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Membrane viscosity is an important property of cell biology, which determines cellular function, development
and disease progression. Various experimental and computational methods have been developed to investigate
the mechanics of cells. However, there have been no experimental measurements of the membrane viscosity at
high-frequencies in live cells. High frequency measurements are important because they can probe viscoelastic
effects. Here, we investigate the membrane viscosity at gigahertz-frequencies through the damping of the
acoustic vibrations of gold nanoplates. The experiments are modeled using a continuum mechanics theory which
reveals that the membranes display viscoelasticity, with an estimated relaxation time of ca. 5.7 +2.4/ —2.7 ps.
We further demonstrate that membrane viscoelasticity can be used to differentiate a cancerous cell line (the
human glioblastoma cells LN-18) from a normal cell line (the mouse brain microvascular endothelial cells
bEnd.3). The viscosity of cancerous cells LN-18 is lower than that of healthy cells bEnd.3 by a factor of three. The
results indicate promising applications of characterizing membrane viscoelasticity at gigahertz-frequency in cell

Structural relaxation time
High-frequency biomechanics
Au nanoplates

diagnosis.

1. Introduction

The cell membrane is a biological structure that physically separates
the intracellular components from the extracellular environment, and
protects the cell from its environment. Biological membranes contain a
variety of molecules, notably lipids and proteins, and they form a lipid-
protein bilayer structure through the process of self-assembly. Various
membrane models were proposed to correlate the lipid-protein bilayer
complexity and hierarchy to the dynamics and functions of cell mem-
branes [1,2]. The fluid-mosaic membrane model represents the most
popular accepted picture of biological membranes, where the cell
membrane is a two-dimensional bilayer fluid, that enables individual
lipids, lipid domains, embedded proteins, and molecular complexes to
spatially reorganize and freely diffuse [3-5].

An important property of membranes is their biomechanics, which
strongly regulates the transport of biomolecules both in-plane and out-
of-plane of the membrane [6,7]. Since the earliest mechanical charac-
terization of cell membranes, it has been noticed that viscosity of the
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bilayer fluid leads to many important rheological behaviors [8,9].
Maintenance and modulation of cell membrane viscosity is thus essen-
tial for cell survival and changes of cellular states [1,10]. Moreover,
accumulated evidence shows a link between cell membrane viscosity to
various human diseases. For instance, Alzheimer’s disease and meta-
static behavior of cancerous cells are associated with a change in
membrane viscosity [1]. Therefore, understanding and being able to
measure and quantify such changes is both fundamentally interesting
and can also provide insights into disease evolution.

For a biological membrane both the transport of biomolecules along
the membrane and across the membrane are important. In the past few
decades, methods have been developed to study the transport along the
membrane, yielding information about in-plane viscosity of cell mem-
branes [11,12]. It is much more challenging to measuring the viscosity
corresponding to motion across the membrane due to the extremely thin
membrane thicknesses [13-16]. Many of the available techniques
require the application of physical stress to the cells, such as mechanical
stretching, micropipette aspiration, microfluidics and optical tweezers,
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Fig. 1. Theoretical models of Au NPL vibrating

in (a) a symmetrical liquid environment. (b) an

unsymmetrical environment where the top

surface of the Au NPL was covered by a lipid-

protein bilayer membrane and cellular fluid.

The Au NPL has thickness of h ~ 20-30 nm,

Id and the membrane layer has thickness of d ~
4-10 nm.[52] The liquid can be PBS buffer

h solution or live cell culture medium. Note that
the cellular fluid is different from the liquid. In

Liquid (f)

which have limited spatial resolution and cannot differentiate the
in-plane and longitudinal responses of cell membranes [17-21]. Optical
spectroscopy can measure the rheological behavior of cell membranes at
high spatial resolution through fluorescence correlation spectroscopy
and fluorescence lifetime imaging [22-26]. Neutron scattering and
atomic force microscopy are capable of measuring the viscosity of cell
membranes [27-31]. However, the response of cell membranes to
deformation highly depends on the time scale and the above methods
are relatively low frequency experiments. Acoustic Brillouin spectros-
copy is well established in biomechanics and can probe viscous and
viscoelastic properties of living cells at gigahertz-frequencies [7,32-36].
However, the acoustic wavelength is on the order of ~200 nm and far
exceeds the membrane thickness of ~4-10 nm, and diffraction of the
acoustic waves hinders the applications where high spatial resolution is
needed [7,37].

In this study, we introduce a method to probe the compressible
viscoelasticity of biological cell membranes at gigahertz-frequency by
using coherent acoustic vibrations of ultra-thin gold nanoplates (Au
NPLs). The coherent acoustic vibrations of Au NPLs were excited by
femtosecond laser pulses. The vibrational profile consists of modulation
of the plate thickness, which can periodically compress the attached cell
membranes. By measuring the lifetimes of the acoustic vibrations of Au
NPLs with and without cell membranes, the contribution from the cell
membrane to the damping was determined. A continuum mechanics
model was developed to calculate the damping of the Au NPL breathing
modes due to the membrane. Comparison of the experimental data to
the model shows that viscoelastic effects occur for membrane bilayers at
gigahertz-frequency time scales, with a structural relaxation time of ca.
5.7 4+2.4/ —2.7 ps. The capability to measure membrane viscoelasticity
further enabled us to differentiate cancerous cells (the human glioblas-
toma cells LN-18) from normal cells (the mouse brain microvascular
endothelial cells bEnd.3). The results of softer and more fluid membrane
property of cancerous cells are consistent with previous conclusions [38,
39]. Successful characterization of membrane viscoelasticity at
gigahertz-frequency may provide a useful diagnostic biomarker for the
development of therapeutics.

2. Results and discussion
2.1. Theoretical analysis of damping by viscoelastic membranes

Femtosecond laser excitation of metal nanoparticles causes rapid
heating that can excite acoustic vibrational modes [40,41]. Vibrational
frequencies and lifetimes are the two main characteristics for these
modes. Single-particle pump-probe spectroscopy was used to measure
the vibrational frequencies and lifetimes [42,43]. A typical vibrational
trace of Au NPLs is shown in the Supporting Information. The

Liquid (f)

this work the cellular fluid of live cells is
treated as water due to their closed Brillouin
frequencies at 7.3 & 0.1 GHz. In our theoretical
calculations, ~ 6nm membrane average
thickness was used. The values of liquid pa-
rameters in the continuum mechanics model
are given in Supporting Information.

vibrational frequency provides information about the elastic property of
the particles, and the vibrational lifetime reports on how the particles
interact mechanically with their environment [44,45]. Normally,
high-frequency acoustic modes have relatively low vibrational lifetimes
which prevent the accurate measurements of environment damping.
Recently, two-dimensional Au NPLs were shown to have breathing mode
vibrations with long lifetimes and large quality factors where the
intrinsic damping was negligible. [46]. This system has been used to
investigate the viscous and viscoelastic properties of simple liquids,
including water, glycerol, and their mixtures [47,48].

Continuum mechanics theory was used to model the damping of
acoustic vibrations of Au NPLs in homogeneous liquid environments,
such as shown in Fig. 1a, where the top and bottom surfaces of Au NPLs
were covered by the same fluid [49-51]. Following the previous theo-
retical analysis, the eigenvalue equation for the Au NPL vibrations in a
viscous liquid is: [47,49].

2icyp, | pr (cf?pf — /I'a)/}f> + <c.\v2p52 +p; (cj%pf — liw/}f> )tan (i—?) =0 (1)

where h is the thickness of the Au NPL, c; and ¢ are the speed of lon-
gitudinal sound waves in the gold and fluid, and p, and p; are the density
of the gold and fluid, respectively. f; = ks +41;/3 where 7, is the shear
viscosity and «; is the bulk viscosity of the fluid. Eq. 1 is an eigenvalue
equation that can be solved numerically to determine a complex angular
frequency w for the NPL vibrations. The frequency and quality factor of
the breathing mode vibrations are then obtained by f = Re[w]|/27 and
Q = Re[w]/2Im|w]. Fluid viscoelasticity can be included in this analysis
by scaling the fluid viscosity by f—p;/ (1 —ikw), wherels is the struc-
tural relaxation time of the fluid [49]. When the structural relaxation
time /s is comparable with the vibrational time scale 1/, fluid visco-
elastic effects become significant. In contrast, the fluid only shows
viscous damping effects if the relaxation time is A is small. Previous
analysis of Au NPLs in symmetrical liquid environments using Eq. (1)
gave liquid relaxation times in good agreement with the literature [47,
49].

We extend the analysis of acoustic vibrations of Au NPLs to an
inhomogeneous environment where the coverage of one of the surfaces
was replaced by a bilayer membrane fluid, as shown schematically in
Fig. 1b. Because the cellular fluid environment has a Brillouin frequency
close to water (see Table 1), we assume that the cellular fluid can be
treated as liquid water. Note that the vibrational amplitude of the
acoustic mode is in the angstrom range and smaller than the thicknesses
of the Au NPLs and the membrane [53]. Analysis of the system in Fig. 1
(b) gives the following eigenvalue equation (see Supporting Information
for details).
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Table 1

Biomechanical properties of mouse brain microvascular endothelial cells
(bEnd.3) and human glioblastoma cells (LN-18). Number of Measurements N,
Quality Factors Q for the Au NPLs with membrane damping, viscosity f of cell
membranes, Brillouin oscillation frequencies 2 probed at 530 nm, and Elastic
modulus of cell body EP. Errors are 95% confidence limits.

N Q B(x 10 — 3Pas)  f5 (GHz) E® (GPa)
bEnd.3 20  23.6+1.1 24.4 + 4.5 7.5+ 0.1 2.2+0.1
LN-18 38  262+06 83x+1.9 7.4+£02  22+0.1

csp, \/ P (Cn’ P — 10P,) (\/ pr(ei’pp — iwpy) + \/ pe(c’pe — iwp.) )

_i( m(cmzpm — iw, m) + \/ﬂf (szﬂf — iﬂ)ﬂf) * \/pc (cczpc — ia)ﬂ(’,) )cspstan<

—i (cfpf + \/pf (¢/°py — iwpy) \/pc (c2p. — iwp,) ) \/ﬂm(cmzpm — i m)tan(

7( m(cmzpm — o, m)

Where d and h are the thickness of the membrane and Au NPL,cp,, p,,, and
Pm are the speed of sound, density and viscosity of the cell membrane,
respectively, and c, p. and p, are the corresponding values for the
cellular fluid. Solution of the above equation gives the frequency and
quality factor of the breathing mode vibrations in the presence of the
membrane. Note that our continuum mechanics model assumed a
continuous and uninterrupted cell membrane that directly adheres to
gold NPLs. It is unlikely that complex adhesion structures and focal
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adhesions would form on bare gold surfaces, as these structures gener-
ally appear where the cell membrane comes into contact with extra-
cellular matrix proteins like fibronectin or collagen, or
surface-assembled molecular layers [54,55]. Therefore, the contact
mechanics driving the adhesion of the cell membrane to the gold surface
are passive, involving van der Waals forces and other non-specific in-
teractions [56].

2.2. Measuring structural relaxation times of membrane bilayers with
high-frequency acoustic vibrations

@\/p,d )

2 .
\Cn P — 10,

(2)
(J)_h
?)
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oy —iwhy) +e2p\Jp.(cp. — iwp,) ) <W> o (@) -
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Understanding the molecular origins of liquid viscosity, such as the
structural relaxation time, is fundamentally important and experimen-
tally challenging [30,57-60]. Neutron, x-ray, ultraviolet and Brillouin
scattering techniques have been used to probe the dynamics of liquids
[7,27,29,30]. However, these methods are not applicable to the mem-
branes of live cells. Recently, acoustic vibrations of metallic nano-
particles have been used to probe fluid viscoelastic properties through
the vibrational mode damping [44,45,47,61,62]. The results show that

Fig. 2. Experimental setup for measuring
membrane  viscoelasticity at  gigahertz-
frequencies. (a) Schematic diagram showing
biological cells growing on chemically synthe-
sized Au NPLs deposited on a holey silicon
nitride film. Optical pump and probe beams
were focused on a suspended single Au NPL to
excite and detect the acoustic vibrations
through a 100 x , 1.4 NA microscope objective.
Note that the fixed cells were immersed in PBS,
and the live cell experiments were in a cell
culture medium. (b) A cross sectional view of a
single cell adhering to a suspended Au NPL that
was excited by a pump beam. The enlargement
shows the details of Au NPL surfaces interfacing
with cellular membrane and liquid. (c) A white
light image of a single Au NPL on holey silicon
nitride film overlaid with a fluorescence image
of a cell nucleus stained with DAPI in blue. The
image shows the successful culture of cells on
the Au NPLs.
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the acoustic modes exhibit frequency-dependent damping when inter-
acting with simple liquids. At low vibrational frequencies, radiation of
sounds waves is the dominant effect (inviscid limit) and damping is
controlled by the acoustic impedance of the liquid. As the frequency
increases, liquid viscosity effect becomes important, and the vibrational
lifetimes start to decrease [48]. Finally, when the period of the vibra-
tional motion approaches the liquid relaxation time, the vibration trig-
gers a viscoelastic response in the liquid. At very high frequencies the
liquid has an inviscid solid-like response, with an increased acoustic
impedance compared to the results for the low frequency regime.

Two-dimensional Au NPLs were demonstrated to interrogate visco-
elasticity in water and glycerol. Here we show that the gigahertz-
frequency acoustic vibrations can be applied to probe membrane
viscoelasticity in live cells, as shown schematically in Fig. 2a-b. Ultra-
thin Au NPLs with edge lengths of 10-20 ym and thicknesses of
20-30 nm were chemically synthesized and deposited on holey silicon
nitride film (see Experimental Methods section for more details). The
acoustic vibrations of the Au NPLs were excited by 800 nm pump pulses
and detected by 530 nm probe pulses. Details about the experimental
setup can be found elsewhere, and are briefly discussed in Experimental
Methods section [46]. The reasons for suspending the Au NPLs over
holey silicon nitride films were to reduce the radiation damping and,
thus, improve the vibrational quality factors. This arrangement also
simplifies the theoretical calculation in the continuum mechanics
model. Biological cells were cultured on the holey silicon nitride film
with suspended Au NPLs. The cells fully cover the film and were firmly
attached on the Au NPLs. This was confirmed from fluorescence images,
as shown in Fig. 2¢, where the cell nucleus was fluorescently labeled.
The measurements were performed on the suspended Au NPLs with cell
growth on the top surface as illustrated in Fig. 2b. Consequently, the
acoustic vibrations of the Au NPLs suffer damping from the liquid at the
bottom surface, and the cellular membrane and cellular fluid on the top
surface.

Fig. 3a shows the vibrational quality factors of Au NPLs in
phosphate-buffered saline (PBS) solution and also with mouse brain
microvascular endothelial cell line (bEnd.3) attached to the nanoplates.
Note that the cells were fixed and immersed in PBS buffer solution. The
cell membranes lose their selective permeability in fixation and the
cellular fluid becomes identical to PBS,[63] which is confirmed from the
measured Brillouin frequencies as shown in Table S1. Experiments were
done on ~ 40 Au NPLs and the acoustic vibrations have average

a) p <0.01
304

]

S }
15

PBS bEnd.3 (dead)

b) — s
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frequency of f = 69.3 + 4.3 GHz. This corresponds to a NPL thickness of
h = 24.8 + 1.7 nm calculated by h = ¢;/2f (using the longitudinal speed
of sound along the (111) direction of bulk gold of ¢, = 3440m/s). The
vibrational quality factors are 26.6 + 2 in PBS and 20.7 + 1.5 for bEnd.3,
where the errors are 95% confidence limits. PBS buffer is a water-based
salt solution mainly containing disodium hydrogen phosphate and so-
dium chloride. The viscous properties of PBS are comparable to the
water.

Next we calculate the structural relaxation times based on the fluid
viscoelastic model. In the calculations, the parameters used for PBS were
fy =4.05x 1073 Pas, ¢g =1750 m/s and p;=1020 kg/m®. For the
membrane we used f, =25x 102 Pas, ¢, =1900 m/s and
pm=1040kg/m?, and for the cellular fluid we used 8, = 4.05 x 1072 Pa:s,
¢ =1510 m/s and p,=1000kg/m® (the same parameters as liquid
water) ( Data sources can be found in Table S1 in Supporting Informa-
tion). Fig. 3b shows a plot of the calculated quality factors for PBS and
cell membrane as a function of 4. The most noticeable feature of the
calculated quality factors is that they are not monotonic: the quality
factor values go through a minimum as a function of 4.

The minimum in the quality factor versus relaxation time plots has
not been previously observed. This effect can be understood by
considering the acoustic impedance of the fluid/membrane, and noting
that larger values of the acoustic impedance of environment give smaller
quality factors for the Au NPL. For the fluid (Fig. 3b) the effective
1- iwpy
cfzpf(l—im/lf)'

values of A, Zs ~ ¢eppy [ 1+ B/ (cfzpf,if). In this limit Z; decreases as A

increases, so the quality factors increase. In contrast, at small values of

> -
Ay Zg = cppy [1 + ";ff;}jf - wa;/;ff . Now Z; increases as /s increases, leading

to a decrease in the quality factor. The different scaling of Z at large and
small values of A; means that the quality factors must go through a
minimum as a function of ;. Similar arguments hold for the membrane
system. The obvious challenge is to determine the correct value of
relaxation time.

To resolve this ambiguity, we note that there is a near linear corre-
lation between viscosity and relaxation time for simple liquids, as shown
in Fig. S6.[49] Theoretically two calculated values of J; can explain the
experimental data for PBS in Fig. 3b: s = 0.9 and /s = 3.9ps, however,

acoustic impedance is given by Zy = cspy At large

30
—— cell membrane

N
@
1

Quality factor
OB

N
N
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Fig. 3. Structural relaxation time of membrane bilayer fluid determined by acoustic vibrations of Au NPLs. (a) Quality factors of acoustic vibrations of Au NPLs in
PBS bulffer solution and with bEnd.3 cell membrane coating where the cells were fixed and immersed in PBS solution. The acoustic vibrations have average frequency
of 69.3 +4.3 GHz and quality factors of 26.6 + 2 in PBS, 20.7 1.5 for bEnd.3. The errors are 95% confidence limits. Number of Measurements N = 40. The
measured Brillouin frequency for the fixed cells is f2 = 8.8 + 0.6 GHz. (b) Plot of the vibrational quality factor as a function of Ay for PBS buffer (black line), and the
vibrational quality factor for bEnd.3 cell membrane using 4; = 0.9ps for the PBS fluid (blue line). The horizontal dotted lines in panel (b) are the measured average
quality factors. The horizontal red lines show the statistic distributions of the measured quality factors, with corresponding derived relaxation times of 0.9 + 1/

— 0.9 ps for PBS, and 5.7 + 2.4/— 2.7 ps for cell membrane.



K. Yu et al.

only the 4 = 0.9 ps value is assumed to be correct and realistic, because
the properties of the buffer are close to those of water (which has a
relaxation time of ca. 0.7 ps). We then consider the statistic distributions
of the measured quality factors 26.6 + 2 in PBS. When the Q values in-
creases, we can infer that the relaxation time should be decreasing, with
a range of less than 0.9 ps, rather than increasing with a range greater
than 3.9 ps. Similarly, when the Q value decreases and reaches the
minimum of the curve, the relaxation time approaches the same value of
1.9 ps from both sides. In this case, we can still determine that the
relaxation time should be within the range of 0.9-1.9 ps, rather than
1.9-3.9 ps. Keep decreasing the Q value is theoretically impossible.
Therefore, we determined that the corresponding structural relaxation
times of PBS is 0.9 + 1/— 0.9 ps. Fig. 3b also shows the calculated
quality factors for the bEnd.3 membranes versus A, using A = 0.9ps for
the fluid. Again the experimental quality factors can be explained by two
values of 1,;: 5.7 and 11.1 ps.

The analysis above yields the relaxation time for the membranes of
Am = 5.7 and 11.1 ps. To the best of our knowledge there are no reported
measurements of the compressible structural relaxation dynamics of cell
membranes. We identify the correct structural relaxation time for the
cell membrane by comparing the relaxation times to bulk liquid normal
alkane. The cell membranes mainly contain lipids that are analogous to
the linear alkane, tetradecane (Cq4H3p), which is a simple hydrocarbon
chain. The corresponding relaxation time for bulk Cy4Hszp has been
measured as 3 ps,[64] which is close to the 5.7 ps relaxation time from
the continuum mechanics analysis. Furthermore, the choice of 5.7 ps
also follows the linear correlation between viscosity and relaxation time
in simple liquids, as shown in Fig. S6 in Supporting Information. Thus,
we believe that the A, = 5.7 ps relaxation time is the correct choice for
this system. Similarly, the derived structural relaxation times of cell
membranes are 5.7 +2.4/ —2.7 ps when considering the statistic distri-
butions of the experimental data.

Previously, Nagao et al. had investigated the molecular dynamics in
lipid bilayers using x-ray and neutron scattering spectroscopy.[30] The
measured relaxation times are 30 and 500 ps. The faster relaxation was
attributed to the rearrangements of the acyl tails, and the slower mode
was associated with the motion of an entire lipid molecule escaping from
the lipid bilayer. The molecular relaxations are dramatically different
from the compressional measurements with the high-frequency acoustic
vibrations. This implies that the motions detected in scattering mea-
surements are not involved in membrane compressible viscoelasticity.
Interpretation of the detailed molecular origin of the relaxation time
presents an interesting avenue for future work.

2.3. Quantifying the viscosity of cell membranes at different cellular states

We extend the gigahertz-frequency viscoelasticity measurements to
live cells. Mouse brain microvascular endothelial cells (bEnd.3) and
human glioblastoma cells (LN-18) were cultured on the Au NPLs. The
experimental results are shown in Table 1. The Au NPLs have vibrational
frequencies of 60 + 5 GHz and vibrational quality factors of 23.6 + 1.1
and 26.2 + 0.6 for bEnd.3 and LN-18 cells, respectively. Values for the
membrane viscosity are not available for these systems, which means
that there are two unknowns in the viscoelastic analysis (4,, and An) and
only one measurement (Q). Thus, to fit the experimental data the linear
correlation between viscosity and relaxation time determined from
literature data for water-glycerol mixtures was used to fix the relative
values f,, and An, see Supporting Information Fig. S6. The dependent 3,
and A, values were then varied in the continuum viscoelastic model
calculations to fit the experimental quality factors. This approach is
justified by the good agreement of the values of $,, and A, for the fixed
cells with the water-glycerol data. The calculated membrane viscosities
determined from this analysis are (24.4 + 4.5) x 1073 and (8.3 £ 1.9) x
1073 Pa-s with relaxation times of 5.4 +2.3/ —2.5 and 1.8 +0.8/ —0.9 ps
for bEnd.3 and LN-18 cells, respectively. The results show that the
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glioblastoma cells have membrane viscosities that are lower than the
healthy endothelial cells by a factor of three. An increase in the fluidity
of the membrane may be critical for cancer cell metastasis and provide a
useful diagnostic biomarker for the assessment of cancer progression.
Note that, the membrane viscoelasticity in bEnd.3 is similar for mea-
surements in live cells and fixed cells, which indicates that the mem-
brane structure stays intact during cell fixation.

Brillouin oscillations for the bEnd.3 and LN-18 cells are listed in
Table 1. The measured frequencies are 7.5 + 0.1GHz and 7.4 + 0.2 GHz
for bEnd.3 and LN-18 cells, respectively. Note that the Brillouin oscil-
lation frequencies are close to that of water, which justifies the mem-
brane model used to analyze the acoustic vibration data. The Brillouin
wave has acoustic wavelength on the order of ~ 200 nm (for probing
wavelength ~ 530 nm and cellular refractive index ~ 1.35), which is
much larger than the membrane structure [7,33]. Thus, these mea-
surements only interrogate the mechanical properties of cell body. The
elastic modulus of cells calculated from the Brillouin oscillations fre-
quency is 2.2+ 0.1 GPa, which is consistent with previous measure-
ments using Brillouin light scattering spectroscopy [34]. Note that the
linewidth from the Brillouin spectrum is more sensitive than the fre-
quency shift in differentiating cellular states. However, in our studies a
high NA microscope objective was used to efficiently excite and probe
acoustic vibrations of Au NPLs, which prevents accurate measurements
of the attenuation of the Brillouin oscillations [65-68]. We have also
demonstrated that the high-frequency acoustic vibrations provide better
sensitivity in probing fluid viscous and viscoelastic properties than
Brillouin waves [47].

It would be highly interesting to be able to differentiate cellular
states by membrane biomechanics. Fig. 4 shows a color map of the
vibrational quality factors calculated using Eq. 2 as a function of
vibrational frequency and membrane viscosity, with relaxation times of
A =1, and A =0.65 ps for culture medium, and cellular fluid,
respectively. Higher membrane viscosities present stronger damping of
the vibrational mode of Au NPLs. The measurements of the bEnd.3 and
LN-18 cell membrane viscosities were also included in the figure. The
significant difference in the viscosities of the bEnd.3 and LN-18 cell
membranes indicate dramatic changes of membrane biomechanics in
difference cellular states. Although Brillouin spectroscopy has been

l0g,o(B*10°%) Pa-s A(ps)

30 4000 -222
A bENd.3
® LN-18 3500 -7.0
28
3.000 -22
5 26 2500 -07
©
&
> 2000 -02
= 24
>
€] 1.500 -0.07
22 1.000 -0.02
0.5000 -0.01
20
0.000 -0
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Frequency(GHz)

Fig. 4. Viscosity mapping of membrane fluid in live cells at different cellular
states determined by the quality factors of high-frequency acoustic vibrations of
Au NPLs. The markers show the experimental results for mouse brain micro-
vascular endothelial cells (bEnd.3) and human glioblastoma cells (LN-18).
Based on the viscoelastic model (Fig. 1b), the calculated membrane viscosities
are (24.4 +4.5) x 1073 and (8.3 + 1.9) x 10~ Pa-s for bEnd.3 and LN-18 cells,
respectively. The cancerous cells exhibit a dramatic decrease of membrane
viscosity compared to the normal cells.
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demonstrated to differentiate the cancerous cells from normal cells, the
direct probes of membrane viscoelasticity in the present measurements
may provide exciting avenues in basic research to early diagnosis.
Future challenges are obtaining a full understanding of the underlying
complicated membrane mechanics at high frequencies [7,27]. We
envision that high-frequency acoustic vibrations could be combined
with molecular physics and cell biology to identify unique molecular
fingerprints that control membrane viscoelasticity.

3. Conclusions

High-frequency biomechanics presents an interesting aspect of
biophysics and has rarely been studied and associated with biology due
to limited experimental techniques. Here, we investigate the cell mem-
brane biomechanics at gigahertz-frequency using acoustic vibrations of
Au NPLs by time-resolved pump-probe microscopy. Membrane damping
of the acoustic vibrations has been accurately measured. The experi-
mental results were modeled using a continuum mechanics theory. The
analysis shows that the membranes in mouse endothelial cells have a
viscoelastic response with an estimated structural relaxation time of ca.
5.7+2.4/ —2.7 ps. We further demonstrate that our membrane visco-
elasticity measurements can be used to differentiate between the
cancerous human glioblastoma cells (LN-18) and the normal mouse
brain microvascular endothelial cells (bEnd.3). The viscosity of
cancerous cells LN-18 is lower than that of healthy cells bEnd.3 by a
factor of three. Further establishing the correlations between high-
frequency biomechanics to cellular states and functions will be critical
and beneficial for diagnosis and therapy.

4. Experimental methods
4.1. Materials

HAuCly-3 H,0, 1-pentanol, Glycerol, CTAB, and PVP (Mw = 40,000)
were purchased from Sigma-Aldrich. Ethanol was purchased from
Sinopharm Chemical Reagent Co. Ultrapure water was used throughout
the experiments. Holey silicon nitride films with pore size of ~5 pm
were purchased from Ted Pella Inc. (catalog no. 21536). Mouse brain
microvascular endothelial cell line (bEnd.3) and human glioblastoma
cell line (LN-18) were used for investigations.

4.2. Au Nanoplates Synthesis

The Au NPLs were synthesized based on a previous method [47].
Briefly, a mixture of 1-pentanol (10 mL), PVP (Mw = 40,000, 30 mg)
and water (600 mL) solution was prepared and heated to 110 °C. 50 pL
HAuCly-3 H20 (0.2 mM) was then added to the above solution. The re-
action was kept at 110 °C for 2 h to facilitate the growth of Au NPLs. The
yellow product was collected and washed with ethanol three times by
centrifugation to remove excessive surfactants before drop-casting on
the holey silicon nitride film. After Au NPLs were deposited on silicon
nitride films, they were plasma cleaned for half an hour to remove the
adsorbed surfactants on the surfaces of Au NPLs. This process is critical
for the successful culture of live cells on Au NPLs. The Au NPLs syn-
thesized in the current studies have surfaces with edge lengths of
~10-20 pm and thicknesses of 20-30 nm.

4.3. Cell culture and treatment

Mouse brain microvascular endothelial cell line (bEnd.3) and human
glioblastoma cell line (LN-18) were purchased from American Type
Culture Collection (ATCC). Cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and 100 U/mL penicillin and 100 pg/mL streptomycin in an
incubator with 5% CO, at 37 °C. And cells were digested with 0.25%
EDTA-trypsin and transferred to 3.5 cm cell culture dishes where the
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silicon nitride films were put at the bottom to enable the cell attachment
and growth. The growth 0f80-90% cell confluence on the film was ready
for the optical experiment. Live cells were directly used for measure-
ments or fixed with 100% methanol for 15 min at room temperature. For
fluorescence imaging, the cells were incubated with antifading
mounting buffer containing DAPI for nuclear staining.

4.4. Femtosecond transient absorption microscopy

The setup for transient absorption microscopy has been well
described previously. A Coherent Mira 900 Ti:sapphire oscillator com-
bined with a Coherent Mira optical parametric oscillator (OPO) laser
system is used for the pump—probe measurements. The 800 nm pump
beam from the Ti:sapphire oscillator was modulated at 1 MHz by an
acousto-optic modulator (IntraAction AOM-402AF3), triggered by the
internal function generator of a lock-in amplifier (Stanford Research
Systems SR844). The probe beam from the OPO was tuned to 530 nm
and overlapped with the pump beam and focused at a single Au NPL
with an Olympus 100 x , 1.4 NA microscope objective. The delay time
between the pump and probe beams was controlled by a Thorlabs
DDS600 linear translation stage. The measurements were performed in
reflection mode by monitoring the reflected probe beam intensity with
an avalanche photodiode (Hamamatsu C12702-11) and the lock-in
amplifier at a time constant of 30 ms. Typical powers were 5 mW for
the pump and 100 pW for the probe. Under these conditions, the signal
was stable, and no melting or reshaping of the Au NPLs was observed.
The temperature rises of Au NPLs and cell membranes are ~ 11 K and
4 K, respectively, at the center of the laser beam based on a two-
temperature model (see the Supporting Information). Normally the
membrane has a main transition temperature of ~ 20 °C [30]. Minor
temperature increase above the transition temperature causes negligible
change of membrane viscosity.

Acoustic vibrations of Au NPLs are excited in the pump-probe mea-
surements. These acoustic vibrations cause periodic changes of the
thickness of the Au NPL and thus of the absorption of the probe and
consequently are detected by monitoring the probe beam intensity. A
signal due to the propagating acoustic waves in the cellular fluid, known
as Brillouin oscillations, is also detected. This signal arises from the
interference between the reflected probe beams from the stationary
surfaces and propagating acoustic waves in the fluid. The confined
acoustic vibrations of Au NPLs detect the viscoelastic properties of cell
membrane, while the Brillouin oscillations measure the viscoelastic
properties of the cell body. Acoustic vibrations were measured three
times at various locations for every cell on a suspended Au NPL, and the
resulting quality factors were calculated by averaging the measure-
ments. The Supporting Information includes a representative pump-
probe measurement curve, which was taken within a minute and in-
cludes both the breathing mode of Au NPLs and Brillouin oscillations.
Fitting the curve with damped cosine functions gives the vibrational
frequencies and lifetimes. These parameters are used for the character-
izations of cell biomechanics.
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