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Abstract:

Low-frequency vibration modes of biological particles such as proteins, viruses and bacteria
involve coherent collective vibrations at frequencies in the terahertz and gigahertz domains.
These vibration modes carry information on their structure and mechanical properties,
which are good indicators of their biological state. In this work, we harness a particular
regime in the physics of coupled mechanical resonators to directly measure the mechanical
resonances of single bacterium. We deposit the bacterium on the surface of an ultra-high
frequency optomechanical disk resonator in ambient conditions. The vibration modes of the
disk and bacterium hybridize when their associated frequencies are similar. We develop a
general theoretical framework to describe this coupling, which allows us to retrieve the
eigenfrequencies and mechanical loss of the bacterium vibration modes (Q factor). Finally,
we analyse the effect of hydration on the vibrational properties of a single bacterium. This
work demonstrates that ultrahigh frequency optomechanical resonators can be used for
vibrational spectrometry with the unique capability to obtain information on single biological

entities.



Introduction

The measurement of the vibrational properties of molecules by optical inelastic scattering
and optical absorption has allowed chemical identification of molecular species in a wide
range of samples!. Raman spectroscopy is a paramount example of the power of this
concept: a chemical make-up of the sample is obtained by measuring the frequency shift
spectra of the inelastic scattering that corresponds to the frequencies of the vibration modes
of the molecules within the sample. Frequency shifts range from hundreds of GHz to
hundreds of THz. Translation of this concept for identification and analysis of biomolecules
has raised enormous interest. Before the first experimental realizations, theoretical studies
had been predicted the existence of multiple low-frequency vibration modes in nucleic acid,
proteins, virus and bacteria that are expected at the frontier between the GHz and THz
regimes?®. These modes enclose valuable information on the flexibility that is sensitive to
conformational changes, complexing with ligands and environmental cues’®. It is now
appreciated that many diseases are intimately connected with changes in the flexibility of

biomolecules and biological systems®%,

Figure 1A shows the numerical calculation by the finite element method (FEM) of the

fundamental resonance frequency of biological spherical particles adsorbed on a surface
as a function of their radius. The eigenfrequencies of spherical particles go as ~ %%, where

E is the Young’s modulus, p the density and R the radius*®. We have used E =1 GPa and
p=1000 Kg/m?3, that are representative values of biological particles in air conditions 1213,
The data show that nanoscale biological particles such as proteins and viruses exhibit
fundamental frequencies in the range of hundreds and tens of GHz, respectively.
Identification of these low-frequency vibration modes by optical inelastic scattering and
optical absorption is extremely challenging®. Several experimental attempts have failed to
find firm evidence of virus particle modes 5. In the case of bacteria, mechanical
resonances are expected at hundreds of megahertz, but their detection remains elusive
616 The simple existence of these underdamped mechanical resonances in biological
particles such as viruses and bacteria remains an unsolved question, which ultimately

needs to be addressed at the single particle level.

Here we propose the use of ultrahigh frequency mechanical resonators that can reach and
surpass the frequency of the low-frequency vibration modes of bioparticles of size in the
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range of tens to hundreds of nanometers. In particular, we use optomechanical disk
resonators supporting mechanical radial breathing modes (RBMs) and optical whispering
gallery modes (WGM) (Fig 1B)'"8. A radial displacement of the disk modifies the
electromagnetic conditions of the disk, shifting its WGM optical resonances and inducing a
variation in the output optical intensity (Suppl. Mat.) RBMs exhibit very low mechanical
energy dissipation when immersed in fluids, both in air and liquids, which enables to study
biological entities near their native conformation®. The tiny Brownian fluctuations
associated to the stiff RBMs can be resolved as consequence of the intense
optomechanical coupling that provides a displacement noise floor of ~108 m/vVHz2.
Optomechanical disk resonators exhibit a combination of attributes such as ultrahigh
resonance frequencies, large sensing area, ultrahigh displacement sensitivity and low
mechanical energy dissipation, that place them as excellent devices to observe vibrational

signatures of the coupling phenomena investigated here.

We note that micro- and nanomechanical resonators have been previously used for
measuring the mass of single biological particles?:?>2%, In addition to the mass, the stiffness
of biological particles has been measured with compliant mechanical structures such as
microcantilevers®24, The added mass induces a downshift of the resonance frequency of
the nanomechanical resonator, whereas the stiffness of the particle induces a upshift,
usually smaller that the mass effect. The theory behind this response assumes that the
biological particle is ‘static’, ignoring the thermal motion associated to the low-frequency
vibration modes of the particle. Indeed, this has been a very correct approximation so far,
because small particles feature vibration modes at much higher frequencies than those of
the commonly used devices. However, what should we expect if we use mechanical
resonators vibrating at frequencies near or above the mechanical resonances of the

bioparticle? We address this question below.

We deposited single Staphylococcus epidermidis bacterium on optomechanical disks by
means of an electrospray ionization system (Suppl. Mat.). Staphylococcus epidermidis are
round-shaped bacteria with radius of 400+50 nm. The fundamental radial breathing mode
frequencies of the disks were measured in air before and after the bacteria deposition.
Figure 1B shows two examples for 320 nm thick optomechanical disks of radius 5 and 2.5
pum. The fundamental RBM frequencies of these disks, 272 and 546 MHz, respectively, are

revealed in the amplitude frequency density of the Brownian fluctuations of the disk (Fig.
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1C). The quality factors were 3590 and 1640, respectively. The effect of the bacteria on the
mechanical resonances of the disks is radically different. The resonance frequency of the
larger disk is shifted to lower frequencies by 0.8 %, following the mass effect described
above. A strikingly different behavior is observed in the smaller disk with higher frequency:
the resonance frequency of the disk splits into two broad and close resonances with quality
factors of 110 and 90. This behavior is reminiscent of the frequency splitting observed when
nearly identical mechanical resonators are coupled 22, The resonance broadening also

suggests a significant mechanical loss added by the presence of the bacterium.

Theory of coupling between a mechanical resonator and an analyte

We propose a lumped parameter system for describing the different scenarios that emerge
in the interaction between a mechanical resonator and a bound analyte. Both structures
support a quasi-infinite set of eigenmodes that form an eigenvector space. For the sake of
simplicity, we restrict our analysis to the fundamental vibration mode of the sensor. Our
system is thus described by a one-dimensional damped harmonic oscillator, associated to
the sensor, that is coupled in series to N damped harmonic oscillators vibrating along each
of the directions of a N-dimension function space formed by the eigenvectors of the analyte.
Let £(w)=(Xs(w), Xa1(w), Xaz(w),..., Xxan(w)) be the vector of the Fourier transform of the
displacement of the sensor (xs) and analyte vibration modes (xa,). The displacement vector

satisfies the motion equation given by,
(—w’M + iwC + K)X(w) =0 (1)

where M, € and K are the mass, damping and stiffness matrices that satisfy

M;; = mg 8;161; + my 8;;(1 — &45) (2)
Cij = (vs+ Zio1 0% Vaxr) 8161 +Vai 6i;(1 — 81j) — Vaj-190j-1 6:(1 — 81)) 3)
Kij = (ks + X721 kay9?) 81161 + kai6ij(1—81;) — kajo19j—1 6:1(1 — 81;) (4)

where §;; is the Kronecker delta; ks is the elastic constant associated to the sensor
eigenfrequency, k,; are the elastic constants associated to each of the analyte
eigenfrequencies, wg is the sensor eigenfrequency, w,; are the analyte
eigenfrequencies, mg and m, are the effective mass of the sensor and analyte, and ys and

va; are the damping coefficients of the sensor and analyte eigenmodes, respectively. The
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quality factor of the sensor and analyte vibration modes are given by the well-known relation

Qij = % The coefficients ¢; represent the projection of the fundamental eigenmode of

the sensor onto the i eigenvector of the analyte. Since the analyte eigenvectors form the
basis of the function space, the coefficients ¢; satisfy the condition YN, ¢,2 =1. The
eigenfrequency equation is given by Det(—w?M + iwC + K) = 0. The solution of the
problem depends on the following dimensionless variables: the ratio of the analyte mass to
the sensor mass, u = ’1’7‘1—? the relative frequency defined as Q = wis the ratio of the sensor

eigenfrequency to the fundamental eigenfrequency of the analyte, A = 25 and the ratio

wAa,1 ’
between the higher eigenfrequencies of the analyte and its fundamental resonance

frequency, B, = 24

waq’

The complexity of the solutions of the coupled mechanical system exponentially increases
with N. We analyze here the case N = 2, i.e., two orthogonal analyte springs in series with
the sensor spring (Fig. 2A, inset). As shown below, this model allows describing the
different scenarios that can be found when an analyte lands on the surface of a
nanomechanical resonator. The solution for the complex eigenfrequencies is described in
the Suppl. Mat. Figure 2 shows the stochastic response of the sensor for a case where u =
0.05, f, = 4.2, Qs = 1000, ¢, = 0.8, Q41 = 20,Q4, = 10. These values can be expected
when a viscoelastic bioparticle lands on mechanical resonators with high Q-factor.
Independently of the precise values used for the parameters of the problem, the stochastic
frequency response of the sensor upon analyte attachment exhibits three regimes: the
inertial regime when A « 1, the coupling regime when 1 < A < 3, and the insensitive
regime when A > f,. We begin by analyzing the asymptotic regimes, A < 1 and A > 5. In
the inertial regime, the sensor cannot follow the thermal fluctuations of the analyte that are

located at frequencies much higher than the resonance frequency of the sensor. The

sensor resonance frequency is given by the well-known relation Q = \/%L that describes the

resonance frequency decrease due to the mass of a ‘static’ analyte. Notice that in our
model, the sensor mode and the analyte vibration modes are in series, and therefore we
neglect the stiffness effect. This assumption is a good approximation in most of the cases
and leads to tractable analytical solutions. At the other extreme of the frequency spectrum,
we find the insensitive regime, in which the sensor resonance frequency is significantly

higher than the highest vibration mode of the analyte that couples with the sensor. Since
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the sensor vibration cannot be followed by the floppy analyte, the sensor resonance

frequency remains unperturbed by the analyte.

The coupling regime settles between the asymptotic inertial and insensitive regimes. In this
regime, the stochastic vibrations of the sensor and the analyte exhibit a significant
spatiotemporal coherence. When the resonance frequency of the sensor is close to an
analyte eigenfrequency, i.e. A = 1 or A = f3,, the vibration modes of the sensor and analyte
become hybridized, giving rise to the emergence of coupled modes. The minimum

difference between the eigenfrequencies of the coupled modes is @;+/u, i.e., ¢;4/u and

V1 —@,%\/u, respectively. The parameter ¢;+/u referred to as the coupling constant in
classical problems of coupled harmonic oscillators, describes the strength of the interaction
between the sensor fundamental mode and the corresponding vibration mode of the

analyte. In these conditions of optimal coupling, the Q-factor of the coupled modes is

approximately given by ;Qi—%:"i. The major contribution to the mechanical loss arises from
the analyte, which significantly dissipates more energy than the sensor. The sensor
resonance frequency is little modified between the regions of highest coupling, varying from
positive to negative variations. In this region, the sensor frequency response cannot be
related to the added mass. Importantly, the expressions given here and in the Suppl. Mat.
for N=2 can be generalized for more modes as long, as the analyte modes are uncoupled
with each other. This condition is largely satisfied in the limit of small dissipation, i.e.,

Qq;>>1.

Validation of the theory with numerical simulations

The validity of the analytical model shown in the previous section was checked by
performing numerical calculations by the finite element method (FEM). In particular, we
have calculated the mechanical response of the disk with the attached bacterium shown in
Fig. 1B (case**). The geometry and dimensions of the disk structure and attached
bacterium were accurately reproduced and finely meshed in the FEM simulations. The
properties of the material disk are known. However, the bacterium properties are unknown.
Frequency measurements in the inertial regime were performed with microcantilever
resonators to obtain the mass of the bacterium?*3. Correlation of these measurements with
SEM images provides a density of about 920 kg/m3. As a first approximation, we fix the
Poisson ratio to 0.35, leaving the Young’s modulus of the bacterium as the free parameter.
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Figure 3A shows the first four eigenfrequencies of the bacterium attached to an infinitely
rigid substrate. The first and third vibration modes arise from the attachment of the
bacterium to the solid support, thereby they do not exist when the bacterium is free in
suspension. In the first mode, the bacterium is subject to bending deformation, whereas in
the third mode the bacterium elongates and contracts periodically in the vertical direction.
Second and fourth modes are modifications of the vibration modes of quasispherical
particles in suspension observed by inelastic light scattering®®. In particular, they
respectively correspond with the fundamental radial breathing mode and the quadrupolar
mode, where the sphere deforms into transient oblate and prolate shapes over consecutive
half periods of vibration. By varying the bacterium Young’s modulus, we can sweep the
ratio of the sensor eigenfrequency to the fundamental eigenfrequency of the analyte (A)
almost two decades. The numerical calculations of the disk eigenfrequency as a function
of A are shown in Fig. 3B. The most significant coupling region takes place when the disk
eigenfrequency is close to the first bacterium vibration mode, A = 1. In this situation, the
radial motion of the disk is efficiently translated into the bacterium bending through the
stress generated at the contact area. The experimental data (Fig. 1C, case**) match this
coupling region for a Young’s modulus of the bacterium of about 5.5 GPa, which is
consistent with the values found in the literature for dry bacteria and viruses®®%. In this
coupling region, the RBM of the disk splits into two collective eigenmodes, in which the
bacterium bends in phase and antiphase with the radial motion of the disk. Mechanical
coupling of the disk with either the second or third vibration mode of the bacterium is not
observed (A = ,0r A = f83), which implies that ¢, and @5 are negligible. These results can
be explained by examining the vibration mode shapes. For instance, the second vibration
mode of the bacterium can be driven by radial vibration at the contact surface, however this
can be only achieved if the bacterium is sitting just on the center of the disk, which is not
the case in our experiment. Moreover, the third vibration mode cannot be coupled as it
involves deformation of the bacterium in the orthogonal direction to the radial deformation
of the disk. On the other hand, the numerical calculations show a small coupling behavior
when the disk eigenfrequency is close to the fourth bacterium vibration mode. The FEM
results are fitted to the analytical model described above. Our model assumes that the
analyte only features two vibration modes that satisfy the orthogonal condition, in this case,
012 + ¢, = 1. In order to be more realistic, we relax this constraint by imposing instead

©1% + ¢,% < 1, thus assuming the existence of more vibration modes, but weakly coupled
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to the sensor. Solid line in Fig. 3B represents the fitting of the model to the numerical
simulations. We observe a significantly good agreement between the numerical and
analytical data. The fitting parameters are ¢, = 0.75 and ¢, = 0.4. The relative simplicity of
our model allows the development of efficient algorithms for retrieving the eigenfrequency
and Q-factor of the bacterium (Suppl. Mat.). The application of these algorithms to the
experimental data (Fig. 1C, case**) provides a resonance frequency of the bacterium
bending mode of 0.541+0.001 GHz and a Q-factor of 44+4. These data represent the first

measurement of a low-frequency vibration mode of a single biological particle.

Monitoring bacterium hydration by measuring its eigenfrequency and quality
factor

Figure 4A shows an event where a bacterium has adsorbed at the disk's edge. We
measured the frequency response of the system in an environmental chamber where the
relative humidity could be varied. It is known that mass and viscoelasticity of biopolymers
critically depend on the hydration level*32, However, very little is known about how humidity
affects to microbial particles. It is estimated that bacterium mass can increase about 20%
when the relative humidity increases from near zero to about 80%3%334. The water uptake
by the bacterium leads to significant changes in its mechanical properties®-%’. The stiffness
of bacteria is largely determined by the viscoelastic properties of the cell wall, consisting of
a network of peptidoglycan polymers. As many other biopolymers, the cell wall behaves
like a glassy polymer in dry conditions that softens with hydration to behave like a rubbery
polymer at wet conditions®. The frequency spectrum of the disk as a function of the relative
humidity is plotted in Fig. 4B. As shown above, the fundamental resonance peak of the disk
splits into two broad resonance peaks. Second peak is significantly broader than the first
one. Assuming that mechanical losses are higher in the bacterium than in the disk, we can
conclude that these two collective vibration modes exhibit mechanical localization in the
disk in the first mode and in the bacterium in the second mode. FEM simulations show that
in this geometrical configuration, the most significant coupling occurs when the disk
eigenfrequency is close to the extensional third vibration mode of the bacterium shown
above (Suppl. Mat.). The disk RBM efficiently induces extensional motion of the bacterium
in the radial direction. The frequency and Q-factor of the coupled modes are plotted in Fig.
4C. At humidity less than 25%, the eigenfrequencies and Q-factors remain approximately

constant, and then fall with a further increase in humidity. The eigenfrequency decrease is
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small, reaching 0.7% and 1.4% for the first and second vibration modes. In contrast, the
mechanical dissipation increases significantly with humidity. The Q-factors of the first and
second coupled modes drops 45% and 15%, respectively. In addition, the difference
between the Q-factors decreases, which implies that the delocalization of the coupled

modes increases.

The data are made more understandable by solving the inverse problem for obtaining the
frequency and quality factor of the bacterium vibration mode (Fig. 4D). The bacterium
eigenfrequency follows the same trend than the coupled eigenfrequencies. It is insensitive
to humidity up to 25%, then falls up to a decrease of 2% near 80% relative humidity. The
most significant change again is related to the energy dissipation. The Q-factor of the
bacterium decreases by 30% from the dry to the wet state. The significant Q-factor
reduction is expected from the viscoelastic properties of the bacterium (Suppl. Mat.).
However, the bacterium eigenfrequency changes are significantly smaller, suggesting that
the eigenfrequency of the bacterium is little sensitive to the environmental conditions. A
tentative explanation is that the vibration mode of the bacterium mainly depends on the dry
structure. Characteristic relaxation times of liquids, such as water, range from ~1 ps for free
water to ~1 ns for bound water, as it is the case here. Our data suggest that the water
adsorbed on the bacterium is unable to relax at the ultrahigh frequencies of the disk. This
hypothesis is in consistency with recent literature 2340, We remark that our knowledge on
the mechanical properties of biomaterials at ultrahigh frequencies is still scarce, and more
studies are needed to understand environmental effects on single cell and single pathogen
entities. The presented methodology allows studying the interaction of the bacterium with

the environment.
Conclusions

We have demonstrated that ultrahigh frequency optomechanical resonators can be used
to measure the low-frequency vibration modes of biological systems, such as bacteria, at
the single entity level. With these results we take mechanical sensing beyond the well-
established mass and stiffness measurements. We foresee that these results will enable
a novel class of biological spectrometry for fingerprinting biological particles by their
vibrational properties. The technology presented here is still limited, as the device
eigenfrequencies must be close to the vibration frequencies of the analyte. A general

applicability of this technology will require the development of highly tunable
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optomechanical resonators that can be coupled to the bioanalyte of interest. If this is

achieved, optomechanical spectrometry could lead to advances in microbiomics, as well as

for label-free diagnosis of infectious diseases.
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Fig. 1 Fundamental vibration modes of biological particles and optomechanical disk
resonators at the gigahertz regime. A. Frequency of the radial breathing mode of a 320 nm thick
optomechanical disk (blue region) and of the fundamental mode of quasi-spherical biological particles
adsorbed on a rigid support (red region), as a function of the disk and bioparticle radii, respectively..
Staphylococcus epidermidis are round-shaped bacteria with radius of 40050 nm and expected
fundamental frequency of 500+100 MHz. Optomechanical disk resonators with radius of 2-3 um,
marked as **, show resonance frequencies converge to the same range. B. Scanning electron
microscopy of two optomechanical disk resonators with radii 5 um (image marked with *) and 2.5 pm
(image marked with **) with an attached S. epidermidis cell. C. Effect of bacterium adsorption on the
radial breathing mode of the optomechanical disks marked with * and ** shown in B..
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Fig. 2 Stochastic response of a sensing damped harmonic oscillator coupled in series to an
analyte that exhibits two orthogonal vibration modes, represented as two damped harmonic
oscillators. A. Color-intensity map of the amplitude of the thermal fluctuations of the sensor as a
function of the dimensionless frequency and the ratio of the sensor eigenfrequency to the fundamental
eigenfrequency of the analyte (A). The graph shows the three regimes that can be found in the
frequency response of a mechanical resonator upon attachment of an analyte: the inertial regime, the
coupling regime and the insensitive regime. The inset shows the corresponding lumped parameter
model used in the calculations. B. Cross-sections of the graph A for several values of A. Grey and
purple vertical dashed lines represent the fundamental resonance frequencies of the unloaded
optomechanical disk and loaded disk in the inertial regime, respectively.
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Fig. 3 Numerical calculation of the mechanical coupling of the bacterium and the disk
resonator. A FEM calculation of the four eigenfrequencies of a 800-nm diameter quasispherical
particle attached to an infinitely rigid support as a function of the Young’s modulus. Poisson’s ratio
and density are fixed to 0.35 and 920 kg/m?, respectively. The contact radius is 300 nm. The three-
dimensional vibration mode shapes of the bacterium are shown at the top in colour-coded boxes.
Vertical dot-dash line represents the Young’s modulus of the bacteria where the 15t bending mode
matches the frequency of the fundamental radial breathing mode of the disk (horizontal grey dash
line). B. FEM calculation of the eigenfrequency of a disk with the quasispherical particle attached
near its edge (solid circles) as a function of the ratio of the sensor eigenfrequency to the fundamental
eigenfrequency of the analyte, A, is obtained by varying the Young’'s modulus of the bacterium (A).
The star symbols represent the experimental data shown in Fig. 1C, case**. The vibration mode
shapes in this coupling state are shown at the top. Colors represent the normalized displacement in
logarithmic scale. Vertical color dashed lines represent the ratio between the higher eigenfrequencies
of the bacterium and its fundamental resonance frequency (f,). Horizontal dashed grey line
represents the disk eigenfrequency. Solid line represents the fitting of FEM data to the analytical
model.
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Fig. 4 Effect of hydration on the vibration mode of a bacterium. A. Scanning electron microscopy
image of a GaAs UHF disk of radius 2.5 um with an adsorbed bacterium on the edge. B. Brownian
frequency spectra of the disk-bacterium system for three representative values of the relative humidity
(RH). The acquisition time of each spectra is 1s and each spectra is averaged 100 times. The
resonance frequency and Q-factor of the unloaded disk are 0.59 GHz and 440, respectively C.
Eigenfrequencies and Q-factors of the coupled modes as a function of the relative humidity (symbols)
obtained by fitting the frequency spectra to the superposition of two independent damped harmonic
oscillators. Dashed line represents the spline interpolation. D. Bacterium’s eigenfrequency and Q-
factor obtained by applying the inverse problem algorithm. The error bars arise from the errors
obtained in the fitting of the frequency spectra (not shown in C as they are smaller than the symbol
size). These errors, particularly the error in the Q-factors, propagate in the inverse-problem
calculation giving rise to noticeable errors in eigenfrequency and Q-factor of the bacterium.
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