not find any effect on polymer-

ization in contrast to effects on cell division found in cells. Hence, they concluded that the cellular effects of

microwaves are not directly connected with microtubules.

Whittier and Goddard [19] used radiofrequency reflectance spectroscopy to monitor polymerization of tubulin

and the association with microtubule-related proteins by tracking changes in conductivity. Unfortunately, they

did not extract any specific tubulin or microtubule parameters from the measured data. Microtubule behavior

and alignment under strong electromagnetic field was also investigated by Ramalho et al. [20] or Uppalap-

ati et al. [21]. Their experiment demonstrated again the possibility to manipulate with microtubules in the

strong electromagnetic field and also estimate the microtubule conductivity to 250 mS/m. The most recent,

controversial and instrumentally ingenious, an extensive experimental study revealed surprising properties of

microtubule in axon core [22].

All of these results suggest unusual electric properties of the microtubule. Nevertheless is important to mention

that results obtained by these experiments are not completely conclusive. For instance, in previously men-

tioned work [19], Whittier and Goddard performed measurement with the vector network analyzer but results

obtained in such demanding and sensitive experiment are questionable due to calibration and position of their

reference plains.

On the other hand, it is also worth to outline one of the most controversial topics of microtubule electromag-

netic properties connected with the microtubule vibrations. In the case of the microtubule, these vibrations

origin from the electrically polar tubulin structure. It was published earlier, that frequency of these vibration

depends on the size and structure rigidity [23], as well as on the type of vibration mode [24]. This brings a new

insight into the current-well established theory of vibrating modes of biomolecules which belongs to infrared

region [25].
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2.2. DIELECTRIC SPECTROSCOPY – PROTEINS

Due to the polar nature of tubulin, these vibrations can be in a specific condition a source of the electromagnetic

field [26].

Debates have been taking place for quite a long time about this controversial topic. The authors like Pokorný

argues and documents many scientific articles which provide experimental evidence that supports this theory.

The arguments are connected with the existence of the bound water shell around the microtubule structure

which has a decreased Brownian movement, but due to its own structure is also denser than bulk water [27].

Therefore bound (organized) water is expected to reduce longitudinal vibration damping with a comparison

to free water. The reason is the existence of a sliding surface along the microtubule structure created by this

water [28]. On a contrary, Foster and Baish [29] refer that all vibrations of microtubule in viscous cytosol

structure are strongly damped. Till now, there are no experimental works which would quantify the damping

coefficient or quality factor of vibrations on isolated microtubules to resolve this discussion. In this thesis, we

contributed to this debate by our article in Section 4.

Craddock et al. [30] studied microtubules to investigate the existence of information processing in micro-

tubules. By using a formalism of statistical physics and information processing they obtained a phase diagram

of possible dynamic behaviors in microtubules. In later work, they tried to resolve a theory of energy transfer

inside the tubulin. Based on their results, they suggest that coherent energy transfer in tubulin and microtubules

is biologically feasible [31].

In all these studies a rather high value of tubulin refractive index (square root of dielectric constant) has been

employed. To provide solid data for assessing several related-proposed or observed-controversial quantum and

electromagnetic properties of microtubules [11, 32] we performed a solid experiment supported by a well-

established theory, see Section 5.

2.2 Dielectric spectroscopy – proteins

The first works on dielectric spectroscopy of molecules [2], proteins [3, 33], and amino acids [34] are dated

to early 1930s. During that time, most of fundamental theories about dielectric spectroscopy in liquids were

established [35, 36]. Scientists were interested in interpretation of the dielectric increment as a direct result of

protein content in solution [3], influence of protein dipole moment fluctuation [37], or on the completely other

part of spectrum, in refractive index of proteins and how it is related to its amino acid composition [38].

These experiments, to our best knowledge, proved that electromagnetic force not only governs the behavior of

biomolecules but could also serve as a probing tool to unravel and even change their properties or function. It

can be used to modulate processes involving reactive oxygen species [39] or even regulates metabolic path-

ways [40]. There are also multiple proofs of the direct effect of intense electric field on proteins [41].

In addition, the electrical nature of biomolecules described by their dielectric properties influence the distri-

bution of electromagnetic field and currents and determine their behavior in the electric field. The established

elementary dielectric dispersion characteristic of proteins is described mainly by γ - and β - dispersion regions.
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CHAPTER 2. STATE OF THE ART

Processes involved in this dispersion regions were assigned to rearrangement of hydrogen-bonding network of

water molecules (γ - dispersion) and the tumbling of the whole protein molecule (β - dispersion region). Fig-

ure 2.3 shows various molecular objects and their approximate tumbling relaxation frequencies (β - dispersion).

Additionally, small dispersion (δ-dispersion) was discovered in works by Schwan [42], Grant et al., Mashimo

et al. [43, 44], and was attributed to relaxation of bounded water around protein. Experimental results showed

different "states" of water (free water or bound surface water) in a water-protein environment which can have

a direct impact on its structural and physical properties. The novelty of these experiments brought useful

knowledge about protein behavior in their natural environment and opened the way to new discoveries over the

century.

Later on, it was discovered that proteins in solution are known to produce "remarkably large increments" in the

dielectric constant of water. These increments have been attributed to large permanent molecular electric dipole

moments, which are partially oriented by an external electric field. A different interpretation was postulated by

Kirkwood and Shumaker in work [37]. They related increments to dipole moment fluctuation which originate

from the mobile proton distribution. Another interesting experiment was performed by Takashima [45] where

he linked small dielectric increment of bovine serum albumin to charge distribution and it’s symmetry.

Step forward in topic of bound water is represented by Harvey and Hoekstra in their statement that bound water

cannot be simply classified as "ice-like" or "not ice-like" because one of the observed properties (the relaxation

time) is intermediate between that of ice and water, while another (the degree of order) is not [46]. Phenomena

of bound water and their importance was deeper studied in other works [47–49] where experimental result sug-

gested that in protein, water shell cannot relax freely and thus may be considered as part of the protein hydration

shell. It also may have an influence on a variety of protein functions for all thermally activated processes at the

protein−water interface, such as binding, recognition, and catalysis. Protein-water interactions are also known

to influence the structure and protein function [50]. Still, nowadays it can be considered a particularly rich

source of controversy and confusion in scientific community [51].

Important result in dispersion regions was observed by Oleinikova et al. [52]; observation of three further

modes (δ1 - δ3) between β- and γ - relaxation, in contrast to a bimodal frequently reported δ-dispersion. The

high-frequency part (δ3) near 40 ps was attributed to hydration water reorientation, which, in the notion of other

authors, corresponds to "loosely bound water".
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2.2. DIELECTRIC SPECTROSCOPY – PROTEINS

Mellor et al. present a quantitative approach for measuring pH-controlled protein aggregation using dielectric

spectroscopy [53]. Matyushov’s theory [54] suggests an empirical equation that describes both the increment

of the static dielectric constant and the decrements of the Debye water peak with increasing protein concentra-

tion. It gives fair agreement with broad-band dispersion and loss.

There are also many other papers which are focusing on theoretical modeling dielectric properties of a protein

solution [55, 56] and given electrostatic force models [57]. Wolf et al. [58] provide data on the temperature

dependence of the relaxation times and relaxation strengths of all three detected processes and on the DC con-

ductivity arising from ionic charge transport. The temperature dependencies of the β- and γ-relaxations are

closely correlated. They found a significant temperature dependence of the protein dipole moment, indicating

conformation changes.

For correct model of protein dielectric properties in solutions, knowledge of the dielectric constant plays a cru-

cial role [55,59–63]. Incorrect value of dielectric constant also restrains the accuracy of methods for structure-

based calculation of electrostatic energy [64] and limits our knowledge about forces in proteins.

Figure 2.3: Spectrum of β - relaxation which was assigned to rearrangement of hydrogen-bonding network of
water molecules of different molecular objects [65].

Thus part of this thesis is aimed at the electromagnetic characterization of microtubule structure by state of art

dielectric spectroscopy method. Information gained will provide us with a better understanding of the dynamic

behavior of the tubulin and microtubule. This characterization was our main target in Section 6

To summarize the current state of the art: due to biological ubiquity of microtubules and due to microtubule-

related theories which predict far-reaching consequences in several research fields there is an urgent need for

reliable experimental data and quantitatively predicting theoretical models of microtubule electrodynamic prop-

erties.

A more detailed overview of the current state of research on cellular electrodynamic phenomena and of micro-

tubules is provided in introductory Sections 4, 5, 6, and Appendix A.
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3 Goals of the thesis

This thesis has the following goals:

| Analytical model of vibrational damping of nanorod-structures in viscoelastic liquid environment.

| Analytical model of electromagnetic interaction (absorption) of nanorod-structures in viscoelastic

liquid environment.

|Modeling and rigorous experimental analysis of refractive index of purified tubulin dimer.

| Calculation of high frequency dielectric constant and polarizability of purified tubulin dimer.

| Preliminary microwave spectroscopy of tubulin and microtubule in liquid phase.

| Preliminary microwave spectroscopy of selected amino acids with analysis and verification

of systematic errors in the measurement with designed sensor.

| Design and fabrication of the new micropatterned planar microwave sensoric structures.

| Acquisition and interpretation of broadband complex permittivity of microtubules.
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4 Microwave absorption by nanoresonator
vibrations tuned with surface modification

This chapter is a version of:

| O. Krivosudský and M. Cifra,
Microwave absorption by nanoresonator vibrations tuned with surface modification,
EPL: Europhysics Letters, vol. 115, issue 4, a. num. 44003, 2016. DOI: 10.1209/0295-5075/115/44003.

Author contributions:

| Ondrej Krivosudský:
Data curation, Formal analysis, Software, Visualization, Writing - original draft, Investigation (equal),
Validation (equal), Methodology (equal)

|Michal Cifra:
Conceptualization, Funding acquisition, Project administration, Resources, Supervision,
Writing - review & editing, Investigation (equal), Validation (equal), Methodology (equal)

| Candidate’s contribution: 60%

The manuscript carries the following acknowledgements:

|We thank to Dr. Ondřej Kučera for useful comments on the manuscript, Dr N. Scott Lynn jr. for
proofreading and an anonymous referee for comments which helped to improve the clarity of the
manuscript. We acknowledge funding from Czech Science Foundation, project No. P102/15-17102S.
The authors participate in COST Action BM1309 and project No. SAV-15-22 between Czech and
Slovak Academies of Sciences.
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Abstract – Elucidating the physical and chemical parameters that govern viscous damping of
nanoresonator vibrations and their coupling to electromagnetic radiation is important for un-
derstanding the behavior of matter at the nanoscale. Here we develop an analytical model of
microwave absorption of a longitudinally oscillating and electrically polar rod-like nanoresonator
embedded in a viscoelastic fluid. We show that the slip length, which can be tuned via sur-
face modifications, controls the quality factor and coupling of nanoresonator vibration modes to
microwave radiation. We demonstrate that the larger slip length brings the sharper frequency
response of the nanoresonator vibration and electromagnetic absorption. Our findings contribute
to design guidelines of fluid embedded nanoresonator devices.

Copyright c© EPLA, 2016

Introduction. – Mechanical nanoresonators can serve
as probes having the ability to examine fundamental
insights into the dynamic behavior of matter at the
nanoscale [1,2]. Furthermore, their large surface-to-
volume ratio makes their characteristics highly sensitive to
surface effects when immersed in fluid; this feature gives
nanoresonators immense potential to be a keystone of hy-
persensitive biological and chemical sensors [3–6]. The
functional principle of these sensors is usually based on
the shift of the resonant vibration frequency due to the
selective addition of mass: for example, the capture of an-
alyte by a functionalized nanoresonator surface [7]. In the
quest to obtain higher sensitivities, it is thus desirable to
understand both the vibrational response of the nanores-
onator as well as the readout of frequency and damping
parameters. In this paper, we develop quantitative theory
for the design of nanoresonator vibration damping and
propose a novel microwave read-out method.
Due to the combination of their inherent size, shape,

stiffness and resonance character, nanoresonators typi-
cally operate in MHz–THz frequency range [8]; the most
straightforward delivery of energy to nanoresonator for
non-contact monitoring (i.e., for sensing applications) of
mechanical vibrations at these frequencies is through the
electromagnetic radiation [9–13]. We focus on the coupling
of monochromatic microwave radiation directly to electro-
magnetically active vibration modes of a nanoresonator

in this study. Monochromatic microwave radiation en-
ables the resonant excitation of vibrational modes of the
same frequency and has thus a higher selectivity than
other alternatives, such as the broadband excitation by
heating with femtosecond laser pulses [14]. This tech-
nique is also advantageous in cases in which samples
scattering or the opacity of the experimental setup en-
closure prohibits the usage of light. The quality fac-
tor (Q) of resonator vibrations is an important param-
eter that has a significant effect on the sensitivity for
sensing applications [15] and furthermore, mediates infor-
mation regarding nanoresonator material properties and
interactions [16]. The mechanisms of vibrational damping
at the nanoscale —where the molecular interactions of a
nanoresonator with its surroundings become increasingly
significant— have not been completely explored nor un-
derstood [17,18]. Unless prominent intrinsic damping is
present in the resonator itself [16,19,20], major damping
effects are expected to arise from the acoustic response of
the surrounding liquid environment [21–23]. The Navier-
Stokes equations are typically used to quantitatively ana-
lyze the dynamic behavior of such a liquid environment.
For flows of simple fluids around relatively large objects
it is often assumed that the liquid is Newtonian, where
liquid in close proximity of a surface is motionless (no-
slip condition), which has been found to be valid down
to the nm scale [24]; however, in several applications a
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departure from Newtonian behavior for simple liquids at
the nanoscale has been reported as a result of the short
time scale of nanoresonators vibrations [25] or due to ex-
treme molecular confinement and structural reorganiza-
tion on the molecular scale [26]. Such behavior suggests a
need for incorporating elastic effects that are characteris-
tic to non-Newtonian fluids. Additional results concerning
non-Newtonian fluids have also suggested the presence of
non-standard effects that can be interpreted as a viola-
tion of the no-slip condition at the solid-liquid boundary
and are responsible for lowered energy dissipation into the
fluid [18]. This violation of the no-slip boundary condition
has been confirmed by several experiments [27–32] and
furthermore, has been also shown to take place in high-
frequency oscillatory regimes associated with nanoscale di-
mensions [33,34]. In this study we develop a theoretical
framework to explore the possibility of engineering the vi-
brational damping of a nanomechanical resonator based
solely on the modification of its surface properties and
furthermore, to quantify the microwave absorption in a
nanoresonator suspended in a thin film of fluid. We ex-
ploit the potential of slip of the fluid [28,31–33] at the
nanoresonator surface and viscoelastic relaxation of the
fluid taking place at high frequencies [35,36] which lower
the vibrational damping.

Quality factor of nanoresonator vibrations in
fluid. – To analyze the effect of the slip boundary condi-
tion on the vibration resonance, we consider the longitudi-
nal vibration of a free cylindrical nanoresonator (nanorod
or nanowire) with length L and radius R suspended in
liquid as shown in fig. 1(a). Longitudinal vibrations are
anticipated to displace less of the surrounding liquid and
therefore should exhibit lower damping with respect to
bending vibrations for the same energy in the mode. In
addition, the longitudinal vibrations of a rod typically oc-
cupy a higher-frequency region with respect to bending
vibrations, as the frequency of the former scales as 1/L
vs. 1/L2 of the latter [37]. Consequently, the longitudi-
nal vibrations of a nanoresonator take advantage of the
effect of the viscoelastic relaxation of the liquid [35,36] at
high-frequencies, and thus can potentially achieve a higher
Q factor than the bending vibrations. The different fre-
quency regions of operation of the longitudinal vs. bending
modes also prevent their simultaneous excitation, which
would both complicate the interpretation of experimental
spectra and deteriorate sensing performance.
We first examine the behavior of water using the

Maxwell model of shear stress, which is relevant for small
strains [31] in the following form:

τ + λ
∂

∂t
τ = −µγ̇, (1)

where τ is the shear stress (i.e., axial force per unit sur-
face) acting on the nanoresonator surface, µ is the dynamic

viscosity, γ̇ = ∂u(r,t)
∂r

∣∣∣
r=R

represents the strain rate, and

λ is the relaxation time of the liquid water (lying in the

Fig. 1: (Color online) (a) Schematic illustration of fluid flow
around a longitudinally vibrating cylindrical nanoresonator of
length L and radius R. The slip boundary condition enables
a non-zero velocity of the fluid at the nanoresonator surface.
(b) Atomic-scale roughness and chemical modification of the
nanoresonator surface affect the slip length.

picosecond region) [25,38]. In the special case that the re-
laxation time approaches zero, eq. (1) reduces to the well-
known linear relationship of a Newtonian fluid. In order
to determine the strain rate acting on a nanoresonator
surface we consider the axially symmetric incompressible
flow of a Maxwellian fluid around a cylinder along with a
linear Navier slip boundary condition on the cylinder wall.
The flow along the axial direction given by the momentum
equation in cylindrical coordinates can thus be written as

λ
∂2u(r, t)

∂t2
+

∂u(r, t)

∂t
= ν

(
∂2u(r, t)

∂r2
+

1

r

∂u(r, t)

∂r

)
, (2)

where ν denotes the kinematic viscosity. The general slip
boundary condition at the cylinder surface (r = R) under-
going longitudinal vibrations can be written in the form

u(r, t) = Aeiωt + Ls
∂u(r, t)

∂r

∣∣∣∣
r=R

, (3)

where u(r, t) is the velocity field and A is the velocity of
the nanoresonator oscillations. The slip length Ls is con-
sidered constant, i.e., independent of the strain rate or
oscillation frequency. For the sake of simplicity we as-
sume that the velocity is bound far from the cylinder,
u(∞, t) = 0. By substituting eq. (3) into eq. (2) the flow
velocity can be expressed (similar to the result obtained
by Fetecău [39], see footnote 1 for more details) as

u(r, t) = Aeiωt K0

(
r
√
ξ
)

K0

(
R
√
ξ
)
+ Ls

√
ξK1

(
R
√
ξ
) , (4)

where K0 and K1 are the zeroth- and first-order modified
Bessel functions of the second kind, respectively. The term

1See the supplemental material SupportingInfo.pdf.

44003-p2



Microwave absorption by nanoresonator vibrations tuned with surface modification

ξ is equal to ω(i − λω)/ν. It follows that as Ls tends to
zero, eq. (4) follows the solution obtained using a no-slip
condition [40]. Substitution of eq. (4) into eq. (1) leads to
the final form of the shear stress,

τ =

∫ t

0

{µ

λ
e−(t−t′)/λ

}
γ̇(t′)dt′. (5)

In this integral, t is the time after one cycle (2π/ωr). The
factor in the brackets represents the fading memory of
the fluids rate-of-strain history. The most recent history
has the greatest effect on the stress and the effect fades
exponentially with time. The shear stress then can be
evaluated as the absolute value of the complex function:
with the real part representing losses as heat and changes
to the imaginary part representing the energy stored in the
material. The Q factor of vibrations is directly connected
to the ratio of the imaginary to real parts as Q = τ ′′/τ ′.

Microwave absorption due to nanoresonator vi-
brations. – For the wireless read-out of resonant fre-
quency and the vibration damping, and the excitation of
the nanoresonator vibrations using microwave radiation,
we analyze absorption resulting from the electromagnetic
coupling between the external field and nanoresonator.
The excitation mechanism is not thermal but an elec-
tromechanical one; microwave radiation forces the bound
charges on the resonator to mechanically oscillate and
since the charges are bound to the structure, the structure
is forced to oscillate as well. The power absorbed from the
electromagnetic radiation depends on the nanoresonator
absorption cross-section, which can be expressed as [10,41]

σa = 12π
( c

ω

)2 ΓaΓs

(ω − ωr)2 +
Γ2

4

, (6)

where Γa,Γs are absorption and scattering widths and
Γ = Γa + Γs is the total width of the system. The ab-
sorption width can be directly associated to the Q factor
of vibrations as Γa = ωr/Q, while the scattering width as
Γs = PR/Eo, where Eo represents the vibrational energy
stored in the nanoresonator and PR the electromagnetic
power radiated by the oscillating charge associated with
the nanoresonator vibration mode —effectively an oscil-
lating dipole (see footnote 1 for derivation).

Slip length control of vibration and microwave
resonance. – The model presented here assumes that the
vibrations of the resonator are purely linear. The vibra-
tional part of our model is independent of the radius of
the resonator. The resonant frequency of the considered
vibration mode increases with decreasing nanoresonator
length (see fig. 2(a)). This intuitive property is due to the
fact that the nanoresonator can be approximated by a long
(L > R) isotropic elastic rod that has a fundamental lon-

gitudinal vibration frequency given by f =
√

E
ρcyl

/(2L),

where E is the Young modulus, ρcyl is the mass density
of the rod [42,43]. The influence of the resonator length
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Fig. 2: (Color online) (a) Resonant frequency of the first lon-
gitudinal vibration mode depends on the length and stiffness
of the nanoresonator. Length, stiffness and surface modifica-
tions (via slip length) can be used to tune the Q factor of the
nanoresonator vibrations. The colorbar encodes the magni-
tude of Q factor. The vertical axis is the normalized length
(1011L/

√
E/ρcyl). (b) Kinematic viscosity (controlled, e.g.,

by variable glycerol in water concentration) of the surrounding
fluid can have a great impact on the Q factor of the nanores-
onator vibrations. The vertical axis is the normalized kine-
matic viscosity ((1–8)/10−6).

(through the frequency) and slip length on the vibrational
Q factor is shown in fig. 2(a). The range of slip lengths
considered herein (Ls = 0–50 nm) corresponds to conser-
vative expectations based on both theory and achievable in
experiments by surface modifications [24]. We found that
while the Q factor is low (i.e., high damping) and shows
little variation across different nanoresonator lengths for
a short slip length, a larger variation is observed for slip
lengths over 30 nm. The results shown in fig. 2(a) suggest
that more sensitive tuning of the nanoresonator Q factor
—through the variation of its slip length— is possible for
shorter or stiffer nanoresonators, i.e., at higher frequen-
cies. The vibrational characteristic of such nanoresonator
system can be also tuned by modifying the kinematic
viscosity of the surrounding fluid. The results shown in
fig. 2(b) shows such vibrational characteristic of a 400 nm
long nanoresonator immersed in water with variable glyc-
erol concentration. By adding glycerol into water, vis-
cosity and relaxation time are affected, ranging between
1–8 × 10−6m2/s and from 1 to 200 ps, respectively [38].
The Q factor increases with decreasing viscosity and in-
creasing slip length in a complex manner since the shear
stress is a nonlinear function of viscosity and slip length
(see eqs. (1), (4) and (5)).

44003-p3



Ondrej Krivosudský and Michal Cifra

To connect our theoretical analysis to future experi-
ments, we quantify the behavior of microwave absorption
of randomly oriented nanoresonators suspended in a wa-
ter film. The power Pres absorbed by such a population of
nanoresonators can be connected to the absorption cross-
section σa of a single nanoresonator as Pres = σaINres/3
(see footnote 1 for derivation), where I is the incident
power density and Nres is a number of nanoresonators in
a given volume. The description we develop here is com-
pletely general and requires only that the nanoresonator
vibration mode under consideration is associated with a
net change of dipole moment. In general, such effective
dipole can arise from a nanoresonator surface charge-
counterion double layer [44] or from the intrinsic polar-
ization of the nanoresonator material [45]. To provide a
specific example, we consider zinc oxide (ZnO) nanorods

(E = 160GPa [46], ρ = 5606 kg/m
3
, L = 100–1000 nm,

radius R = 25 nm) as nanoresonators suspended in a 5µm
thick water film. ZnO is a low-cost semiconductor mate-
rial and —due to its non-centrosymmetric wurtzite crystal
structure— possesses a spontaneous polarization of about
P = 0.06C/m

2
, with the exact value depending on the

lattice orientation [45] and nanorod radius. This polar-
ization, along with additional properties [2,45] such as
the piezoelectric effect [47,48] —which can be connected
with strain-induced macroscopic polarization— can create
a dipole moment along the long axis of the nanoresonator
and enable effective coupling of the first vibration mode
to microwave radiation. The dipole moment is related
to the effective charge q and polarization P as p = q L =∫
V
PdV , where V is the volume of the nanoresonator. The

effective charge density qs = q/(2πR2) involved in the lon-
gitudinal vibration mode coupling to the microwave field
can vary from tens to thousands of µC/cm2. We varied
the concentration of nanoresonators and the slip length in
order to analyze their effect on the microwave absorption.
In order to account for realistic conditions we have also
included the microwave absorption of the water medium
(see footnote 1). From both fig. 3(a) and fig. 3(b), one
can observe that the absorption increases with increas-
ing concentration, slip length, surface charge density, and
nanoresonator length (i.e., the lowest resonant frequency
considered). These quantitative predictions provide an
estimation of the minimum required nanoresonator con-
centration (and their parameters) to acquire a sufficient
signal-to-noise ratio for the broad range of experimen-
tal conditions. The highest microwave absorption of the
nanoresonators over the water background takes place at
the lowest frequencies. At first glance this may seem coun-
terintuitive, as the vibrationQ factor —as well as both the
microwave absorption cross-section and absorbed power—
increase with increasing frequency (fig. 2(a)); however, the
microwave absorption by the water background also in-
creases steeply with rising frequency and thus counteracts
the effect of the rising nanoresonator vibration Q factor.
The absorption curves in fig. 3(c) also show that higher
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Fig. 3: (Color online) Microwave absorption of nanoresonators
suspended in a water film is strongest for large slip lengths
and high nanoresonator concentrations. (a) Microwave power
absorbed by nanoresonators at their resonant frequency as a
function of their concentration (C) and slip length (Ls). The
black and red lines indicate the 1 dB and 3 dB power ratio above
the water background. (b) The power absorption is calculated
for nanoresonator lengths L = 50–1000 nm and surface charge
densities qs = 1–1000 µC/cm2. (c) Higher concentrations of
nanoresonators (C = 100–250mg/ml with 10 nm slip length,
dashed line) yield increased microwave absorption around the
resonant frequency. The slip length (Ls = 30–50 nm with
250mg/ml concentration, solid line) increases the sharpness
of the microwave absorption frequency response. The data
here regards a 500 nm nanoresonator with a 500µC/cm2 sur-
face charge density.
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concentrations lead to a stronger microwave absorption.
For a fixed concentration of nanoresonators, our results
show (fig. 3(c)) that the slip length has a strong influ-
ence on the frequency selectivity of the microwave absorp-
tion. While absorption curves are rather broad for slip
lengths under 10 nm, they become increasingly sharper
and distinct over the background absorption for larger slip
lengths. Hence, the modification of the efficient slip length
allows the tuning between a wider spectral bandwidth and
a sharper frequency absorption response of the nanores-
onators to the incident microwave radiation.

Discussion and conclusion. – The results presented
herein demonstrate that i) the damping of the vibrations
of a nanorod resonator is tunable through modification of
both the length and the surface properties of the resonator,
and that ii) the efficiency of the coupling of microwaves to
these vibrations is limited by damping. Both the Young
modulus and density of the nanoresonator are governed by
the source material and its bulk properties (crystal lattice,
porosity, . . .), and the length of the nanoresonators can be
regulated by the speed and duration of the synthesis pro-
cess during their fabrication. Together, these parameters
enable control over the frequency range of the nanores-
onator operation. The wettability of the nanoresonator
material has a significant influence on the slip length of
the surrounding liquid [49]. It has been confirmed —both
by molecular dynamics as well as by experiments— that
the slip length of water is higher on surfaces having a
higher contact angle (i.e., with high hydrophobicity) [24].
For instance, a short oxygen plasma treatment of glass
and semiconductor surfaces forms polar hydroxyl groups,
which, in turn, increase the hydrophilicity [50]. On
the contrary, –CHx, –CFx terminated or silylated sur-
faces [51,52] have a higher hydrophobicity, which can lead
to a larger slip length (fig. 1(b)). Reversible switching
between superhydrophobicity and superhydrophilicity of
ZnO nanorods has been reported by alternating UV ir-
radiation and storage in the dark [53]. Quantitatively,
highly hydrophilic surfaces have slip lengths on the scale
< nm, while highly hydrophobic surfaces reach effective
slip lengths of few tens of nm [24]. Along a different
approach, the surface roughness of the nanoresonator is
another important property that has been shown to in-
fluence both the slip length [24,54] and damping of the
nanoresonator vibrations [55] (fig. 1(b)): at the atomic
and molecular scale, a higher roughness will lead to a
shorter slip length [24]. Roughness at the macro- and
mesoscopic scale lowers the fraction of the solid surface
in a contact with liquid (the solid-liquid contact sur-
face area) and can change the slip length [49]; although
whether the mesoscopic roughness increases or decreases,
the slip length depends on the surface energy at the atomic
scale [56]. There are multiple surface functionalization
techniques [57] (electrical-, optical-, pH- or temperature-
based) that can control roughness and/or surface energy
—hydrophilicity vs. hydrophobicity— of a material, thus

one can envisage tunable damping of the nanoresonator
vibrations.
To summarize, we have developed a theoretical model of

the vibrational damping and microwave absorption for a
longitudinally oscillating cylindrical mechanical nanores-
onator in a viscoelastic fluid that includes the use of a
slip boundary condition. We have demonstrated that the
slip at the solid-fluid boundary improves the quality fac-
tor of nanoresonator vibrations through the reduction of
the effective shear stress and, furthermore, we have pro-
vided quantitative predictions for experiments such that
relevant parameters can be optimized beforehand. The
viscous damping of nanoresonator vibrations translates to
its microwave absorption spectra, as microwave absorp-
tion is based on the coupling to the electromagnetically
active vibration modes of the nanoresonator. We showed
that while increases in both the nanoresonator concen-
tration and slip length increase the microwave absorp-
tion at the resonance frequency, they do so in a distinct
manner. While a higher concentration of nanoresonators
increases the absorption magnitude, a larger slip length
effectively decreases the bandwidth and increases the ab-
sorption only in the region close to the nanoresonator res-
onance frequency.
Our model provides a deeper understanding of the sur-

face effects in nanoscale world dynamics. The procedure
we developed can also be reversed and used as a basis
for a novel method to characterize the surface proper-
ties of the nanoresonators and their interaction with flu-
ids in a non-contact manner. We thus believe that this
work contributes both to the design and characterization
of nanoresonators for sensing applications and to the un-
derstanding of vibrational damping at the nanoscale in
general.
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PACS 87.16.Ka – Filaments, microtubules, their networks, and supramolecular assemblies
PACS 78.20.Ci – Optical constants (including refractive index, complex dielectric constant,

absorption, reflection and transmission coefficients, emissivity)
PACS 87.14.E- – Proteins

Abstract – The refractive index of a tubulin is an important parameter underlying fundamental
electromagnetic and biophysical properties of microtubules – protein fibers essential for several
cell functions including cell division. Yet, the only experimental data available in the current
literature show values of the tubulin refractive index (n = 2.36–2.90) which are much higher than
what the established theories predict based on the weighted contribution of the polarizability
of individual amino acids constituting the protein. To resolve this controversy, we report here
modeling and rigorous experimental analysis of the refractive index of a purified tubulin dimer.
Our experimental data revealed that the refractive index of the tubulin is n = 1.64 at wavelength
589 nm and 25 ◦C, that is much closer to the values predicted by the established theories than
what the earlier experimental data provide.

Copyright c© EPLA, 2017

Introduction. – The refractive index (n) is a
fundamental material property which determines the in-
teraction of light with a material. Microtubules, assem-
bled from αβ-tubulin heterodimers, represent an active
biopolymer material which participates in essential cel-
lular functions. α- and β-tubulins are highly conserved
and consist of isotypes encoded by different genes [1].
Knowledge of the tubulin refractive index is essential
not only for the accurate interpretation of the results
from novel cytoskeleton label-free imaging methods [2],
construction and optical characterization of hybrid bi-
ological microtubule-based nanodevices [3], but since it
is directly related to the dielectric constant ǫ (ǫ = n2)
it is also crucial for accurate electrostatic and coarse-
grained molecular modeling of microtubules [4,5] and the
design of di/electric manipulation techniques [6]. Well-
established theories predict the refractive index of most
proteins typically in the range n = 1.5–1.7 [7]. However,
the experimental values of the tubulin and microtubule
refractive index available until now in the literature are in

(a)Authors’ contributions: OK conceived the experiments and
modeling and drafted the paper, PD provided the experimental ma-
terial and important methodical suggestions, MC designed the re-
search and co-wrote the paper.

the range of n = 2.36–2.90 [2,8,9]. Many studies [10–12]
which employed this high value of tubulin refractive index
have already been performed. To resolve this discrep-
ancy and to provide solid data for assessing several related
– proposed or observed – controversial quantum and elec-
tromagnetic properties of microtubules [13,14], we car-
ried out a theoretical analysis of the refractive index of
the tubulin based on its primary structure and performed
well-characterized experiments to obtain a refractive in-
dex increment (dn/dc) and the refractive index of both
unpolymerized and polymerized tubulin.

Theory. – Our theoretical analysis of the refractive in-
dex of the tubulin is based on the contribution of the po-
larizability of individual amino acids which constitute the
tubulin isotypes. The number of amino acids contained
in a αβ-tubulin heterodimer was obtained from two dif-
ferent models. The first model is derived from a protein
sequence of a porcine tubulin (Sus scrofa). In mammals,
the β-tubulin comprises 7 isotypes and the α-tubulin com-
prises 9 isotypes, each of which is a product encoded by
a distinct gene [1,15,16]. We included several α-tubulin
isotypes which are found in porcine tubulin. An overview
of the used tubulin isotypes with UniProt database identi-
fiers (ID) is shown in table 1. The detailed composition is
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Table 1: Overview of Sus scrofa tubulin isotypes and BSA.

Isotype Gene name ID
UniPortKB

α1A TUBA1A P02550
α1B TUBA1B Q2XVP4
α4A TUBA4B F2Z5S8
α8 TUBA8 I3LDR2
βI TUBB Q767L7
βII TUBB2B F2Z5B2
βIII TUBB3 F1S6M7
βIV a TUBB4A F2Z5K5
βIV b TUBB4B F2Z571
βV TUBB6 I3LBV1
βV I TUBB1 A5GFX6

ID
RCSB database

α-tubulin chain 1TUB: A GI:3745821
β-tubulin chain 1TUB: B GI:3745822
Bovine serum 4F5S: A,B P02769

albumin

Fig. 1: (Color online) Amino acid composition of individual
tubulin isotypes used in the theoretical calculation of the tubu-
lin refractive index given by the RCSB Protein Data Bank and
UniProt database. The color encodes the percentual contribu-
tion of individual amino acids in the tubulin molecule and its
isotypes.

displayed in fig. 1). The composition of the second tubulin
model is based on the experimentally determined crystal-
lographic structure 1TUB [17] obtained from the RCSB
protein database.
Refractive index of protein (np) can be obtained as a

variation of the Lorentz-Lorenz formula which is given as
a ratio

np =

√
2Rp + v̄p
v̄p −Rp

, (1)

Fig. 2: (Color online) Bars represent the theoretical values
of the refractive index (red bars) and dn/dc (blue bars) of
the tubulin and bovine serum albumin. Dashed lines are our
experimental data (labeled as Exp.) vs. earlier experimental
data. Our data were experimentally obtained and theoretically
calculated for wavelength 589.3 nm and 25 ◦C. The values from
Mershin et al. [8,9] are at 760 nm and 26 ◦C and those from Bon
et al. [2] for 527 nm and room temperature.

where Rp is the refraction per gram of the protein given
by averaged contributions of its individual amino acids
Ra [18,19] and their molecular masses Ma in the follow-
ing way:

Rp =

∑
a RaMa∑
a Ma

(2)

and the protein partial specific volume v̄p which can be
also estimated as a weighted average of specific volumes
(v̄a) of individual amino acids [20,21]

v̄p =

∑
a v̄aMa∑
a Ma

. (3)

Based on the theoretical prediction of the protein refrac-
tive index (eq. (1)) and a mixture rule represented by the
Wiener equation [22] the refractive index increment can
be estimated by using the following equation:

dn

dc
=

3

2
v̄pnbuffer

n2
p − n2

buffer

n2
p + 2n2

buffer

(4)

with a buffer refractive index nbuffer.
Based on the values of the refraction per gram and

the specific volumes of individual amino acids available
in the literature [18–21] and the tubulin composition, we
predicted dn/dc and the refractive index of the tubu-
lin isotypes as well as of the bovine serum albumin
(BSA) as a reference protein. See fig. 2 and the supple-
mentary material Supplementarymaterial.pdf (SM) for
more details.
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Fig. 3: (Color online) (A) Refractive index n of amino acid
solutions. Data points were fitted by a first-order polynomial
(linear regression was performed). The slope of the curve repre-
sents the refractive index increment of the given solution. (B)
Predicted theoretical and experimental data (red) of amino
acids. Theory∗ (black): data were predicted at 589 nm for
a hypothetical polypeptide in water with 150mM NaCl [7].
Theory± (blue): data calculation is based on the evaluation of
eq. (4) for the amino acid buffer (BRB80) solution with specific
volumes and refraction of individual amino acids [18–21].

Experiments. – To measure the refractive index, we
used a critical-angle dispersion-refractometer with thermal
regulation (DSR-λ SCHMIDT+HAENSCH) in all exper-
iments. At first, we experimentally analyzed dn/dc of
selected amino acids (see fig. 3(A)) and thereby verified
that our method yields values consistent with the litera-
ture [18,19]. All refractive index measurements were car-
ried out at 589 nm and sample temperature 25 ◦C since the
values of the amino acid dn/dc from the literature were
also at this wavelength and temperature.

Additionally, this temperature also prevents sponta-
neous polymerization of the tubulin in our conditions. All
amino acids, tubulin (>99% purity, #T238P, Cytoskele-
ton, Inc.) and BSA (≥98% purity, A3803, Sigma-Aldrich)
were stored in the BRB80 buffer (80mM PIPES, 2mM
MgCl2, 0.5mM EGTA, 1mM GTP, 6.9 pH, KOH). For
the tubulin and BSA, the refractive index of their con-
centration series from 0 to 2mg/ml (11 steps, each with
50μl sample volume) has been measured (each series took
75min, with the tubulin run in an independent triplicate)
to obtain dn/dc. Finally, the refractive index increment
of a polymerized tubulin was measured. The tubulin was
polymerized in the BRB80 buffer by adding taxol step-
wise at 2, 20 and 200μM steps at 37 ◦C [23]. The results
in fig. 3(A) indicate that the amino acid dn/dc is indepen-
dent of concentration. A least-square fit linear regression
yields straight lines, and dn/dc of amino acids did not de-
viate significantly from the established theoretical values,
for details see SM. We obtained the refractive index of

proteins from their measured dn/dc (fig. 2) following the
method outlined in [9]. In brief, assuming the contribution
from all the buffer components we can write the refractive
index of the tubulin as

ntub =
nsol − (1− χp)nbuffer

χp
, (5)

where χp = Ctub/ρ is the protein mass fraction with den-
sity ρ and refraction index of the solution nsol which is
based on the refractive index increment (dn/dc) in the
following way:

nsol =
dn

dc
Ctub + nbuffer . (6)

As a tubulin concentration, Ctub = 1.60mg/ml was used
with the protein density ρ = 1.41 g/ml. Given by the
experimental data of the tubulin increment (see fig. 2)
solution, refractive index follows as

nsol = 2.18× 10−4Ctub + 1.33654 (7)

and by applying eq. (5), the refractive index of the tubulin
was found to have the value

ntub = 1.64± 0.02@ 589 nm@25 ◦C. (8)

By using the same procedure with bovine serum albu-
min, dn/dcBSA = 0.179ml/g was measured, which re-
sults in the refractive index nBSA = 1.59 ± 0.02, which
is in good agreement with the theoretical predictions.
For microtubules, we experimentally obtained the value
dn/dcMT = 0.19ml/g which would correspond to nMT =
1.60. However, the Lorentz-Lorenz formula used to calcu-
late the polarizability and the refractive index based on
dn/dc assumes a spherical approximation of the particle
([24], pp. 88–92) which obviously is not valid for the mi-
crotubules. The small discrepancies between theory and
experiment for ntub and dn/dctub can be due to i) the
deviation of the tubulin dimer shape from the spherical
one assumed in the theory, ii) small concentration uncer-
tainties, iii) effects of the buffer on dn/dc [25] or iv) ad-
ditional polarization effects in the tubulin due to its large
dipole moment [26,27]. The protein charge (influenced by
pH) can also exert a slight effect on the observed refrac-
tive index via electrostatic interactions with the solvent
(here water molecules) [18]. The tubulin dimer (110 kDa)
charge is around−25 e [26] and the BSA (66 kDa) charge is
around −15 e [28,29] at pH 7, hence both possess similar
charge-to-mass ratio. Our theoretical calculations agree
very well with the experimental data for BSA and also
very satisfactorily for the tubulin, so we have reason to
believe that the protein charge similar to the tubulin does
not significantly affects results in our conditions.
The high-frequency polarizability (αtub) of the tubulin

can be also evaluated by using the well-known Clausius-
Mossotti relationship in the following form:

αtub =
3ε0
N

n2
tub − 1

n2
tub + 2

(9)
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Fig. 4: (Color online) (A) Refractive index of the tubulin
at different wavelengths calculated from (B) refractive index
increments.

which, with the calculated number density of molecules
N = 8.7× 1021 per m3 at a given concentration (Ctub), is
equal to αtub = 1.1× 10−33Cm2V−1.

Discussion and conclusion. – What effect caused
the high values of the detected refractive index in the
earlier experimental works [2,8,9] is unclear. In the case
of [8,9], ntub = 2.90 ± 0.10 was obtained using both sur-
face plasmon resonance sensing as well as a refractome-
try technique similar to ours. While authors of [8,9] used
a different wavelength (760 nm) from ours (589 nm), we
found from our experiments only a very small difference
of n (Δn = ntub@770 − ntub@589 < 0.011, see fig. 4 for
the wavelength dependence) which does not explain the
discrepancy. In the newer work [2], the refractive in-
dex of single microtubules was extracted using a quan-
titative phase imaging-based microscopy technique from
fixed fluorescently labeled cells with a rather large error
(nMT = 2.36±0.6) – the cause of the high value of n is not
entirely clear but might be due to the assumptions in the
model required to extract n from their experimental data.
To summarize, we provide experimental data supported

by theoretical modeling which reveal that the refractive
index of the unpolymerized and polymerized tubulin is
in the range ntub = 1.6–1.64, yielding a high-frequency
dielectric constant ǫ = 2.56–2.69. This value provides
lower dielectric screening within the tubulin than what
previously thought. Lower screening enables larger in-
teraction distance of the electrostatic forces within mi-
crotubules than what previously considered based on the
higher values of ǫ [10]. Further implications are for the
exciton energy transfer within the tubulin; lower n en-
hances electronic dipole-dipole coupling due its (1/n4)-
dependence [30] suggesting a resonant energy transfer on
a longer range than previously estimated [12]. We be-
lieve our data will enable a more accurate tubulin and

microtubule characterization and modeling much beyond
the few examples we illustrated.
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Abstract

Microtubules are biologically ubiquitous, filamentous 25-nm diameter tube-
like structures formed by reversible polymerization from protein sub-units
– tubulin dimers. Since microtubules serve in essential cell functions such
as cell division and intracellular transport and are one of major targets in
cancer therapies, it is crucial to develop efficient methods for monitoring of
the state of microtubule polymerization.

However, current methods for its monitoring require either fluorescence
labeling or rely on light scattering measurement restricting the possibility
of miniaturization and lab-on-chip integration, in contrast to electronic and
high-frequency circuits. To alleviate the limitations of light-based micro-
tubule monitoring, we designed a dedicated microwave chip with integrated
microfluidics with sensing volume of 37 nL. Using the chip, for the first time,
we demonstrate that state of polymerization of the tubulin to microtubules
can be monitored using microwaves.

Our results contribute to novel label-free, microwave-based, on-chip meth-
ods for monitoring the state of microtubule cytoskeleton.

Keywords: dielectric spectroscopy, proteins, high-frequency biosensors,
radiofrequency and microwave chips

1. Introduction1

Cellular skeleton - cytoskeleton - is a network of protein-based fibers2

which enable cell to perform ts fundamental functions as motility, divi-3

sion and transport of intracellular cargo. Microtubules are one of three4
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types of cytoskeleton fibers which are present virtually in every type of cell5

(Mandelkow and Mandelkow, 1994). Microtubules are composed of protein6

subunits, tubulin heterodimers, which reversibly polymerize (Nogales and7

Alushin, 2012) to form a tube with 25-nm diameter and typical lengths from8

few hundreds of nanometers to several tens of micrometers. Microtubule-9

related malfunctions are also present neurodegenerative (Coedert et al., 1989;10

Matamoros and Baas, 2016) and psychiatric (Matamoros and Baas, 2016;11

Marchisella et al., 2016) diseases. One of the fundamental characteristics of12

microtubule is its capability to be assembled from tubulin. The assembly13

can be modulated by change of pH (Regula et al., 1981) addition of ions14

(O’Brien et al., 1997), and various tubulin binding drugs (Churchill et al.,15

2015) whereby therapeutic effects can be achieved. Therefore, it is impera-16

tive to advance a variety of complementary methods to assess various aspects17

of the microtubule properties and features including the state of polymeriza-18

tion. The classical laboratory methods for monitoring microtubule assembly19

(i.e. polymerization from tubulin) exploit turbidity (absorbance) measure-20

ment using visible light spectrophotometers Mirigian et al. (2013). While21

those methods work well in laboratory settings, they operate using rather22

bulky optical devices which are limited in their possibility for miniaturiza-23

tion to integrate them on lab-on-the-chip in the future. In contrast, electronic24

and microwave devices can be readily miniaturized as demonstrated in large25

scale production of plethora of wireless devices. Inspired by the preliminarly26

data which were nevertheless limited to 1 GHz (Goddard and Whittier, 2006)27

and to test the possibility to monitor the state of tubulin polymerization, we28

design specific microwave chip operating in 1-50 GHz band based on copla-29

nar waveguide with modified central conductor beneath microfluidic channel.30

While several groups developed microwave chips for label-free biomolecule31

(Abeyrathne et al., 2016a; Havelka et al., 2018) or cell analysis (Heileman32

et al., 2013; Grenier et al., 2013; Meyne nee Haase et al., 2015; Abeyrathne33

et al., 2016b; Bao et al., 2018), to our knowledge, it is for the first time that34

microwave chip is used to analyze isolated subcellular components. Further-35

more, the rigorous microwave design and measurement enables us to extract36

permittivity of microtubule solutions for the first time.37
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2. Materials and methods38

2.1. Fabrication39

The fabrication of the sensor is based on standard microtechnological pro-40

cesses. It may be divided in two main parts, which are: a) a chip manufactur-41

ing and b) the polymer microfluidic channel elaboration and assembling. As42

the substrate of proposed microwave sensor we used quartz glass purchased43

from Technical Glass Products, Inc. with dimensions (25.4×25.4×1 mm3).44

Micro-sized coplanar waveguide (CPW) and calibration lines used in this45

work were fabricated by standard lift-off process with the mask-less direct46

optical lithography. In brief, the slides were first spin-coated with 400 nm47

of LOR lift-off resist (MicroChem Corp. LOR 5A lift-off resist), followed48

by a 1.5µm thick layer of Shipley S1818 photoresist (Microposit@ S1818TM49

G2 positive photoresist). Softbake treatment in case of LOR was 200 ◦C50

for 5 min and 120 ◦C for 2 min in case of S1818. The pattern was trans-51

ferred by mask-less direct optical lithograph (MicroWriterML@2, Quantum52

Design Inc.) with standard exposure dose 160 mJ/cm2 @ 405 nm. Then it53

was immediately developed in 30 mL of MF-319 developer (Microposit@) for54

about 75 seconds with slow agitation. The sensor metallization after lithog-55

raphy process consists of 5 nm layer of evaporated titanium as an adhesion56

layer with 300 nm gold on a top. The evaporation was followed with lift-57

off process by immersing into mr-Rem 700 remover solution (Micro resist58

technology GmbH) for stripping of the resist. Afterwards, the slides were59

thoroughly rinsed with acetone, ethanol and Millipore Q-water. Before final60

use, the sensor was cleaned with UVO-Cleaner@ 42-220 for additional 10 min.61

The microchannel is fabricated from the elastomeric PDMS (Polydimethyl-62

siloxane polymer) with the similar lithography process. First, the mold struc-63

ture from SU-8 3050 negative photoresist (Micro resist technology GmbH)64

is created in similar way as previously. The photoresist is spin-coated to65

achieve 50 µm thickness after 17 hours long soft-bake process at 65 ◦C. By66

the same lithography maskless treatment the microfluidic channel pattern67

is transferred (standard exposure dose = 1,810 mJ/cm2 @ 375 nm). After68

postbake procedure (65 ◦C for 5 min., 95 ◦C for 30 min. and 65 ◦C for69

30 min), the pattern is developed for about 20 min in mr-Dev 600 developer,70

rinsed with Isopropyl alcohol and gently dried with nitrogen. Mold is then71

hardbaked at 100 ◦C for 10 min to make photoresist almost insoluble. Mi-72

crochannel is finally created from PDMS polymer, which is mixed in 10 to73

1 ratio (Base/Curing Agent, Dow Corning@ 184 Silicone Elastomer) poured74
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on the mold, desiccated and solidified by curing (60 ◦C for 6 hours). It is75

then gently peeled off from the mold and ready to use.76

2.2. Material characterization77

To correctly evaluate the complex permittivity of unknown liquid, the78

material parameters (complex permittivity and surface impedance) of sensor79

wafer and metallization had to be identified. We also identify the dielectric80

function of PDMS through the whole frequency range of interest.81

Dielectric function of quartz glass was extracted as follows. We used fab-82

ricated calibration kit from our previous work, see (Havelka et al., 2018,83

Fig. 3 H), as a sensor. The same Multiline-TRL (Thru-Reflect-Line) cali-84

bration procedure (lines with L = 1, 2, 4, and 8 mm; reflect short; thru) was85

used to calibrate the Vector Network Analyzer ((VNA), Rohde & Schwarz@86

ZVA67) in the frequency range 1 to 50 GHz. After calibration was performed87

we positioned a quartz wafer onto middle of 24 mm line and evaluated the88

transmission and reflection S-parameters. By using the similar method, (de-89

scribed in (Havelka et al., 2018, Section 2.4.)) which is based on the use of90

optimization algorithm in the CST Microwave Studio, we were able to ex-91

tract dielectric function of the quartz glass material. Optimization algorithm92

(Trust Region Framework) is able to extract unknown material parameters93

by iteration approach and shift of complex permittivity of modelled glass.94

Iteration process is stop by fulfilling the permittivity criteria at the desired95

frequency point until scattering parameters of model and experimental one96

are matched. Extracted values are enclosed in Fig. S3. Extracted points97

were then fitted by polynomial function in CST Microwave Studio.98

The another unknown to identify is the surface impedance of metallization.99

To assess that, we again used CST Microwave Studio with Macro module100

(Extract complex permittivity from measured S-parameters (broadband)).101

This Macro enable to extract surface impedance from measured transmission102

scattering parameter S21 of a transmission line section (Option - Extract from103

measured propagation constant). As a transmission line section we measured104

the 8 mm calibration line at our sensor (designated as Beatty 201712 3B) af-105

ter Multiline-TRL calibration was performed. The reason to use the longest106

line of our calibration standards is to achieve the highest robustness which is107

increased with the length difference between the Thru calibration standard108

and actual line. Then we model the 4 mm line which matched with the all109

overall dimension of manufactured one with 300 nm of gold metallization.110

The macro then by comparing propagation constant at desired frequency111
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points iterative changing and minimizing the difference between simulated112

and measured parameters by changing the surface impedance of the gold113

material. Extracted surface impedance of the gold metallization is presented114

in Fig. S4.115

As the last part of material characterization, dielectric function of PDMS116

material was evaluated, see Fig. S5. We replicated the similar optimization117

circle as with quartz glass. We used PDMS brick manufactured in the same118

batch with the exact same procedure as a micro-channel, and placed it care-119

fully in the middle of the 4 mm line (designated as LINE PDMS on the Beatty120

201712 3B chip) sensor. Measured S-parameters were again used in the op-121

timization procedure in CST Microwave Studio for matching the extraction122

model. Advantage of using the same batch and manufacturing process in123

case of extraction brick and microchannel is that we were also able to reduce124

the error given by the strong dependency of a PDMS material parameters125

on the curing temperature, curing length and another manufacturing steps126

(Kachroudi et al. (2015)).127

2.3. Measurement with chip128

Before each measurement, vector network analyzer was calibrated using129

Multiline-TRL method and our calibration kit on the chip (Reflect - Short,130

Thru, Lines 1, 2, 4, and 8 mm). Then we positioned microchannel under131

the microscope onto our sensing part. Calibration was verified by two tier132

measurement in each experiment.133

First, by using Beatty line with PDMS channel (see Fig. 1) in place and134

evaluation of a ALSE (Average Least Square error) parameter (-60 dB was a135

threshold line through the entire frequency range). It is visible from Fig. S6136

that the ALSE between the real sensor and our model is below the -65 dB in137

the the whole frequency range of interest. That means, that our extraction138

procedure for material parameters together with geometrical dimensions are139

extremely precisely matched.140

Second, we employed so-called Thru test, which enables one to determine the141

phase uncertainty of the measurement. It is evaluated as a phase difference142

between Port 1 to Port 2 and vice versa. Results determine the threshold143

value for material extraction algorithm. The Thru test results of both experi-144

ments are presented in Fig. S7. The maximum phase deviation or uncertainty145

is 0.2◦ at around 40 GHz.146

Afterwards, setup with Beatty line (Beatty line chip (201712 3B)) was con-147

nected to microfluidic tubes and syringe with a specimen. We injected slowly148
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the specimen (approximately 37 nL is volume of the sensing part, 50 µL of the149

whole microfluidic system) into sensing area by a laboratory syringe pump150

and acquired S-parameters. Then by the using of syringe pump different151

part of the specimen was injected and parameters were saved again. The152

measurement of all solutions (pure water, BRB80 buffer, 5 mg/mL tubulin,153

and microtubule solution) have been repeated 16 times (8 times for 2 in-154

dependently prepared samples). The variability among measurements is in155

supplementary data, Fig. S8 and Fig. S9. The average of 32 S-parameter156

measurements was taken as the input into permittivity extraction. During157

the whole experiment, temperature, and humidity has been monitored and158

kept constant around 23◦C as a prevention to spontaneous tubulin polymer-159

ization or other unknown biological effects. Variation in temperature and160

humidity can be seen in supplementary material in Fig. S1 for first experi-161

ment and in Fig. S2 for second one.162

2.4. Permittivity extraction163

Complex permittivity of the specimen was extracted in the following164

way. Our model of sensor in the CST Microwave Studio had all dimen-165

sions and material parameters corresponding to the those of the fabricated166

one (see Fig. S6). For the material parameters, previously extracted val-167

ues of quartz glass wafer, gold layer, and PDMS were used. Experimen-168

tally measured S-parameters were processed as SMeas
R = (S11 + S22)/2 and169

SMeas
T = (S21 + S12)/2 and then were compared with the calculated S-170

parameters (SSimul11 and SSimul21 ) of model in the CST Microwave Studio. After171

that, an optimization algorithm (Trust Region Framework implemented in172

the CST Microwave Studio) as presented in section 2.2 was used again to keep173

shifting the specimen permittivity (ε
′
r2 and ε

′′
r2) until the two optimization174

goals for transmission parameter and one for reflection parameter were met175

at the same time. Optimization goals were (i) ||SMeas
R | − |SSimul11 || < 0.002,176

(ii) ||SMeas
T | − |SSimul21 || < 0.002, and (iii) |∠SMeas

T − ∠SSimul21 | < 0.5◦. In177

the optimization algorithm, initial values of permittivity are set to a permit-178

tivity of Debye water model (Ellison et al. (1996): ε(0) = 79, ε(∞) = 6).179

This procedure was repeated for essential number of frequency points. Thus,180

complex permittivity function of our unknown specimen was obtained.181

2.5. Fitting of extracted permittivity points182

The Cole-Davidson spectral function (Eq. 1), which is known for fitting183

the frequency dependence of complex dielectric permittivity of glycerol mix-184
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tures (Behrends et al., 2006; Puzenko et al., 2005), was used in all data185

treatment. All points up to 50 GHz were used as an input to the data fitting186

in MATLAB. Cole-Davidson equation can be descriped as:187

ε∗ = ε(∞) +
∆ε

(1 + jωτ)β
+
σDC
jωε0

(1)

where ε(∞) is permittivity at high frequency, ∆ε = ε(0) − ε(∞) is the188

dielectric increment, ω is angular frequency, τ is a relaxation time, 0<β < 1189

is an empirical parameter referred to as a measure of asymmetrical relaxation190

peak broadening, and j is imaginary unit (j2 = 1). For parameter value of191

β = 1 the Eq. 1 converge to well known Debye relationship. Permittivity of192

free space is contained as ε0 and the term σDC/jωε0 we added due to the193

presence of an ionic DC conductivity σDC caused by free charge carriers of194

salts included in our BRB80 buffer.195

2.6. Tubulin preparation and assembly196

Purified tubulin was provided by Dr. P. Draber lab (Institute of Molec-197

ular Genetics of the Czech Academy of Sciences). Briefly, the isolation of198

microtubule protein (MTP-2) was done from porcine brain by two tempera-199

ture - dependent cycles of assembly and disassembly. The tubulin was stored200

in BRB80 buffer (80 mM PIPES pH 6.8, 1 mM EGTA, and 1 mM MgCl2)201

supplemented with 0.1 mM GTP. Tubulin concentration was assessed by mea-202

suring the absorbance at 280 nm using an extinction coefficient at 280 nm203

of 115,000 M−1cm−1. The obtained tubulin was of high purity MTP2 > 95 -204

98 % and stored in liquid nitrogen with a concentration of 22.6 mg/mL.205

The microtubule polymerization was monitored by turbidimetry at 350 nm206

and 37◦C using a multimode microplate reader (Spark@ TECAN, Austria)207

equipped with temperature controller. The tubulin was assembled in BRB80208

supplemented with GTP (1 mM) and glycerol (3.0 M) at final concentrations.209

When polymerization plateau is reached, taxol was added at final concentra-210

tion of 10 µM to insure the stability of microtubule during dielectric mea-211

surement. All chemicals were purchased from Sigma Aldrich, Czechia. Detail212

procedure of microtubules preparation was published in work of Dráberová213

et al. (2010).214
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3. Results and Discussion215

3.1. Chip design and measurement setup216

Design of our chip is based on a coplanar waveguide located on the quartz217

glass substrate with the dimensions as 24.5×24.5×1 mm3 see Fig. 1 A. The218

CPWs have a center electrode 200 µm wide except under the microfluidic219

channel, where the center electrode is 70 µm wide. The gaps between center220

and ground electrodes are 30 µm wide except under the microfluidic channel,221

where the gap is 95 µm wide. The ground electrodes are 500 µm wide. The222

chip including (i) a calibration kit, (ii) a CPW for PDMS characterization,223

and (iii) a CPW for the specimen measurement with the PDMS microfludic224

channel was fabricated using standard microtechnological processes (see more225

in the section 2.1). We decided for Multiline-TRL calibration technique226

(Rumiantsev et al., 2008; DeGroot et al., 2002; Marks, 1991) and designed227

appropriate calibration kit (reflect - short, thru, lines 1, 2, 4, and 8 mm228

length) in the frequency range from 1 to 50 GHz. The reference planes for the229

vector network analyzer measurement are marked on the CPW structure as230

depicted in the Fig. 1 A (down left). We electrically characterized the same231

PDMS which was used as microfluidic channel using a CPW Line PDMS232

and PDMS block with dimensions as 3×7×1.1 mm3 (see more in the section233

2.2). The sensing CPW called Beatty line is 4 mm long with 2.74×7×1 mm3
234

PDMS block with channel on it. The PDMS block has 0.74 mm wide and235

50 µm height microfludic channel in the middle as you can see in the Fig. 1 B.236

The measurement setup (see Fig. 1 C) was composed of two port vector237

network analyzer (Rohde & Schwarz@, ZVA67) connected through adapters238

(CentricRF, C8135) to 50 GHz coaxial cables (MPI Corporation, MRC-50Q-239

MF-800) and then to the 50 GHz probes (MPI Corporation, T50A-GSG0150)240

mounted on the mechanical probe system (MPI Corporation, MPI TS150241

with upgrade the RF MP60 micropositioners and Z10U-ITSS microscope).242

The chip was put on auxiliary ceramic chuck, fixed by the vacuum, and was243

under constant supervision by the microscope all the time. The PDMS block244

with the microfluidic channel was fixed and pushed down to the chip by two245

wire arms to avoid specimen leakage. Two microfluidic tubes (Hamilton,246

TUB PTFE 1xHUB GA30x500mm) were used to deliver the specimens into247

our microfluidic channel (approximately 37 nL is volume of the sensing part)248

on the chip (see in detail of Fig. 1 C). The inlet tube was feed by the syringe249

(BD Luer-LokTM 1-mL syringe, REF 309628) with the specimens. Precise250

delivering of the specimen ensured XenoWorks@ analog microinjector (Sut-251
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ter Instrument, BRI-213) fixed on the right sliding shelf. The outlet tube252

delivered the measured specimens to the 1.5 mL Eppendorf tubes fixed in253

the tube holder situated on the left sliding shelf.254

Figure 1: A) The chip includes Multiline TRL calibration kit (top), line for PDMS
characterization (down left), and sensing Beatty line on the quartz glass substrate
(24.5×24.5×1 mm3), B) 3D depiction of the Beatty line with the PDMS channel and
a specimen in the channel, and C) The depiction of the measurement setup during mea-
surement with the detail on probe connection to the Beatty line with PDMS channel (down
left). The view on the channel during measurement is on the screen top left.

3.2. Microtubule polymerization255

The formation of microtubules was verified by a standard turbidimetric256

measurements as shown in Fig. 2. In this figure, we provide the average ab-257

sorbance signal of three samples used for subsequent experiments. The first258

phase from Fig. 2 (represented by red curve) shows the typical polymerization259

absorbance curve where the maximum microtubules formation is reached af-260

ter 15 min at stable temperature 37◦C. The second phase of the curve (green261

line) shows the absorbance when Taxol was added to insure microtubules262

stabilization. The absorbance signal was obviously decreased slightly due to263

the mechanical disturbance of microtubules during Taxol injection. The ver-264

ification of the stability of our microtubules during subsequent experiments,265

and their correlation to dielectric properties measurements is shown in blue266

curve of the Fig. 2. The blue curve represents the absorbance signal of the267

collected microtubules after the dielectric measurements in the chip that took268

place. The approximate temperature of the measurement was 23◦C and ex-269

periment took about 30 min. This absorbance signal gives an evidence that270

the dielectric measurements are tightly related to stable microtubules.271
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Figure 2: Polymerization curve of microtubules before taxol addition (red), after stabi-
lization with taxol (green), and after on-chip measurements (blue) measured by TECAN
Spark@ multimode microplate reader.

3.3. Complex permittivity of tubulin and microtubule272

The fabricated and verified sensor was used to measure S-parameters for273

extraction of the complex permittivity of a model biomolecular liquid. We274

were interested to examine the dielectric spectra of tubulin in BRB80 buffer275

solution and curious to see the impact o‘f its polymerization into microtubule.276

Microtubule, assembled from αβ-tubulin heterodimers, represent an essential277

biopolymer material which participates in critical cellular functions, such as278

cell division, and governs the transport of material within the cell.279

Complex permittivity of all solutions is showed in Fig. 3 and Fig. 4. For pure280

water a well-known Debye behavior of the dielectric function is observed,281

single relaxation process of water molecule tumbling at around 20 GHz con-282

nected with maximum losses demonstrated in imaginary part of the complex283

permittivity.284

285

Completely another situation is observed in buffer experiment. To keep286

protein in its nature environment BRB80 buffer containing basic salts (see287

detailed description in Subsection 2.6) have to be used. We also added glyc-288

erol (3.0 M final concentration in BRB80 buffer) to enhance the microtubule289

polymerization. Therefore before use of biological samples, we have mea-290

sured dielectric response of BRB80 buffer solution.291

The extracted spectrum represents the well known water-glycerol behavior,292
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Figure 3: A) Real part of relative complex permittivity of a liquid specimens obtained
using our sensor after fitting (line) by Cole-Davidson equation. Blue curve represent Q -
Water, Green - Tubulin solution, Red - Microtubule solution, and Orange curve represent
buffer solution. The extracted data are represented by circles and their fitting by line, B)
Difference between imaginary part of tubulin and buffer in green and of microtubules and
buffer in red calculated from the fitted data.

with a shifted relaxation time to lower frequency at around 8 GHz, which293

can be modeled with the Cole-Davidson distribution (Hayashi et al., 2005).294

This shift is strongly dependent on the water/glycerol concentration and can295

be explained through the cooperative effect in dielectric orientation of groups296

containing molecules of both kind (McDuffie et al., 1962) and changes of vis-297

cosity.298

299

On the other hand, after diluting tubulin in buffer with a final concentra-300

tion of 5 mg/mL, dielectric function manifests a slightly different dependency.301

Different behavior is illustrated in both real and imaginary part of the dielec-302

tric spectrum. The relaxation frequency is shifted to approximately of 9 GHz303

(see Fig. 5) with corresponding relaxation time of 17.5 ps (see Fig. 6). We also304

compare directly the absolute value of permittivity of tubulin/microtubules305
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Figure 4: A) Imaginary part of relative complex permittivity of a liquid specimens ob-
tained using our sensor after fitting by Cole-Davidson equation. Blue curve represent
Q Water, Green - Tubulin solution, Red - Microtubule solution, and Orange curve repre-
sent buffer solution. The extracted data are represented by circles and their fitting by line,
B) Difference between imaginary part of tubulin and buffer in green and of microtubules
and buffer in red calculated from the fitted data.

with the BRB80 buffer - see data presented in Fig. 7. After the polymeriza-306

tion, first the real part of the permittivity increased in the whole frequency307

range. On the other hand, the maximum value of dielectric loss represented308

by imaginary part of dielectric spectra indicates that the dielectric losses are309

similar to those of tubulin. Nevertheless there exists a significant frequency310

shift, corresponding with change of relaxation time of whole solution. To311

our best knowledge, change manifested in the imaginary part of spectra (in-312

creased relaxation time) is due to increased viscosity after polymerization of313

tubulin to microtubules. It is not the consequence of changing the concen-314

tration of the salts of glycerol since they are the same. What we actually315

did is that during the growth period, protein structure (globular structure)316

is changing into microtubules (rod like structures) which likely restricts ro-317

tational mobility of the solvent molecules. That might be also prevailed in318
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Figure 5: Relaxation frequency of a liquid specimen obtained using our sensor after fitting
by Cole-Davidson equation. Blue dot represent Q - Water, Green - tubulin solution,
Red - microtubule solution. Orange dot represents buffer solution.

different water/microtubule interaction than with water/protein.319

320

In summary the design of CPW with structured sensing area has been al-321

ready proposed before by various authors (Grenier et al., 2013; Chen et al.,322

2013). However, they were limited by two main factors. First, we overcome323

two tier calibration problem by implementing the calibration kit directly with324

sensor on one chip. This eliminates the need to use the external calibration325

kit (mostly supplied by manufacturer of the probe station) on different sub-326

strate, metallization, and length of calibration lines (i.e. different frequency327

range to calibrate). By using our on-chip kit we are able to calibrate the328

whole platform on the substrate, with the same metallization which enable329

us to achieve unprecedented precision and calibration robustness.330

Second, due to implementation of 4 mm sensor line we were also able to fully331

extract the permittivity of the PDMS polymer in the whole frequency range.332
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Figure 6: Relaxation time of a liquid specimen obtained using our sensor after fitting by
Cole-Davidson equation. Blue dot represent Q - Water, Green - tubulin solution, Red -
microtubule solution. Orange dot represents buffer solution.

Full knowledge of materials characteristic and using model in CST Microwave333

Studio enable to extract the complex permittivity of the sample under test334

with high precision without any a priori knowledge about the sample itself.335

We were able to not only to distinguish the change of dielectric properties of336

the sample under test, lowered the specimen volume required for the experi-337

ment but also assign the changes to real parameters represented by complex338

dielectric function to compared to these recent developments.339

4. Conclusion340

In this work, we started with (i) fundamental design of planar microwave341

sensor with implemented on wafer calibration kit, then created (ii) accurate342

design model of the sensor in CST Microwave studio to give estimation of the343

sensor performance (iii) followed by fabrication and testing the whole system344
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Figure 7: Maximum value of imaginary part of complex permittivity. Blue dot represent
Q - Water, Green - tubulin solution, Red - microtubule solution. Orange dot represent
buffer solution.

with calibration kit.345

Accurate modeling enable us to perform (iv) material characterization which346

led to assessment of (v) experimentally obtained complex permittivity of347

biological solutions (vi) and interpret the permittivity change after tubulin348

polymerization into microtubules.349

In summary, we described a whole design the sensor which addresses not350

only the low volume low concentration sensing ability but also dielectric351

spectroscopy of biomolecules. Here we chose coplanar waveguide-based chip352

topology with calibration kit implemented on the same wafer and tubulin as353

a protein under investigation. We believe that both the specific chip design354

we developed here as well as the experimental results will allow identifying355

and tracking biological processes such as as protein polymerization from a356

novel perspective.357
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Havelka, Djamel Eddine Chafai381

5. Conflict of interest382

The authors declare that they have no competing interests.383

6. Acknowledgements384

We acknowledge Czech Science Foundation projects nos 15-17102S, 17-385

11898S and 18-23597S. Authors are also participating in COST Actions386

BM1309, CA1521 and bilateral exchange project between Czech and Slo-387

vak Academy of Sciences, no. SAV-18-11. Vadym Sulimenko, Pavel Dráber388
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7 Results

Results of the research presented in this thesis were published in scientific journals and conference proceedings

(see the list of author’s publications). The core of the dissertation consists of three main parts [Sections 4, 5,

and 6] and one paper [A] in the Appendix. Full bibliographic citation, the contribution of the candidate, and

acknowledgments are stated at the beginning of each section.

First Section 4 describes the interaction of electromagnetic radiation with "nano-rod" like structures. The res-

onant frequency, fluid interaction and consequent quality factor of vibrations were calculated. The reported

results suggest that mechanical vibrations of nano-structures are in most cases heavily damped.

The second part is fully focused on the high-frequency dielectric properties of tubulin. We were able to (i)

calculate the refractive index based on the well-established theory and (ii) verify the theory with experiment.

The result revealed the refractive index of the tubulin is n = 1.64 at wavelength @ 589 nm and 25 ◦C, that is

in a good match with our theory. The main implication of our finding is that (i) interaction distance of the

electrostatic forces within microtubules and (ii) electronic dipole-dipole coupling are enhanced.

Section 6 presents the result of dielectric spectroscopy of tubulin and microtubule sample. This enables us for

the first time to observe the impact of the tubulin polymerization on dielectric properties. This observation

was possible due to the unique design of our microwave sensor and given calibration technique. The results

demonstrate the existence of a change in both real and imaginary part of complex permittivity during tubulin

polymerization. These changes are also connected with a shift in relaxation frequency peak of a whole system.

In other words, we believe that the polymerization process of tubulin affects the solvent through the changes

in the interaction with solvent molecules. The polymerized system displays higher real part of the relative

permittivity and increased relaxation time. The application of such a system can serve as a prospective way of

tubulin polymerization monitoring.
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8 Conclusions

8.1 Contribution of the dissertation

This thesis has provided a novel theoretical analysis of the interaction of the electromagnetic field with "rod-

like" nanoresonators. It estimated the conditions for possible resonances and gave an estimate of experimental

verification. Then we analyzed the high-frequency permittivity and polarizability of tubulin and microtubule.

Our experimental findings were correlated with a solid theory which relies on the amino acid composition of

the protein. Then we presented for the first time the dielectric spectra of tubulin solution and impact of tubulin

polymerization on the whole system. We were mainly interested in observing the difference in a relaxation

frequency shift of buffer. That might be used as an indicator for tubulin polymerization as a comparative

technique to currently used optical absorbance measurement.

8.2 Future directions

Results presented in this thesis are, more or less, proved by theory and experimental evidence. The next steps

might follow these directions:

| Design of highly sensitive (resonant) sensor to perform live "imaging" of tubulin polymerization.

Resonant structure would be used as a polymerization sensor.

| Characterization of tubulin and microtubule properties on radio frequencies and verification

of the predictions obtained using the presented model. Observation of relaxation frequency

of tubulin protein might be observable.

In conclusion, the goals of the thesis summarized in Section 3 were fulfilled in candidate’s papers [A1-A3].
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A B S T R A C T

Knowledge of electromagnetic properties of biomolecules is essential for a fundamental understanding of electric
field interaction with biosystems and for development of novel biomedical diagnostic and therapeutic methods.
To enable systematic analysis of the dielectric properties of biomolecule solutions we presented here a method
for a rational design of radiofrequency and microwave chip for quantitative dielectric sensing. At first, we
estimated the primary frequency band of interest using a relaxation time of targeted molecule via the
Stokes–Einstein–Debye equation. Then we proposed a microwave sensing chip for the estimated frequency band
and evaluated its performance using both analytical modeling and numerical electromagnetic simulations. We
fabricated the chip and experimentally demonstrated that we can extract the complex permittivity (0.5–40 GHz)
of the water solution of alanine – one of the most common proteinogenic amino acids – without any calibration
liquid and with about 20-fold smaller volume than with commercial methods. The observed dependence of
extracted complex permittivity on the alanine concentration was interpreted using molecular dynamics simu-
lations. The procedure we described here can be applied for the development of dielectric sensing method of any
polar biomolecule solution.

1. Introduction

Fundamental function of biomolecules is governed by a delicate
balance of electric and electrodynamic forces within and among them
[1–4]. The electric nature of biomolecules can be described by their
dielectric properties, which influence the distribution of electro-
magnetic fields and determine a behavior of biomolecules in electric
field. Hence, dielectric and polarization properties of the biomolecules
are essential for (i) fundamental understanding of biomolecular inter-
actions [5] and for (ii) understanding of external electric field inter-
action with biological matter at the nanoscale [6,7]. This understanding
is also opening a new way for possible manipulation of biomolecules, to
enhance or change their function and to explore novel paths for de-
velopment of biomedical electromagnetic-field based diagnostic [8]
and therapeutic [9,10] methods. However, due to their complexity,
small dimensions (micro- to nano-size) and dynamic behavior across
multiple timescales, characterization of biomolecular structures under
their natural conditions remains a challenging task.

Here we present a method for rational design of a dielectric spec-
troscopy chip starting from the volume and shape of the biomolecule to
be analyzed. Furthermore, the chip we designed overcomes several
limitations of standard commercial dielectric spectroscopy methods.

The broadband dielectric spectroscopy is a common method to ex-
plore electric properties of materials on timescales across several orders
of magnitude [11] and brings a deeper understanding of matter on a
molecular level [12–15]. There are numerous solutions for dielectric
spectroscopy which are commercially available, including various
techniques, specimen holders, and principles described in [16,17] as
well as technique for liquid specimen measurement [18,19]. All these
techniques are dependent on the information about complex para-
meters (magnitude and phase) of an electromagnetic wave which is
reflected or transmitted (reflection and transmission coefficients)
through the material under investigation. While there are numerous
techniques available they have several limitations. The most widely
used technique for measurement of the liquid specimens is with an
open-ended coaxial probe [20–23]. The open-ended coaxial probe is a
section of coaxial transmission line. The material is measured by im-
mersing the probe into a liquid or touching it to the flat face of a solid
material. The permittivity and impedance of a test specimen then
translate into the input reflection coefficient measured with the probe.
One of the limitations of the coaxial probe technique is that a specimen
must be homogeneous within a volume sufficiently large (several mil-
liliters) to simulate a slab which is electrically infinite in size [24]. The
need of large specimen volumes prevents analysis of many types of
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biological structures which are often expensive in a purified state and
can not be provided in volumes larger than a small fraction of a mil-
liliter. Another common limitation and uncertainty is connected with
calibration where it is necessary to use a material with known dielectric
properties [25] as a calibration standard. Typical coaxial probe tech-
niques are also inherently bulky which prevents a possibility of their
integration on chips for potential biomedical applications.

These limitations prompted a design of new broadband microwave/
radiofrequency (RF) dielectric spectroscopy techniques which (i) can
operate with much smaller volumes and which (ii) can measure both
reflection coefficient and transmission coefficient to increase robustness
for a wide range of specimen properties. These requirements are met by
a coplanar waveguide (CPW) which additionally offers the advantage of
simple transition from commonly used coaxial cables. CPW structures
served for exposing cells to high frequency electromagnetic field
[26,27] and were already employed for sensing of small volumes bio-
samples [28–32] reaching even down to sub-nanoliter [33]. However,
on the one hand, they either required microfluidic approaches [33–35],
which can be cumbersome to fabricate or require additional mechanical
machining [36]. On the other hand, some approaches such as poly-
dimethylsiloxane microfluidics formed by baking in a mold are rather
easy to fabricate microfluidics but typically do not enable accurate
placing and geometry, hence they are often useful for sensing only a
relative change of electric parameters of biosamples [37,28] and not for
extraction of absolute electric parameters such as complex permittivity.
Furthermore, the vast majority of works demonstrating new RF and
microwave sensors does not explicitly consider spectral requirements
for the sensing design given by the specific physical properties of the
biosamples.

In this paper, we identify the main spectral region of interest based
on the structural properties (approximate volume and shape) of the
molecule to be analyzed and exploit this knowledge in design of novel
conductor-backed coplanar waveguide (CBCPW) based sensing struc-
ture which overcomes limitations mentioned above. We demonstrate
the use of the procedure on L-alanine – one of the most common pro-
teinogenic amino acids – and use alanine water solution to verify the
function of our low-volume sensor in comparison with standard large
volume commercial method. Also, we interpret the measured depen-
dence of solution complex permittivity on the alanine concentration
using molecular dynamics simulation. See the Fig. 1 for the graphical
depiction of the logical flow and structure of the paper.

2. Materials and methods

2.1. Chemicals

Amino acid L-alanine (≥98% purity, A7627) here investigated was
purchased from Sigma–Aldrich and used as received. Aqueous solutions
were prepared by dissolving the amino acid in Millipore Q-water with
DC conductivity 0.05 μS/cm. All measurements were performed after
full dissolution at 22 °C. The DC conductivity of alanine solutions was
8.74, 12.44, and 16.09 μS/cm for 50, 100, and 150mg/mL concentra-
tion, respectively. Conductivity meter Thermo Scientific Orion Star
A222 with Orion 013010MD probe was used for all DC (2 kHz) con-
ductivity measurements.

2.2. Reference measurement

As a standard reference commercial method, Agilent 85070E
Dielectric Probe Kit (0.5–50 GHz, Slim Form Probe) was used with
Agilent E8364B vector network analyzer. The dielectric coaxial probe
was calibrated before each measurement by standard calibration probe
kit (Air, Short, and Liquid). As a liquid Millipore Q-water was used.
Measurements were performed by immersing the probe in 5mL spe-
cimen volumes at stable 22 °C temperature. Between each immersion,
the probe was rinsed in Q-water and dried on air. After every probe
immersion into the specimen, a tip of the probe was checked for bubble
formation to avoid measurement artifacts.

2.3. Measurement with chip

Vector network analyzer (VNA) Rohde&Schwarz® ZVA40 was used
in all experiments with the chip “SAMPLE 1 4mm”. One pair of phase-
stable cables (Mini-Circuits, KBL-2M-PHS+) was used. End-launch
connectors (2.4 mm female) of Southwest Microwave model 1492-03A-
5 were used as a connection between cables and our coplanar wave-
guide chip. Before each measurement, VNA was calibrated using
Multiline-TRL method (Reflect, Thru, 1, 2, 4, and 8mm) calibration
lines. Calibration was verified using Beatty line and evaluation of ALSE
parameter (Average Least Square Error value with a −35 dB threshold
line through the entire frequency range). Afterward, scattering para-
meters of the ideal line (72mm line) were measured. Data were used for
extraction of substrate permittivity in CST Microwave Studio, to
achieve the best match of experimental and simulated data. Thereafter
the experimental setup with chip (SAMPLE 1 4mm) was connected. A
droplet of the specimen (250 μL) was carefully injected into sensing
area by a laboratory micropipette and S-parameters were saved. Then
the specimen was removed by the KIMTECH SCIENCE Precision fiber
free tissue without touching the chip surface, and then the chip was
blow-dried with compressed air between each specimen change. The
measurement of S-parameters of alanine solution has been repeated
nine times (3× 3 independently prepared specimens) for each con-
centration, while pure water has been measured once. The measure-
ment sequence was pure water, 50, 100, and 150mg/mL. See Fig. S5 for
information on the reproducibility of the measurement. The average of
9 S-parameter measurements was taken as the input into permittivity
extraction.

2.4. Permittivity extraction

Our method of permittivity extraction does not require any a priori
assumption about the dielectric properties of a liquid specimen.
Complex permittivity of the specimen was extracted in the following
way. Our model of chip in the CST Microwave Studio had all dimen-
sions corresponding to the those of the fabricated chip with specimen
droplet on the top of it (Fig. 3D). Experimentally measured S-para-
meters were processed as = +S S S( )/2R

MEAS
11 22 and

= +S S S( )/2T
MEAS

21 12 and then were compared with the calculated S-
parameters (S11

SIMUL and S21
SIMUL) of model in the CST Microwave Studio.

After that, an optimization algorithm (Trust Region Framework) im-
plemented in CST Microwave Studio was used to keep shifting the
specimen permittivity ( ′ϵr2 and ″ϵr2) at the desired frequency point until
the four optimization goals were met at the same time. Optimization

Fig. 1. The logical flow and structure of the paper. The biosample (here alanine in water) determines the frequency band where the sensor should have the best
performance. Next, we design, fabricate and test the sensor. Then we obtain complex permittivity data using our sensor as well as using a reference method (coaxial
dielectric probe). Finally, the complex permittivity data are interpreted using an independent theoretical method – molecular dynamics simulation.
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goals were (i) − <S S|| | | || 0.05R
MEAS

11
SIMUL , (ii)

− <S S|| | | || 0.005T
MEAS

21
SIMUL , (iii) ∠ − ∠ < °S S| | 5R

MEAS
11
SIMUL , and (iv)

∠ − ∠ < °S S| | 5T
MEAS

21
SIMUL . In the optimization algorithm, initial values

of permittivity ( ′ϵr2 and ″ϵr2) are set to a permittivity of Debye water
model [38,39] (ϵ(0) = 79.27, ϵ(∞)=6.09, τ=8.84 ps, and σ=5 μS/
m. See supplementary data, Eq. (13)) at a corresponding frequency.
Optimization intervals of ′ϵr2 and ″ϵr2 were < >10, 130 and < >1, 50 , re-
spectively. This procedure was repeated for essential number of fre-
quency points. Thus, complex permittivity function of any unknown
liquid specimen could be obtained. Note that throughout the paper we
use complex permittivity sign convention based on electric field har-
monic time dependence given by e−jωt.

2.5. Fitting of extracted permittivity points

The Debye model (Eq. (1)) was used for fitting of pure water data
and the double Debye model (Eq. (2)) was used for fitting of alanine
50mg/mL, alanine 100mg/mL, and alanine 150mg/mL data in the
MATLAB. Points up to 20 GHz were used as an input to the data fitting.
The function obtained by fitting was plot up to 40 GHz:

= +
+∞ε ω ε ε

ωτ
* ( ) Δ

1 j
w

w (1)

= +
+

+
+∞ε ω ε ε

ωτ
ε
ωτ

* ( ) Δ
1 j

Δ
1 j

w

w

AA

AA (2)

where ϵ∞ is permittivity at high frequency, εΔ w is the dielectric incre-
ment of water, ΔεAA is the dielectric increment of amino acids, ω is
angular frequency, τw is relaxation time of water molecules, τAA is re-
laxation time of amino acid (alanine) molecules, and j is imaginary unit
(j2=−1).

2.6. Molecular dynamics simulations

The simulation procedure was same for all concentrations of ala-
nine. We positioned 0, 9, 17, and 25 amino acid molecules, respec-
tively, with mutually random position and orientation into
32×32×32Å3 water box, removed water molecules overlapping
with alanine and minimized the energy of the system by conjugate
gradient algorithm for 200 steps. After this, the 300 ps in NpT ensemble
(300 K, 1 atm) was run for equilibration of the system. The main pro-
duction run was 3 ns long NVT simulation (300 K) with all bond length
constrained applying SHAKE algorithm [40] with the box dimensions
inherited from NpT equilibration part. Time step for both simulation
procedures was set to 2 fs and evaluation of long-range electrostatics
treated by Particle mesh Ewald (PME) method [41], cutoff 10Å and the
coordinates from trajectory were saved for every 0.5 ps. The simulation
contained 9/17/25 alanine molecules (81/153/225 alanine atoms) and
913/850/794 water molecules (2739/2550/2382 water atoms) for
alanine concentrations 50/100/150 mg/mL, respectively. All the si-
mulations were carried out by NAMD [42] software utilizing
CHARMM19 united-atom force field [43] and TIP3P water model. The
CHARMM19 force field was used because it provided a better match to
experimental data than newer versions of this force field. We used the
last 2,700 ps from main production run for evaluation of dielectric
properties.

For low electric field intensity the dielectric function ϵ(ω) of solu-
tion as function of frequency can be derived from equilibrium mole-
cular dynamics (MD) simulation as shown by Boresch and Steinhauser
[44,45]. Specifically a complex susceptibility
χ(ω)= χ′(ω)+ jχ″(ω)= ϵ(ω)− 1 of specimen is given as Fourier–La-
place transformation of time derivative of dipole moment time corre-
lation function of the system (specimen):

= −χ ω Φ t( ) 1
3VkT

[ ˙ ( )]L (3)

where V is volume of the system (simulation box), k is Boltzmann
constant, T is thermodynamic temperature, L is the Fourier–Laplace
transformation, and Φ is time correlation function of dipole moment
given by

=
⎯→⎯ ⎯→⎯

Φ t M M t( ) (0)· ( )i jij (4)

where
⎯→⎯
M (0)i is the total dipole moment of ith component at the time 0.

Index i= j for the autocorrelation function. As shown by Boresch and
Steinhauser [44] the overall susceptibility of the system can be ex-
pressed as the sum of “individual” components susceptibilities

∑ ∑= = −χ ω χ ω Φ t( ) ( ) 1
3VkT

[ ˙ ( )]
i j i j,

ij
,

ijL
(5)

where χij is the contribution to susceptibility from ij component. In this
study we chose to divide the system into two components. The first
includes all the water molecules of the system and the later all alanine
molecules. We suppose that χAW= χWA and the total susceptibility of
the system is given by (putting together Eqs. (3) and (5))

= + + = −

+ − + −

χ ω χ ω χ ω χ ω Φ t

Φ t Φ t

( ) ( ) 2 ( ) ( ) 1
3VkT

( [ ˙ ( )]

2 [ ˙ ( )] [ ˙ ( )])

AA AW WW AA

AW WW

L

L L (6)

where χAA is the susceptibility contribution of amino acid, χAW is amino
acid-water part of susceptibility and χWW is the susceptibility con-
tribution of water. Although the effect of different alanine concentra-
tions could by simply simulated by putting an appropriate number of
alanine molecules into the box, there is still a question how long should
be the simulation to sufficiently sample the system phase space for
various mutual distances and orientations of individual alanine mole-
cules. Especially the effect of molecule aggregation could prolong the
correlation time markedly. To provide sufficient sampling of the phase
space, we prepared the system in 50 different initial coordinates and
then ran the simulation procedure individually for each of them and
finally averaged the obtained time-correlation function over the
number of simulation runs after that. By this procedure, we obtain fifty
3 ns trajectories. We calculate the dipole moment correlation function
for each trajectory independently (from Eq. (4)) and then we obtain a
mean dipole moment correlation function as an average from these fifty
autocorrelation functions. Thereafter we fit the obtained correlation
function by a biexponential fitting function Φfit(t)=A1e−t/τ1 + A2e−t/

τ2. Hence, the real (χ′) and imaginary (χ″) part of susceptibility as the
Fourier–Laplace transform of Φfit could be obtained from analytical
formulas:
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3. Results

3.1. Identification of the spectral region of interest

Relaxation phenomena dominate complex permittivity of bioma-
terials in radiofrequency and microwave band due to rotational diffu-
sion of constituent molecular dipoles [46]. Therefore, the relaxation
time due to rotational diffusion of the molecules is of central interest
and determines the frequency range of interest for dielectric spectro-
scopy sensing. Here we show guidelines to identify the spectral region
of interest on the example of a small molecule solute in the water as a
solvent. In the first step, depending on its shape and dipole moment
orientation, the molecule can be approximated as a spherical particle or
ellipsoidal particle [47,46]. A small amino acid in the water we aimed
to analyze can be reasonably approximated by a spherical particle in a
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viscous medium, for which the Stokes–Einstein–Debye formula [48,p.
206; 49] gives relaxation time [50]:

=τ
Vη3

kT (9)

where V is the specific volume of amino acid, η is the solvent dynamic
viscosity at given temperature T, k is the Boltzmann constant. Con-
sidering a range of volumes of amino acids (50–163Å3) [51] and sol-
vent (water) viscosity η=10−3 Pa s at room temperature T=293.15 K,
then the relaxation time lies in sub-nanosecond region and corre-
sponding frequency band (fAA=1/(2πτ)) due to amino acids rotational
diffusion lie in 1–4.5 GHz band. The center frequency of the alanine,
our model amino acid, is predicted to be at 3.2 GHz. Same arguments
applied to a single water molecule (considering effective Van der Waals
volume of water molecule ≈15Å3) lead to the theoretical frequency at
around 14 GHz which slightly differs from experimental values of ca.
17–19 GHz [39] due to simplicity of the model in Eq. (9) which neglects
other effects. Based on these predictions, for the next design, the pri-
mary aim was to obtain a maximum sensitivity of the method at the
expected frequency band due to amino acid rotational diffusion
(1–4.5 GHz) while having reasonable sensitivity at the frequency band
due to water molecule rotational diffusion (14–20 GHz).

3.2. Predictive sensitivity analysis

Due to advantages described in the Introduction, we decided to base
our sensor design on a conductor-backed coplanar waveguide structure
(CBCPW). The principle of the operation of CBCPW for dielectric sen-
sing is as follows. Electromagnetic wave propagates along the grounded
coplanar waveguide and enters into sensing area of the CBCPW which
contains biological specimen. A fraction of the wave is reflected and a
fraction is transmitted through the specimen. We measure amplitude
and phase of the reflected and transmitted wave and that enables us to
extract complex permittivity of the specimen.

Our sensor is combining two approaches: (i) CBCPW which has a
reasonable sensitivity across the broadband from 1 to 40 GHz, and (ii)
the sensing segment loaded with the liquid specimen behaves as a di-
electric resonator with a low quality factor to enhance sensitivity in the
frequency band of interest. To make a guiding assessment of the sen-
sitivity of scattering parameters (S-parameters like S11 and S21) of the
chip to a variation of the specimen permittivity ϵr2, we defined the
sensitivity as =ξ S|Δ /Δϵ |r11 11 2 and =ξ S|Δ /Δϵ |r21 21 2 . We used an analy-
tical model of CBCPW with a dielectric on the top which enables us to
calculate S-parameters of the CBCPW. We considered a 50Ω impedance
CBCPW separated into three segments see Fig. 2A. Middle segment has
a dielectric specimen on the top with thickness h2 and complex per-
mittivity ϵr2 given by the Debye model [38,39] of water to represent a

water-like solution of the biomolecular specimen. Length of the spe-
cimen is the same as the length of the middle segment of CBCPW (l2).
We derived equations of S-parameters of such CBCPW, see Methods and
Supplementary data. Using these equations, we calculated the sensi-
tivity of the magnitude of reflection and transmission coefficient to the
variation of permittivity dependent on the frequency and the specimen
length (Fig. 2B and C). Analytical formulation enabled us to estimate
that for maximal sensitivity in the frequency bands of amino acids while
keeping the specimen sufficiently small, the optimal length l2 of the
specimen segment is around 6.4 mm. We used this length as a starting
point for an accurate design of the chip in the numerical 3D electro-
magnetic simulator. We see in Fig. 2B and C that transmission coeffi-
cient S21 provides higher sensitivity for the 4 GHz band than reflection
coefficient S11 band while S11 provides a slightly better sensitivity in the
band> 20 GHz, beyond the water molecule dispersion.

3.3. Chip design

After analytical estimates, we chose to follow a specific design based
on a conductor-backed coplanar waveguide (50Ω impedance) chip
where the sensing site is formed by switching the sides of the CBCPW
through the vias (Fig. 3B, C, E, and F). We implemented this design in
the CST (Computer Simulation Technology) Microwave Studio model
for all further analyses. The electromagnetic wave is launched to the
CBCPW on the reverse (feeding) side (Fig. 3C) and enters along the vias
into front (sensing) side of the chip (Fig. 3B). This design modification
of the standard CBCPW brought an important advantage over same-
feeding-sensing-side CBCPW design: provided that the volume is larger
than a certain threshold volume (given by the field distribution, see
Fig. 3G and F), the chip provides accurate reading regardless of the
exact shape and volume of the specimen droplet to be analyzed. This
advantage would not be possible on same-sensing-feeding-side CBCPW
without microfluidics or other specimen geometry delimiting cuvette
which would require taking into account cuvette material in the per-
mittivity extraction analysis. The chip structure enables appropriate
interaction of electromagnetic wave with specimen droplet (Fig. 3D)
and high reproducibility for all three analyzed alanine concentrations
(see Fig. S5). We arrived to the 4 mm via-to-via length of the sensing
segment, which corresponds to roughly 6.4mm length of the analytical
model when distance the wave has to traverse through the vias is
added. We selected Multiline-TRL (Through-Reflect-Line) [52–54] ca-
libration technique, designed and fabricated appropriate calibration kit
(lines with L=1, 2, 4, and 8mm; reflect – short; through) for our chip
in the frequency range 0.5–40 GHz, see Fig. 3H. Multiline-TRL method
overcomes standard problems with a use of broadband matched load
and brings better accuracy with the minimization of random effects

Fig. 2. Sensitivity analysis reveals that the optimal length of the specimen sensing segment (l2) of the chip is 6.4 mm. (A) Scheme of a model (divided into 3 segments)
which analytically approximates the sensitivity of our chip: conductor-backed coplanar waveguide (CBCPW), w is 395 μm, s is 1 mm, g is∞, ϵr1 is relative permittivity
on the top of outer (feeding) CBCPW segments (ϵr1= 1+ j0) and l1 is length of outer (feeding) segments of the model and is fixed at 6mm for the calculation of
sensitivity, l2 is length of middle (sensing) CBCPW segment of the model and its length is varied from 4 to 8mm for calculation of sensitivity, ϵr2 is relative complex
permittivity of dielectric specimen (water) on the top of the middle (sensing) CBCPW segment (Debye model [38,39]: ϵ(0)= 79.27, ϵ(∞)= 6.09, τ=8.84 ps, and
σ=5 μS/m) and height of the specimen h2 is 4mm. There is air with permittivity of ϵr1 above the specimen. Substrate RO4350B has permittivity ϵrs=3.74+ j0.03
and thickness hs=508 μm. (B) Calculated sensitivity =ξ S|Δ /Δϵ |r11 11 2 . (C) Calculated sensitivity =ξ S|Δ /Δϵ |r21 21 2 . We used Δϵr2 = 5 + j5 for calculation of sensitivity
depicted in (B) and (C). In the colorbar, max. value of sensitivity is 1.59× 10−2 and min. value is 6.55× 10−6. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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(repeatability of connections, etc.). The reference plane for vector
network analyzer (VNA) measurement is marked on the CBCPW
structure as depicted on Fig. 3B and C. Since the reference plane is
located on the CBCPW transmission line, it was possible to avoid the
effects of coaxial-planar end-launchers. Chip, Beatty line and calibra-
tion kit were fabricated using a common commercially available
printed circuit board technique.

3.4. Complex permittivity of a biomolecular liquid: the experimental case of
L-alanine solution

The fabricated and verified chip was used to measure S-parameters
for extraction of the complex permittivity of a model biomolecular li-
quid. We selected L-alanine water solution as a model liquid. Alanine
(molar mass 89 Da) belongs to one of the most common α-amino acids
used in the biosynthesis of proteins. The Agilent kit based on a coaxial
probe was used as a commercial reference tool to obtain complex
permittivity from a 5mL specimen (see Methods for more details).
Three different concentrations (50, 100, and 150mg/mL) of alanine
were used in order to cover whole range of solubility and to demon-
strate the effects of amino acid presence on the dielectric response of
solution. Complex permittivity of a pure water and alanine solution is
showed in Fig. 4. Data measured using our chip and extracted using our
method are in a good agreement with data obtained using coaxial probe
method (see Methods). Nevertheless, our chip requires 20-fold lower
volume than the reference coaxial probe method. For pure water
(Fig. 4A), a well-known behavior of the dielectric function is observed;
single relaxation process of water molecule tumbling at around 20 GHz
causes decreasing ′ϵr of the water and maximum losses (peak of ″ϵr ).
Alanine solutions manifest additional concentration-dependent features
due to rotational relaxation of alanine. At first, alanine dipole or-
ientation causes an additional polarization at low frequencies
(< 3 GHz). This additional polarization is manifested as a concentra-
tion-dependent increase of the real part of permittivity at low fre-
quencies, see Figs. 4B–D and S6). At second, ″ϵr increases around a few
GHz – a central frequency band of dispersion due to alanine molecule
dipoles (Figs. 4B–D and S6). Since relaxation features are spectrally

broad, the dispersion of alanine and water molecule partially overlap.
Hence separated dispersions cannot be seen in experimental data, but
are visible if decomposed or analyzed by molecular dynamics (as we
show in Fig. S7).

3.5. Complex permittivity from molecular dynamics simulations

To theoretically reproduce and interpret the experimental data from
basic principles, we performed equilibrium molecular dynamics (MD)
simulations (see Methods) for calculation of the complex permittivity of
pure water and alanine solutions (hereinafter termed ‘system’). With
certain modifications we followed procedure described by Boresch and
Steinhauser [44,45]. In this procedure a complex frequency dependent
susceptibility χ(ω)= ϵ(ω)− 1 of a molecular system (ω=2πf) can be
calculated as Fourier–Laplace transformation of time derivative of di-
pole moment time correlation function of the system or its components
(see Methods for details). Results from MD agree satisfactorily with the
experimental data (Fig. 4) providing a semi-quantitative comparison.
As one can see in Fig. 4 molecular dynamics reproduces all essential
features of the experimental data such as concentration-dependent low
frequency dielectric increment Δϵ(0)= ϵ(0)SOLUTION− ϵ(0)WATER, fre-
quency ranges corresponding to the relaxation processes of both amino
acid and water molecule tumbling and values of both real and ima-
ginary part of the permittivity with a reasonable accuracy. Further-
more, MD also semi-quantitatively reproduces emergent features which
simple theories cannot predict (without auxiliary approximations and
parameters): concentration-dependent frequency shift of the ″ϵr peak of
water (see Fig. 4A–D) and as well as that of amino acid (see Fig. S7)
which are usually demonstrated only in experimental works [13,46].

4. Discussion

The CBCPW design with sensing area on the opposite side of the
substrate than the feeding side has been already recently proposed
[55,56]. However, it was limited to 5 GHz missing thus the typical
microwave signature of biological specimens: absorption peak of water
around 20 GHz. An additional limitation of sensor design in recent

Fig. 3. Our designed and fabricated chip for quantitative dielectric sensing. CST Microwave studio model of a conductor-backed coplanar waveguide chip with the
sensing part on the reverse side of the substrate: (A) Sensitivity (ξ) calculated by model Fig. 2A (length l2= 6.4mm) and our chip (D). (B) Sensing side of the chip –
short black lines represent the reference plane and dark-green mask delimits the sensing area. (C) Feeding side of the chip – light yellow color is RO4350B substrate.
(D) Model of a water droplet specimen (250 μL volume) on the sensing part of the chip. (E) The longitudinal cross-section of the chip with water droplet specimen. (F)
The simulated electric field distribution in the cross-section plane of (E). The average of the absolute value of electric intensity is coded in color. The wave propagates
from right to left. The curved white line is the border of the water droplet specimen. (G) Isoplanes demarcate volume where 99% of the electric field is enclosed
(electric field intensity criterion). (H) Fabricated calibration kit with Beatty line (the grey arrows highlight employed the calibration lines and the blue arrows
highlight the reference planes). (I) Fabricated chip “SAMPLE 1 4mm” with a water droplet (250 μL volume) on the sensing side of the chip. The blue arrows show the
reference planes. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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works [55,56] was the requirement of rather large specimen volumes
(order of milliliter). We extended both the frequency range of this ap-
proach and significantly lowered the specimen volume required for the
experiment compared to these recent developments.

Complex permittivity data obtained using our chip and permittivity
extraction method agree very well with the reference data obtained by a
reference method with the exception of frequency band>20 GHz in
case of 100 and 150mg/mL alanine concentrations – this is under-
standable since our chip was not designed to operate with high sensi-
tivity in this frequency band (see earlier design sections). Our chip
enables broadband dielectric spectroscopy: a method which provides
broadband data on complex permittivity of a biomaterial. Apart from
the molecular understanding of electromagnetic properties of biosys-
tems, dielectric spectroscopy and sensing, yet often in a narrow band,
has also many potential biomedical applications [31] in sensing bio-
molecules as disease biomarkers [57], sensing single cells [28] or
analyzing cellular viability [35].

Employing molecular dynamics simulations for complex permit-
tivity data is a powerful approach for both prediction and interpretation
of the experimental data because in a MD simulation one obtains direct
access to trajectories of every atom which enables separation of po-
larization contributions from individual molecules and molecular spe-
cies [58,59]. In Fig. S7, individual contributions to susceptibility from
water and alanine obtained from MD simulation enable qualitative and
quantitative interpretation of data: while roughly half of Δϵ(0) is due to
alanine dipole moment correlation, another half is due to cross-corre-
lation of alanine and water molecules dipole fluctuations – a finding
which is impossible to determine from experimental data only. Ad-
ditionally, both alanine and cross-correlation of alanine and water
molecules dipole fluctuations increase imaginary part of permittivity in
a concentration-dependent manner yet at a different rate and increas-
ingly different central frequencies. In general, one has to be careful;
since MD simulations may employ various combinations of force fields
and water models, they might not always reproduce absolute values
within the accuracy we managed to achieve here and may provide only
relative ranking, e.g. in energetics of molecular binding [60], while
absolute values being few-fold different than the experimental data. In
our case, most substantial discrepancy compared to experimental data
seems to be in low-frequency real part of the permittivity of water.
Taking all potential pitfalls into account, MD still may serve as a useful

tool for parametric study and for data prediction and interpretation
across a wide range of parameters which might not always be entirely
experimentally accessible or difficult to control precisely such as pres-
sure or temperature. We need to emphasize that here we employed MD
only to demonstrate its practical capabilities in prediction and inter-
pretation of biomaterial electromagnetic properties which aid to steer
RF and microwave design. Extensive analysis of the effects of various
water models and force fields on the computationally obtained complex
permittivity is beyond the scope of current paper and will be analyzed
in upcoming works.

5. Conclusion

In this work, we started from (i) fundamental principles (rotational
diffusion times of molecular components in the specimen to be studied)
to predict the frequency bands of interest, (ii) then used simplified
analytical models to give preliminary estimate of the sensitivity of the
measurement with our proposed chip structure to variations of per-
mittivity, (iii) afterwards we accurately designed the chip in electro-
magnetic simulator, fabricated, and (iv) we also tested both the con-
ductor-backed coplanar waveguide sensing chip and kit for the most
suitable calibration technique. We then (v) experimentally obtained
complex permittivity of alanine water solution both using our chip
(250 μL of the specimen) and reference bulk measurement method
(5mL of the specimen) and we finally (vi) interpreted the obtained
complex permittivity using molecular dynamics simulations. In sum-
mary, we described a whole life cycle of the scientific-rationale-based
design of the chip for dielectric spectroscopy of biomolecules: here we
chose conductor-backed coplanar waveguide-based chip topology and
alanine amino acid as a model biomolecule. We believe that both the
specific chip structure we developed here as well as the suggested ra-
tionalization of the process for high-frequency electromagnetic design
rooted in a deep physical understanding of a biomolecule system to be
analyzed will enhance research of future methods in biosensing and
bioelectromagnetics.
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Velocity flow with slip condition

The general solution of a velocity field u(r, t) around a nanoresonator (approximated by

cylinder) immersed in the no -Newtonian (Maxwellian type) fluid with the standart no - slip

condition is in a term of

u(r, t) = u(t)g(r) = u(t)C2K0

(
r
√
ξ
)

(1)

where u(t) is a velocity of the nanoresonator oscillations, K0 is modified Bessel function of the

second kind zeroth order and r is the radial distance. The last term ξ is equal to ξ = ωr(i−

λωr)/ν, where ν is a kinematic viscosity of the fluid, ωr is the angular resonant frequency

of the nanoresonator and λ is a relaxation time of the fluid. C2 represent an integration

constant which can be obtained from boundary conditions. We consider axially symmetric

incompressible flow of a Maxwellian fluid around nanoresonator, with a linear Navier slip

boundary condition applied on the nanoresonator wall. For the purpose of derivation, we

assume that flow velocity is constant along entire length of nanoresonator. Slip condition

can be then written in the following form:

u(R, t) = Aeiωt + Ls
∂u(r, t)

∂r

∣∣∣∣
r=R

(2)

Where the term

Ls
∂u(r, t)

∂r

∣∣∣∣
r=R

(3)

is slip condition defined by Stokes with slip length (Ls). Tangential part of velocity is then

no - zero on the surface of a nanoresonator. For the sake of simplicity we assume that the

velocity is bound far from the nanoresonator u(∞, t) = 0. By using property of modified

Bessel function of the second kind and condition (r = R) at the nanoresonator surface

∂K0(r)

∂r
= −K1(r) (4)
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we derive
∂

∂r
K0

(
r
√
ξ
)
|r=R = −

√
ξK1

(
R
√
ξ
)

(5)

Together with boundary condition from2, the integration constant C2 is equal to

C2 =
1

K0

(
R
√
ξ
)

+ Ls
√
ξK1

(
R
√
ξ
) (6)

After substituting integration constant into 1, the axial velocity component u(r, t) with slip

condition is

u(r, t) = Aeiωt
K0

(
r
√
ξ
)

K0

(
R
√
ξ
)

+ Ls
√
ξK1

(
R
√
ξ
) (7)

We can see that if Ls = 0 then the velocity equation is the same as for the no - slip boundary

condition.

Shear stress calculation

Non -Newtonian liquid behavior was modeled by using the Maxwell model of shear stress,

which is relevant for small strains in a following form

τ + λ
∂

∂t
τ = −µγ̇ (8)

where τ is a shear stress (i.e. axial force per unit surface) acting on nanoresonator surface,

µ is a dynamic viscosity of water, γ̇ = ∂u(r,t)
∂r

∣∣∣
r=R

represents strain rate. In the special case

when the relaxation time tends to zero, Eq. 8 reduces to well know linear relationship of

Newtonian fluid. By rearranging we get

∂

∂t
τ +

1

λ
τ = −µ

λ
γ̇ (9)
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This linear differential equation of first order could be solved by using integrating factor

function in form

f(t) = e
1
λ

∫
dt = e

t
λ (10)

By multiplying 10 with integrating factor and solving we obtain final form of shear stress as

et/λτ = −
∫
µ

λ
et

′/λγ̇(t′)dt′ + C (11)

with assumption that τ is finite at t→−∞

τ =

∫ t

0

{µ
λ
e−(t−t

′)/λ
}
γ̇(t′)dt′ (12)

In this integral, was evaluated with time after one cycle (2π/ωr).

Scattering width of nanoresonator

Scattering width process can be evaluated (Γs) as equal to the inverse of the decay time of

radiating dipole. First we express power PR radiated by an oscillating electric dipole as

PR =
1

4πε0

p2ω4
r

3c3
(13)

where c is velocity of electromagnetic wave in the given environment, and p = q a is a dipole

moment, which is described in terms of an vibration amplitude a and q is the nanoresonator

surface charge involved in the coupling of vibration mode to the electromagnetic radiation.

Then we use the energy of the oscillator as

Eo =
1

2
mω2

ra
2 (14)

where m is effective mass of the system. Scattering process Γs could be then described

as

4



Γs =
PR
Eo

=
1

4πε0

p2ω4
r

3c3
2

mω2
ra

2
=

1

6

q2ω2
r

πε0mc3
(15)

where nanoresonator charge is q = S qs is derived from the effective charge density of the

nanoresonator tip based on the surface area of nanoresonator (S = πR2).

Microwave absorption by randomly oriented nanoresonators

The problem of microwave absorption of the randomly oriented nanoresonators is equal to

problem of electromagnetic power absorbed by randomly oriented oscillating dipoles. For

our case, axis of the dipole responsible for microwave absorption is identical with the long

axis of the nanoresonator. In spherical coordinates, angular distribution density for random

orientation of dipoles is proportional to sin θ, where θ is a polar angle between electric

field vector ~E and dipole moment vector ~p. Furthermore, power absorbed by the dipole is

proportional to (~p ~E)2 so that the polar angular dependence is proportional to cos2 θ. If the

PresAligned is power absorbed for resonators aligned in parallel with electric field vector, then

we can write for power absorbed by random orientation of dipoles

PresRandom =

∫ 2π

0

dφ
∫ π

0

PresAligned cos2 θ sin θdθ.(

∫ 2π

0

dφ
∫ π

0

sin θdθ)−1 (16)

which could be approximated as PresRandom =
PresAligned

3
.

Microwave absorption by water

We assume plane electromagnetic wave with the direction of propagation perpendicular to

the water film. Power absorbed by water film can be approximated as

Pwater = P0(1− e−2αz) (17)
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where P0 is incident power entering the water film of thickness z with attenuation coefficient

of water environment α calculated as

α(ω) = ω

√√√√√


ε′µ

2


−1 +

√

1 +
σ2
ef

ω2ε′2




 (18)

where ε′ is a real part of complex permittivity, and µ is the permeability of water. From

a macroscopic point of view it is not possible for us to practically distinguish individual

contributions to losses (dielectric, conductive) at the constant frequency. Therefore, we use

an effective conductivity (σef ) which includes all conductivity losses:

σef = tg(δ)ωε′r (19)

with tangential loss factor tg(δ) defined as

tg(δ) =
ε′′r
ε′r

(20)

where imaginary part of a relative complex permittivity ε′′r(ω) and real part of relative com-

plex permittivity ε′r(ω) of water were obtained from Debye model of a complex permittivity

ε∗(ω) = ε
′
r − jε

′′
r = ε∞ +

εs − ε∞
1 + jωτ

(21)

where ε∞ = 4.5 is permittivity at near infrared wavelengths and εs = 80 is the static

permittivity with relaxation time of water τ =9.5 ps. Total power absorbed in a sample

given as power ratio of absorption of nanoresonators Pres was normalized to power absorbed

in water film Pwater using logarithmic scale as

Pabsorbed = 10 log10

(
Pwater + Pres

Pwater

)
(22)
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C Supplementary data of Section 5

This chapter include the supplementary data of Section 5.
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1. Refractive index increment

To reflect the precision of our measurement and to compare the dn/dc from theoretical predictions
with experimental results, we also calculated and measured dn/dc of basic amino acids (L - tryptophan,
L - cysteine, L - histidine and L - phenylalanine), result shown in Tab. 1.

Amino acid Ma Ra v̄p Calculated Calculated∓ Experimental
[g/mol] [Ref. per gram] [ml/g] dn/dc [ml/g] dn/dc [ml/g] dn/dc [ml/g]

Tryptophan 204.23 0.297 0.74 0.277 0.276 0.256
Cysteine 121.15 0.238 0.63 0.206 0.205 0.183
Histidine 155.16 0.253 0.67 0.219 0.217 0.204

Phenylalanine 165.18 0.287 0.77 0.244 0.249 0.205

Tab. 1: Predicted theoretical and experimental data of amino-acids. Data were calculated and
measured at 589.3 nm wavelength at 25 ◦C. Ma -Molecular mass of amino-acid, Ra - refraction per
gram of individual amino acid, amino acid specific volume v̄p.*Data were predicted at 589 nm for
hypothetical polypeptide in water with 150mM NaCl.∓Data were calculated at 589 nm for amino
acid buffer solution.

Results indicate that amino acid dn/dc are independent on concentration. A least-square fit linear
regression yields straight lines, and dn/dc did not deviate significantly from established theoretical
values presented in Tab. 1.

2. Theory & pH-charge effect additional information

We calculated refractive index increment (dn/dc) and refractive index (n) of the tubulin isotypes as
well as of the bovine serum albumin (BSA) (see Tab. 2 and Tab. 3).

At the physiological pH 7.2 the tubulin has typically highly negatively charged C-terminus tail and
is overall negatively charged. Tubulin becomes neutral at pH 5.6.. We are aware that tubulin in
buffer with pH 7 is negatively charged and surrounded by cations (magnesium and potassium (from

1



Theory

Isotype Gene name ID Length dn/dc n
UniPortKB (amino acids) [g/ml] [-]

α1A TUBA1A P02550 451 0.1872 1.6056
α1B TUBA1B Q2XVP4 451 0.1871 1.6054
α4A TUBA4B F2Z5S8 448 0.1873 1.6067
α8 TUBA8 I3LDR2 399 0.1868 1.6055
βI TUBB Q767L7 444 0.1877 1.6078
βII TUBB2B F2Z5B2 445 0.1878 1.6094
βIII TUBB3 F1S6M7 450 0.1877 1.6089
βIV a TUBB4A F2Z5K5 444 0.1874 1.6080
βIV b TUBB4B F2Z571 445 0.1875 1.6085
βV TUBB6 I3LBV1 427 0.1871 1.6073
βV I TUBB1 A5GFX6 449 0.1872 1.6064

Experiment

Tubulin 0.218 1.64± 0.02
Serum albumin 0.179 1.59± 0.02

Tab. 2: Overview of Sus scrofa tubulin isotypes and BSA. Calculated refractive index of tubulin and
Bovine serum albumin based on theoretical model in compare with experimental results. Data were
calculated and measured at 589.3 nm wavelength at 25 ◦C.

KOH used to tune the pH)) and that the tubulin also interacts with surrounding water molecules.
This could lead to variance of measured tubulin refractive index compared to hypothetical case of
tubulin without any cations present. We analyzed tubulin under conditions similar to that in vivo
(pH around 7) which led to refractive index n=1.64.

The results of the theoretical calculation is also dependent on the model where we obtain amino acid
composition from crystallography model or genomic sequence (Tab. 2 and Tab. 3 ). Our theoretical
calculations of refractive index do not contain any explicit dependence on the charge since they are
based purely only the amino acid composition. We also predicted tubulin refractive index based on
genomic sequence which includes C-terminus.

To estimate magnitude of the effect of pH and hence tubulin charge and consequent electrostatic
interactions, we can compared the consistence of our approach in case of tubulin to the case of BSA.
Isoelectric point of BSA is around pI= 5 to 5.60 which is similar to pI of tubulin. All our experiments
were performed at pH 7 because we wanted to be close to physiological pH. Refractive index of
BSA in experiments was evaluated as nBSA =1.59 while our theoretical value yielded nBSA =1.60.
Theoretical values are thus in good agreement with experiment hence we have reason to believe that

2



Theory

Length dn/dc n
(amino acids) [g/ml] [-]

Protein α - tubulin chain
ID RSCB protein database 1TUB : A GI:3745821 440 0.1892 1.6059

Protein β - tubulin chain
ID RSCB protein database 1TUB : B GI:3745822 427 0.1901 1.6087

Protein Bovine serum albumin
chains A,B

ID RSCB protein database 4F5S : A,B P02769 583 0.1876 1.6038

Experiment

Tubulin 0.218 1.64± 0.02
Serum albumin 0.179 1.59± 0.02

Tab. 3: Overview of Sus scrofa tubulin isotypes. Calculated refractive index of tubulin based on
theoretical model in compare with experimental results. Data were calculated and measured at
589.3 nm wavelength at 25 ◦C.

the effect of pH is rather negligible and may slightly affect only second decimal place of refractive
index value.

3. Methods

Tubulin was purchased from Cytoskeleton, Inc. (Tubulin> 99% pure, Cat.# T238P). It was dissolved
and stored at 10mg/ml concentration in buffer containing 80mM PIPES pH 6.9, 2.0mM MgCl2,
0.5mM EGTA and 1mM GTP (G-PEM). L - tryptophan, L - cysteine, L - histidine, L - phenylalanine
were supplied by P - lab, CZ. 1,4-Piperazinediethanesulfonic acid (PIPES, CAS 5625-37-6), Guanosine
5´-triphosphate sodium salt hydrate (GTP, CAS 36051-31-7), L -Asparagine, and Glycol ether
diamine tetraacetic acid (EGTA, CAS 67-42-5) were purchased from Sigma. Magnesium chloride
(MgCl2, CAS 7791-18-6), Potassium hydroxide (KOH, CAS 1310-58-3) were supplied by PENTA.

The proof of polymerization of tubulin to MT is provided by absorbance measurement at 350
nm - a standard method to assess polymerization. Additionally, we also quantified the amount of
polymerized vs. unpolymerized tubulin.

3.1. Tubulin polymerization

We followed taxol facilitated tubulin polymerization protocol of Mitchison lab, with small modifica-
tions, as follows:

3



Tubulin (2mg/ml) was polymerized in BRB 80 buffer (80 mMPIPES pH6.9, 2.0mM MgCl2, 0.5mM
EGTA and 1mM GTP (G-PEM)) with adding Taxol stepwise at 2, 20 and 200µM steps at 37◦C.

• add 1/10 volume of 2µM taxol added (the final taxol concentration is 0.2 µM); Incubated at
37◦C for 5’ minutes.

• 1/10 volume of 20µM taxol added (the final taxol concentration is 2 µM); Incubated at 37◦C
for 5’ minutes.

• 1/10 volume of 200µM taxol added (the final taxol concentration is 20 µM); Incubate at 37◦C
for 50’ minutes.

Refractive index right was measured right after this treatment just leaving sufficient time (few
minutes) for the sample to assume the room temperature.

3.2. Spectrophotometry -Tubulin polymerization

The ability of tubulin to polymerize into microtubules was followed by observing an increase of
optical density of a tubulin solution at OD350 (see Figure 1) under experimental conditions defined
above.

Fig. 1: Polymerization curve of tubulin solution determined by absorbance at 350 nm by V arian
UV-VIS 4000 spectrometer at 37◦C.

3.3. Spectrophotometry -Protein concentration

To reveal how much of the tubulin is unpolymerized once steady state was reached in the spec-
trophotometer, we removed an aliquot from sample (to determine total tubulin concentration, CT ).
Then sample was centrifuged, 20,000 g for 15min. Aliquot of supernatant was removed and soluble

4



dimer concentration was derived (CD). The concentration of the polymer (Cp) was calculated, since
CT = Cp + CD. The protein concentration was determined from following equation:

C = (A280 ×mol.wt.)/(ε280 × l) (1)

where A280 is absorbance at 280 nm after baseline correction, mol.wt is molar weight (110 kDa
as molecular weight of tubulin was used), ε280 as a extinction coefficient of 1:TUB tubulin
(94660M−1cm−1) and pathlength l=1mm (Nanophotometer Pearl). Extinction coefficient was
calculated with WxPASy ProtParam tool, assuming all pairs of cysteine residues are reduced.

We also performed correction for light scattering by multiplying the absorbance at 330 nm by
1.929 to get the light scattering contribution at 280 nm. Then subtracted the resulting values as
measured at these wavelengths. This method assumes that the light scattering contribution varies
as the inverse fourth power of the wavelength. Using this methods, we found that 0.14 mg/ml, i.e.
only around 7%, of tubulin was unpolymerized in our microtubule sample.

4. Specifications of DSR refractometer

Refractive index

• Scale: 1.32 - 1.70 nD at 589 nm.

• Accuracy 0.00005 at 25 ◦C for liquid samples.

Temperature control:

• Active temperature control: solid state Peltier - thermostabilization of the sample compartment.

• Operational temperature: +18 ◦C to +30 ◦C.

• Temperature control stability: ± 0.01 ◦C.

• Temperature measuring accuracy: ± 0.1 ◦C.

Optics and Hardware:

• Prism: Sapphire crystal.

• Measured wavelengths: 511.3, 589.3, 595.6, 623.4, 671.0, 770.0, 820.0, 880.0, 922.2 nm.

• Wavelength accuracy: ± 2 nm.
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This chapter include the supplementary data of Section 6.
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1. Temperature monitoring1

We monitored temperature and humidity close to the specimen with Data2

Logger (CEM DT-171) during both experiments. Mean temperature was3

maintained around 23.1 ◦C in first set of experiments with relative humidity4

around 37%. In the second set of experiments, similar values with tempera-5

ture around 23.3 ◦C and 37% of relative humidity were accomplished.6
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Figure S1: Temperature (red curve) and Relative humidity (blue curve) monitored in first
experiment with Data Logger near to the specimen. Data were monitor during the whole
measurement. The position of the thermometer was placed close to the chip (see Fig. 1 in
the main text).

Figure S2: Temperature (red curve) and Relative humidity (blue curve) monitored in
second experiment with Data Logger near to the specimen. Data were monitor during the
whole measurement. The position of the thermometer was placed close to the chip (see
Fig. 1 in the main text).

2



2. Material extraction7

Data presented in this section are extracted value of complex permit-8

tivity of quartz glass which was used as a wafer, surface impedance of the9

metallization and dielectric spectra of the PDMS polymer.10

2.1. Complex permittivity of quartz glass11

Figure S3: Real (Top) and Imaginary (Bottom) part of extracted complex permittivity of
Quartz glass. Raw data obtained from CST Microwave Studio.

3



2.2. Surface impedance of metallization12

Figure S4: Real (Top) and Imaginary (Bottom) part of extracted surface impedance of
300 nm gold layer. Raw data obtained from CST Microwave Studio.

4



2.3. Complex permittivity of PDMS13

Figure S5: Real (Top) and Imaginary (Bottom) part of extracted complex permittivity of
PDMS. Raw data obtained from CST Microwave Studio.

5



3. Calibration verification14

Average least square error (ALSE) was calculated to assess distance agree-15

ment between simulated and measured S-parameters quantitatively:16

ALSE =
1

N2

N∑

i=1

N∑

j=1

∣∣SSIMULATED
ij − SMEASURED

ij

∣∣2 (1)

Note that equation employs linear scale while in the Fig. S6 ALSE is de-17

picted in decibels. The ALSE figure demonstrates an excellent agreement18

between simulated and measured S-parameters up to 40 GHz. Beyond this19

frequency, the ALSE rises above - 70 dB which still presents a good agree-20

ment.

Figure S6: ALSE (Average Least Square Error) between simulated and measured data of
dry chip with PDMS microchannel. Experiment 1 is depicted with Grey color, experiment
2 by Orange color.

21

6



Thru test, result calculated to determine the phase uncertainty are pre-22

sented in following Fig. S7. Results determine the threshold value for material23

extraction.24

Figure S7: Thru test representing the phase error of the measurement in both experi-
ments.Experiment 1 is depicted with Grey color, Experiment 2 by Orange color.

The Thru test figure demonstrates a maximum phase error equal to 0.2 ◦
25

at around 40 GHz, which still represent an excellent robustness of the cali-26

bration process.27

7



4. Variation of scattering parameters28

Reputability of measured S-parameters of our sensor. Measured reflection29

and transmission coefficients of the sensor loaded with water, buffer, tubulin30

and microtubule specimen. For each solution 2 independent specimens were31

prepared and each specimen was measured 8 times to yield 16 S-parameter32

measurements (16× S11, 16× S22, 16× S21, and 16 x S12).33

Figure S8: Top image: Average value (dashed line) and standard deviation of reflection
was calculated from 16 x S11 and 16 x S22 (total N=32) values. Bottom image: Deviation
of mean values between buffer and tubulin (blue), buffer and microtubule (violet).

8



Figure S9: Top image: Average value (dashed line) and standard deviation of transmission
was calculated from 16 x S12 and 16 x S21 (total N=32) values. Bottom image: Difference
between mean values of buffer and tubulin (blue), buffer and microtubule (violet).

9
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1. Derivation of equations for analytical model1

w

g

s

w

g

h2

hs

ɛ ɛ
0 rs

ɛ ɛ
0 rd

ɛ
0

substrate

bottom metalization

top metalization

dielectric material

air

Figure S1: Schematic cross-sectional view of conductor-backed coplanar waveguide
(CBCPW) with a top dielectric material.

We created a model consisting of two feeding segments of CBCPW with2

air on the top and one sensing segment between them with permittivity εr23

on the top, see Fig. 2 A in the main text. For this we need (i) to derive total4

capacitance (CCBCPW ) and characteristic impedance of a general segment5
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of CBCPW (Z0), (ii) to calculate ABCD matrix of a general segment of6

CBCPW, and (iii) to calculate ABCD matrix of three CBCPW segments7

connected in cascade, convert ABCD matrix to S-parameters matrix, and8

calculate sensitivity (ξ) to variation of the specimen permittivity.9

1.1. Capacitance and characteristic impedance of CBCPW10

Analytical calculation of total capacitance (CCBCPW ) and characteris-11

tic impedance (Z0) of the segment of CBCPW with a top dielectric mate-12

rial was derived from models of ”Conductor-Backed Coplanar Waveguide”13

and ”Conventional Coplanar Waveguide Sandwiched between Two Dielec-14

tric Substrates” (Simons (2004), pages: 15, 24-25, and 88). This structure is15

schematically illustrated in Fig. S1. Moduli of complete elliptic integrals are16

a = s/2; b =
2w + s

2
; g →∞ (1)

17

k0 = a/b; k2 =
sinh

(
πa
2hd

)

sinh
(
πb
2hd

) ; k3 =
tanh

(
πa
2hs

)

tanh
(
πb
2hs

) ; ∀i, k′i =
√

1− k2i

(2)
Cair is a partial capacitances of the coplanar waveguide in the absence of18

all the dielectric layers (i.e. as if all dielectric material in the model including19

substrate was air) and is defined as follows20

Cair = 2ε0

(
K(k0)

K(k′0)
+
K(k3)

K(k′3)

)
(3)

where K(k0) is complete elliptic integral (Abramowitz (1965)) with modulus21

k0. C1 and C2 are the partial capacitance of the coplanar waveguide with22

only lower and upper dielectric layers, respectively, and can be considered23

connected to Cair in parallel to form the total capacitance (CCBCPW ):24

CCBCPW = Cair + C1 + C2

= Cair + 2ε0(εrs − 1)
K(k3)

K(k′3)
+ 2ε0(εrd − 1)

K(k2)

K(k′2)

= 2ε0

(
K(k0)

K(k′0)
+ εrs

K(k3)

K(k′3)
+ (εrd − 1)

K(k2)

K(k′2)

) (4)

2



next calculation of effective dielectric constant (εeff ) follows as25

εeff =
CCBCPW
Cair

=

(
1 + εrs

K(k′0)

K(k0)

K(k3)

K(k′3)
+ (εrd − 1)

K(k′0)

K(k0)

K(k2)

K(k′2)

)(
1 +

K(k′0)

K(k0)

K(k3)

K(k′3)

)−1

(5)
and finally we can calculate characteristic impedance (Z0)26

Z0 =
60π
√
εeff

(
K(k0)

K(k′0)
+
K(k3)

K(k′3)

)−1
(6)

where s, w, hd, hs, εrd, and εrs are described in Fig. S1, ε0 is permittivity of27

vacuum.28

1.2. ABCD parameters of CBCPW segment29

It was assumed that characteristic impedance of the transmission line30

Z0 =
√

(R + jωL)/(G+ jωC) has the parasitic resistance (R) and conduc-31

tance (G) equal to zero. Inductance (L) and propagation constant (γ) is32

calculated as33

L = Z2
0CCBCPW ; (7)

34

γ =
√

(R + jωL)(G+ jωCCBCPW ) =

√
j2ω2LCCBCPW (8)

then ABCD matrix [a] of the CBCPW segment is defined as35

[
a
]

=

[
cosh (γl) Z0 sinh (γl)
1
Z0

sinh (γl) cosh (γl)

]
=

[
A B
C D

]
(9)

where l is length of CBCPW segment.36

1.3. Sensitivity of the model37

Next, a model was created from two (feeding) segments of CBCPW with38

air on the top and one sensing segment between them with a specimen with39

the permittivity εr2 on the top of the sensing segment, see Fig. 2 A in the40

main text. ABCD matrix of model [at] is calculated as41

[
at
]

=
[
a1
] [
a2
] [
a1
]

=

[
At Bt

Ct Dt

]
(10)

where [a1] is ABCD matrix of feeding segments of CBCPW, [a2] is ABCD42

matrix of sensing segment of CBCPW, εrd was set as air in case of [a1] and43
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as Debye model of water in case of [a2], see equation (13). Other parameters44

used in the section Capacitance and characteristic impedance of CBCPW45

are the same in case of [a1] and [a2]. ABCD parameters are converted to46

S-parameters as (Visser (2012), Appendix E, page 246, table E.2)47

S11 =
At +Bt/Z1 − CtZ1 −Dt

At +Bt/Z1 + CtZ1 +Dt

; S21 =
2

At +Bt/Z1 + CtZ1 +Dt

(11)

where Z1 is characteristic impedance of (feeding) CBCPW segment calcu-48

lated by equation (6), S11 and S21 are reflection and transmission coefficients49

of the model, respectively. Finally, we define the sensitivity as50

ξ21 =

∣∣∣∣
∆S21

∆εr2

∣∣∣∣ ; ξ11 =

∣∣∣∣
∆S11

∆εr2

∣∣∣∣ (12)

We used ∆εr2 = 5 + j5.51

Debye model of water52

Debye model of water expressed in equation (13) was used for determi-53

nation of εr2 in Fig. 2 A and for determination of initial values of extracted54

permittivity in optimization algorithm.55

εr2 = ε′r2 + jε′′r2 = ε(∞) +
ε(0)− ε(∞)

1− jωτ
− σ

jωε0
(13)

where ε(∞) is permittivity at high frequency, ε(0) is static (low frequency)56

permittivity, ε0 is permittivity of vacuum, j is imaginary unit (j2 = -1), ω is57

angular frequency, τ is relaxation time, and σ is DC (direct current) con-58

ductivity. Note that throughout the paper we use complex permittivity sign59

notation based on electric field harmonic time dependence given by e−jωt.60
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Drawing of the chip and Beatty line61

A

B

Figure S2: Drawing of our chip and Beatty line. A) Dimensions of our chip and B)
Dimensions of Beatty line. Units mm
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Verification of the measurement method and the chip62

For the measurements, calibration kit and calibration procedure were first63

verified with ”Beatty line” which is a type of precision mismatch formed by an64

impedance discontinuity. The Beatty line was fabricated as a 50 Ω CBCPW65

transmission line with 40 mm long section of 100 Ω impedance formed by a66

thinner central conductor s = 236µm and w = 777µm. This enables evalua-67

tion of the calibration accuracy.68

Transmission and reflection coefficients of this Beatty line are plotted in69

the Fig. S3 C. The dashed orange (reflection coefficients) and dashed blue70

curves (transmission coefficients) represent data obtained from simulations71

in CST Microwave Studio and the measured data (VNA Rohde&Schwarz R©72

ZVA40) are in solid green (reflection coefficients) and solid red (transmis-73

sion coefficients) lines. Results of scattering parameters obtained from the74

simulation and measurement with dry chip are plotted in Fig. S3 A. Chip75

was tested by the measurement of ultrapure water (σ= 0.05µS/cm @22 ◦C),76

250µL specimen volume was injected by a laboratory micropipette. Trans-77

mission coefficients from simulation and measurement of our chip loaded78

with a water droplet are plotted in the Fig. S3 B. In CST Microwave Stu-79

dio, the water droplet was simulated using Debye model of water. Reflection80

coefficients demonstrate appropriate amount of power reflected (S11 = -1081

÷ -3 dB) to probe the permittivity of the water-like specimens. The losses82

heavily influence transmission coefficient S21 due to water absorption which83

causes a dip of S21 at around 20 GHz (Ellison (2007)). Average least square84

error (ALSE) was calculated to assess distance agreement between simulated85

and measured S-parameters quantitatively:86

ALSE =
1

N2

N∑

i=1

N∑

j=1

∣∣SSIMULATED
ij − SMEASURED

ij

∣∣2 (14)

Note that equation employs linear scale while in the Fig. S3. D both S-87

parameters and ALSE are depicted in decibels. The ALSE figure demon-88

strates an excellent agreement between simulated and measured S-parameters89

up to 35 GHz. Beyond this frequency, the ALSE rises above - 40 dB which90

still presents a good agreement.91

6



0.5 1 10 40

frequency [GHz]

-80

-60

-40

-20

0

S
-p

a
ra

m
e
te

rs
 [
d
B

]

A

0.5 1 10 40

B

0.5 1 10 40

frequency [GHz]

C

simul. andS S11 22

simul. andS S21 12

meas. andS S21 12

meas. andS S11 22 0.5 1 10 40

frequency [GHz]

D

ALSE of Beatty line

ALSE of dry chip

ALSE of chip
with water droplet

Figure S3: Simulated and measured S-parameters of the chip and independent verification
structure are in a very good agreement. Measured (solid lines) and simulated (dashed
lines) S-parameters of A) Dry chip. B) Chip with droplet of pure water. C) Beatty line.
D) ALSE (Average Least Square Error) between simulated and measured data of dry chip
(A), Chip with water droplet (B), and Beatty line (C).

Dry chip92
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Figure S4: Average least square error (ALSE) was calculated to verify the quality of
our cleaning procedure of the chip. Displayed ALSE represents a difference between S-
parameters of a dry chip before and after the measurement of 14 amino acid samples
(after cleaning). The ALSE is in the range from -100 dB to -70 dB across the measured
frequency range. These values are < -60 dB (i.e. < 0.001 in linear scale) which is less than
the standard deviation (experimental error) between measurements (see Figure S5 C-E).
Therefore we can state that the cleaning procedure is sufficiently effective and any possible
traces of samples left on the chip do not influence the subsequent measurements.

Reproducibility of S-parameter measurements with our chip93
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Figure S5: Reproducibility of measured S-parameters of our chip. Measured reflection
(S11, S22) and transmission (S21, S12) coefficients of the chip loaded with alanine water
solution specimen. For each concentration 3 independent specimens were prepared and
each specimen was measured 3 times to yield 9 S-parameter measurements (9×S11, 9×S22,
9×S21, and 9×S12). Average and standard deviation of reflection was calculated from
9×S11 and 9×S22 (total N=18) values. The standard deviation (SD) of transmission
was calculated in a similar manner from S21 and S12 parameters. A) S-parameters of
alanine 50, 100, and 150 mg/mL in a linear scale, B) S-parameters of alanine 50, 100, and
150 mg/mL in decibels. Solid thick lines are the calculated average the solid light lines
(forming symmetric envelope) are depicting standard deviation data. For clarity, we plot
SD data again in separate graphs: C) SD of alanine 50 mg/mL measurements, D) SD of
alanine 100 mg/mL measurements, and E) SD of alanine 150 mg/mL measurements. In
C), D), and E), the solid line corresponds to reflection SD data and the dashed line to
transmission SD data.
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Data from coaxial probe94
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Figure S6: Experimental data obtained from coaxial probe measurement. For each con-
centration 3 independent specimens were prepared and each specimen was measured 3
times to yield the complex permittivity data.
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Contributions to susceptibility obtained from molecular dynamics95

simulations96
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Figure S7: Contributions to susceptibility obtained from molecular dynamics simulations.
Numbers denote frequencies of respective peaks. Note that χ(ω) = χ′(ω) + jχ′′(ω) =
ε(ω)− 1
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Fitting of the data obtained from our chip97
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Figure S8: Experimental results obtained from our chip (circles) and their fit (line). The
single Debye model was used for fitting of pure water data and the double Debye model
was used for fitting of alanine 50 mg/mL, alanine 100 mg/mL, and alanine 150 mg/mL
data. Points up to 20 GHz were used as an input to the data fitting. Obtained fitted
function was plotted up to 40 GHz.

Fitted data from our chip98
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Figure S9: Experimental results from our chip after fitting. Alanine concentration depen-
dent increase of imaginary part of permittivity (ε”) at around few GHz is a signature of
alanine dipole rotational relaxation
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