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Abstract

Aging not only affects the whole body performance but also alters cellular biological properties,
including cell proliferation and differentiation. This study was designed to determine the effect of
aging on the mechanical properties of tendon stem cells (TSCs), a newly discovered stem cell type
in tendons, using quartz thickness shear mode (TSM) resonators. TSCs were isolated from both
old and young rats, and allowed to grow to confluency on the surface of TSM resonators. The
admittance spectrums of TSM with TSC monolayer were acquired, and a series of complex shear
modulus G’ + jG” as well as average thickness htsc were calculated based on a two-layer-loading
transmission line model (TLM) for TSM resonator sensor. The results showed an overall increase
in G/, G” and htsc during aging process. Specifically, the storage modulus G’ of aging TSCs was
over ten times than that of young, revealing an important increase in stiffness of aging TSCs.
Additionally, through phase-contrast and scanning electronic microscopy, it was shown that aging
TSCs were large, flat and heterogeneous in morphologies while young TSCs were uniformly
elongated. Increased cell size and irregular cell shape might be associated with the dense
cytoskeleton organization, which could lead to an increase in both stiffness and viscosity. These
results are in agreement with previously published data using different measurement methods,
indicating TSM resonator sensor as a promising tool to measure the mechanical properties of cells.
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1. Introduction

Tendon is fibrous connective tissue that transmits muscular force to bone thus enabling joint
motion and body movement. Tendon had been considered to contain only tenocytes for a
long time. However, some recent studies demonstrated that human, rat and mouse tendons
also contain multi-potent adult stem cells, termed tendon stem/progenitor cells (TSCs) [1,2].
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Compared with tenocytes, TSCs exhibit distinct properties in various aspects, including cell
morphology, marker expression, as well as proliferation and differentiation potential [3,4]. It
is known that aging leads to a decline in the functional competence of human body and also
degenerative changes in tendons [5]. At the cellular level, Zhou et al. reported that aging
TSCs have deceased proliferation rate, delayed cell cycle progression and altered cell fate
patterns [6]. Presently, most studies concerning TSC aging focus on proliferation and
differentiation, while discussions on fundamental mechanical properties, such as elasticity,
viscosity and Poisson’s ratio, are quite limited. Changes in viscoelasticity during the aging
process of TSCs’ should be investigated as an essential parameter, and the results from such
studies could contribute immensely to the aging-related treatment of tendon injury.

So far, a variety of measurement methods have been developed for detection of cellular
viscoelasticity, for example, magnetic bead microrheometry (MBM), atomic force
microscopy (AFM), microplate manipulation, microfluorimetry and so on [7-12]. Most of
them (except microfluorimetry) need to apply an external force on individual cell in an
invasive manner. For MBM, the diameter of ferrimagnetic microbead is approximately 1-5
pum, while the normal radius of AFM probe is even under 1 pum. As a result, it is difficult for
these methods to present statistical results, although local measurement could be conducted
on some specific parts of cells. Meanwhile, measurement process of these methods is also
time-consuming. In comparison, micofluorimetry as a non-invasive technique could provide
relevant mechanical property measurement of cell group, but only limited to cellular
viscosity. Due to its high sensitivity, simple structure, and easy interconnection with
electronic measurement systems, quartz thickness-shear-mode (TSM) resonator has been
applied to characterize the viscoelastic properties of materials bounded on its surface
[13,14]. TSM resonator consists of a thin disk of AT-cut quartz with circular Au/Cr
electrodes deposited on both sides, which can be electrically excited in a number of resonant
thickness-shear modes. When its surface loading condition varies, for example cell
monolayer adhering on the surface, the electrically-excited acoustic-wave propagation could
change accordingly through entire quartz crystal, allowing a simple, quantitative and non-
invasive method to extract the complex shear modulus of adherent cells. Two general types
of equivalent-circuit models are proposed to describe the TSM resonator: the lumped-
element model (Butterworth-Van Dyke, BVK) and the distributed model (Transmission Line
Model, TLM), and the former could be derived from reduction of the later in near-resonant
circumstances [15]. Because of the zero error between its assumption and actual TSM
electrical response, TLM is chosen to provide a comprehensive description for TSM with
viscoelastic cell monolayer [15,16].

In this study, viscoelastic properties of aging and young TSCs from rats were characterized
by TSM resonators. Acquired admittance spectrums of TSM were sent into a programmed
analyzer based on two-layer-loading TLM, and corresponding storage modulus G/, loss
modulus G”, as well as average thickness htsc for TSC monolayer were obtained. An
overall increase in G/, G” and hygc during aging process is attributed to the internal dense
cytoskeleton, which also induces apparent variations in cell morphologies accordingly. Our
results were in agreement with those from other methods, indicating an advisable
mechanical measurement technique for cell-biology applications.
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2. Material preparation and experiment details

2.1. Isolation and culture of TSCs

In this study, we isolated TSCs from the Achilles tendons of both old rats (20 month. 300-
350 g) and young rats (8 week, 200-250 g). Briefly, the middle portion of tendons was
retrieved by cutting the tendon samples 5 mm from the tendon-bone insertion and tendon-
muscle junction. After removing the tendon sheath and surrounding paratenon, the middle
tendon portion tissues were weighed and minced into small pieces (1 mm x 1. mm x 1 mm).
Each 100 mg tissue sample was digested with 3 mg collagenase type | (Life Technologies,
Carlsbad, CA, USA) and 4 mg dispase (Stemcell Technologies, Vancouver, BC, Canada) in
1 ml phosphate-buffered saline (PBS, Mediatech Inc., Manassas, VA, USA) at 37 °C for 1 h.
The suspensions were centrifuged at 1500 G for 15 min, and the cell pellet was resuspended
in growth medium consisting of Dulbecco’s modified Eagle’s medium (DMEM, Lonza,
Walkersville, MD, USA) containing 20% fetal bovine serum (FBS, Atlanta Biologicals,
Lawrenceville, GA, USA), 100 U/ml penicillin, 100 pg/ml streptomycin, and 2 uM
glutamine (Thermo Fisher Scientific Inc., Waltham, MA, USA). A single-cell suspension
was obtained by diluting the suspension to 1 cell/ul and then cultured in T25 flasks at 37°C
with 5% CO». After 8-10 days in culture, colonies formed as the Achilles TSCs were visible
on the surface of culture flask. Individual cell colonies were collected using trypsin (Life
Technologies, Carlsbad, CA, USA) and transferred to separate T25 flasks for further culture.

2.2. Measurement and characterization of TSCs

Fig. 1 schematically shows the measurement system of 10-MHz TSM resonator
(International Crystal Manufacturing, Oklahoma City, OK, USA) for TSCs. The diameter of
TSM central circle electrode was 5.10 mm. One tube (6.20 mm/8.00 mm x 6 mm) of
poly(dimethylsiloxane) (PDMS, Dow Corning, Midland, MI, USA) was located around the
upper electrode, forming the well-like structure for TSC culture. The admittance spectrum of
TSM was obtained using an Agilent 4294A Precision Impedance Analyzer (Agilent
Technologies, Palo Alto, CA, USA). Prior to the measurements, TSM resonators with empty
wells were sterilized overnight by exposure to UV light. Subsequently, the entire electrode
surface of TSM was coated with collagen by incubating the well with 100 pl 100 pg/ml
collagen type | (Stemcell Technologies, Vancouver, BC, Canada) in PBS for 2 h. After
washing these wells three times in PBS, they were refilled with 100 pl 1.0 x 10° cell/ml TSC
suspensions from old and young rat Achilles tendons. TSM resonators were maintained in
an incubator at 37 °C with 5% CO», for 12.5 h, and corresponding admittances were detected
every 1 min. In addition, the initial admittances of unloaded TSM resonators as well as TSM
with culture medium and collagen coating were also recorded for further extraction of TSC
viscoelastic properties. All measurements were performed three times. After measurements,
TSM resonators were removed from the measurement system. TSCs on electrodes were then
fixed with 4% paraformaldehyde in PBS and treated with 0.1% Triton X-100 for 10 min
before staining the nuclei with Hoechst 33342 (10 pg/ml). Washed three times in PBS, these
stained TSCs were examined by fluorescent microscopy (Eclipse TE2000-U, Nikon, Japan).

In parallel experiments, identical dose of TSC suspensions were cultured in collagen-coated
96-well culture plate and PDMS wells on Au/Si wafer. After 12 h, the morphologies of
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TSCs were observed through phase-contrast microscopy (Eclipse TS100, Nikon, Japan) and
scanning electron microscopy (XL-30 FEG SEM, FEI/Philips, Japan, accelerating voltage: 5
kV), respectively. Then, TSCs in 96-well plate were also fixed with 4% paraformaldehyde
in PBS and treated with 0.1% Triton X-100 for 10 min. Fluorescein phalloidin in methanol
was applied at a dilution ratio of 1:40 for 20 min for actin staining, and these stained TSCs
were examined by fluorescent microscopy as well after washing.

3. Theoretical model and analytical methods
3.1. TLM model of multilayer loaded TSM

As shown in Fig. 2(a), TLM for TSM resonators has two acoustic ports and one electrical
port, and via a transformer (marked by a square) the acoustic variables, force F and linear
velocity v, are coupled to an electrical port [17]. The acoustic-electrical analogy of TLM
could be defined as that,

P Zooota,  Z,(sine)” hjw | [ v
Fl/ =—j | Z, (sinozq)*1 Z, cotag h/w U/1 @
v h/w h/w 1/wCO I

where Fy, F1” and 11, 1/ are the external force and linear velocity at TSM resonator
surfaces, respectively; and Z¢, ag, h and Cq are defined as follows, with relevant parameters
shown in Table 1.

Letting Z1 = F1/v1, Z1’ = F1// vy’ to represent the surface loading condition of TSM

resonator, (1) is rewritten as,
vV F

{ 1 J_c,i] cosaq—l-jZZ—ésinaq Z,, (%cosaq—l—jsinaq) [ Fl} ®)

. A
g — 1
ZC SNy 2(COSOlq 1)+] ZC SInaq

where

zZ
H=cosoq—1+j “Lsina,

=hC,
Zq qQ» 2 0 (4

Defining complex electrical impedance Z = V/I, complex electrical admittance Y = 1/V, then
Z and Y are expressed as,
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Generally, for unloaded TSM, both surfaces are stress free with two short-circuit acoustic
terminations of F; = Z; = Fy’ = Z;” = 0. Substituting the Z; and Z; into (5) Y expression,

2jwCotan(aq/2)

Y =5wC
Jt K 2tan(ag/2)

However, with extra layers (upper/lower electrodes, TSC monolayer and culture medium)
on TSM surfaces, Z; and Z;" are changed accordingly depending on these layers’ own
physical and mechanical properties. For Au/Cr electrodes on both sides are relatively thin
(~100 nm), their effects on surface loading Z; and Z;’ values are neglected, simplifying the
original theoretical model effectively. Thus, Z; is determined only by the properties of
loading layers on upper electrode, and Z;’ is always zero. Using boundary conditions
(internal force and linear velocity) between different layers, TLM model could be
represented further as Fig. 3(a), and the corresponding transfer matrix is given as that [17],

Un+1

8
F, Fo. cosaﬁ jZﬁsinaﬁ Foi ®
=[B,] - v | isinak/zL L ’
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where zL o have similar definitions with Zg, aq,

n

Z£:A VPnCn
ak=wh, VE ©

Deflnlng Zn = Fn/Vn, Zn+1 = Fn+l/Vn+1, then

L

L Zpi1cosak 45 ZEsinal

Zn, (10)

" ZLcosak+jZ, 1sinak

Substituting Z; and Z;’ into (5) Y expression,
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(11)

Nevertheless, considering the excluded electrode effect of TSM, other non-uniformity
influences as well as surrounding perturbations, modified TLM model is proposed as shown
in Fig. 2(b). Taking these uncertainties into account, the total parallel capacitance Cj is
defined as that [19],

Cy=Co+Cp  (12)

where Cq is TSM static capacitance, and Cp, is the external capacitance. With ¢ as a
desirable way of compensation for previous model, (5) and (11) are respectively rewritten
into (12) and (13). This model establishes an explicit relationship between experimental
observations (TSM electrical response) and relevant device parameters, which is of great
significance in the following algorithm analysis.

2jwCotan(aq/2)

Y =jwCi+
07 o /K2 —2tan(aq/2)

13)

JjwCo(2tan(aq/2)—j21/Z )
aq/KQ(l—jZ1/chotaq)—2tan(aq/2)+jZ1/ZC ’ 14
z _ZLchosalLJerlLsinaf ( )
1=~ ZchosalL-l—jZQSina{‘

Y=jwCi+

3.2. Multilayer loading model of TSC adhesion

In this study, the actual multilayer-loading model for TSM resonator with TSC adhesion is
consisting of three mechanical impedance layers: the collagen coating, the TSC monolayer
and semi-infinite viscous liquid layer (culture medium). Because the collagen coating is
quite thin (under 20 nm), this model could be simplified while considering the collagen
coating as an intrinsic effect included into TSM resonator itself. By acquiring an optimal
solution set of effective parameters of TSM resonator (775, hq, Co and Cp) from initial
admittance, effect of collagen coating is compensated as well as other perturbations. An
equivalent two-layer-loading model is adopt in this study as described in Fig. 3(b).

Assuming TSC monolayer as isotropic, homogeneous and uniform coating on Quartz, z-
and o could be calculated as follows,

ZILZZTSC:A VPrscGrser  Grse=G +JG
L

(15)
0 =g =whogo \/ Prsc /G'rsc

where Grgc is the shear modulus of TSC monolayer. Meanwhile, as the culture medium is
semi-infinite,
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ZZZZrlle<i:(1+j)A VYPredvea  (16)

where nveq is the viscosity of culture medium. Thus, Z4 in (14) could be expressed as
follows,

7oA \/T (1+7) V@ Prieahiea €08 (Whoge \/ Prsc /Grrsc) IV PrscCrseSn(whage \/ Prsc /Grsc) an
1= PrscYrsc : : 17
VPrscGrscCos(wWh e \/ Prsc /Grsc)—(1=)) V@ Prieahea sin(wh.pge \/ Prsc /Grse)

With only culture medium on electrode surface, the TSM resonator is contacting directly
with semi-infinite viscous fluid, and the corresponding expression of Z; is as follows,

Z1:Z2:ZMcd:(1+j)A VPPreahea  (18)

3.3. Extraction of TSM-related parameters

As discussed above, for an appropriate analysis of TSM admittance, parameter calibration of
unloaded TSM plays an important role in compensating additional effects from Au/Cr
electrodes, collagen coating and other perturbations. In this section, the optimal solution set
of effective parameters of TSM (7, hg, Co and Cy) is determined, where those effects are
considered as some intrinsic characteristics of TSM resonator. Two input variables are
required in the algorithm of parameter extraction: (a) The admittance spectrum Y () =
G(w) + jB(ay;) of unloaded TSM (or TSM with collagen coating, which is considered as a
special unloaded case as discussed), where i is assigned with from 1 to n, and n is the
number of acquired angular frequency points. For Agilent 4294A in this study, n = 801; (b)
The total parallel capacitance g which is measured at double fundamental-resonance
frequency based on the limiting relationship y'=;wCy [20]. By Regula-Falsi iteration
method, a series of valid solution sets (7, hq and Co) are obtained, and optimal solution is
chosen among them as the one that makes the error function achieve the smallest value [21].
Error function is defined as (19), representing the cumulative error of experimental
admittance spectrum deviating from the theoretical one,

M

M
D (Clw1) gy =Clwi) ) 4D _(B(@i) o =B(wi)y )’

M M
Z(G(wi)EXP)2+Z(3(%)EXP)2

Error;= (19)

where G(@;)1Lm, B(@)1Lm are developed from (14), and G(@;)exp, B(@y)exp are from
experimental admittance. Table 2 lists extracted effective parameters (hg, g, Co and Cp) for
unloaded TSM and TSM with collagen coating. Both fitting are well-acceptable with the
error of 0.0372% and 0.0280%, leading to affirmative calibrated parameters of TSM
resonator. As is discussed, there are a variety of neglected perturbations on TSM surface,
including the Au/Cr electrodes, PDMS wells and other damping effects. Thus, it can be seen
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from Table 2 that effective TSM thickness is slightly larger than theoretical value 165 pm,
and quartz viscosity is also increased compared with reference value 0.00035 Pa s [19]. In
the meantime, it is illustrated that collagen absorption does not cause distinct changes in
calibrated TSM parameters, when only external capacitance Cp, increasing to some extent.
Simplified bilayer-loading model for TSC adhesion is confirmed further from this
perspective, and all these parameters given in Table 2 will be used in following fitting
calculation.

3.4. Extraction of TSC complex shear modulus

4. Results

Prior to the extraction of TSC complex shear modulus, complex impedance of culture
medium should be acquired firstly. Certain input variables are needed in algorithm of Zpeq:
(a) The admittance spectrum Y(aj) = G(@;) + jB(w;) of TSM with culture medium; (b)
Relevant effective TSM parameters extracted in previous section, including equivalent
thickness hg, quartz viscosity L, static capacitance Co, and total parallel capacitance C;.
Conducting the Regula-Falsi iteration method and error comparison as above, optimal
solution is obtained,

Zya=(147) A1/ (0.5696+0.1888))w  (20)

With (a) the modified effective parameters for TSM with collagen coating and (b) the
complex impedance of culture medium, as well as (c) the admittance spectrum Y(@;) = G(a)
+ jB(ay;) for TSM with TSC adhesion, the specific solution of complex shear modulus Grsc
= G’ + jG” and average thickness htsc of TSC monolayer could be determined based on
similar algorithm. The G” discretization within an appropriate range is operated firstly, and
corresponding G’ is obtained by Regula-Falsi iteration method. Among all these valid
solution sets (G’, G” and htgc) recorded during this process, an optimal solution is selected
as the one could make the error function defined as (19) get the smallest value.

and discussions

Fig. 4 presents the variation of TSM resonance frequency during TSC adhesion: (a) is for
TSCs from old rats and (b) is for TSCs from young rats. The insets are their corresponding
admittance spectrum sets, where the resonance frequencies are collected. The spectrum
recording endured for 12.5 h. As the time goes on, the color of admittance spectrums in plots
is shifting from pink to black gradually. It is illustrated that with the adhesion of both aging
and young TSCs, the intensity of resonance peaks is decreasing gradually, and the FWHM
(Full Width at Half Maximum) tends to be larger. The resonance frequencies extracted from
these resonance peaks exhibit similar variation tendency for both aging and young TSCs as
well. As it is marked, the entire frequency variation during TSC adhesion experiences three
regions: | rapid decrease, Il reverse increase, and 111 slow decrease to be stable. The main
differences between (a) and (b) are merely expressed in the time distributed in three regions,
as well as magnitude of frequency variation. Generally speaking, the procedure of cell
adhesion has three stages: attachment, spreading, and formation of focal adhesions and
stress fibers [22]. The stage of cell attachment, which involves cell receptor-substrate ligand
interactions, is considered as an intermediate state between weak contact and strong
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adhesion. The attached cells increase their surface contact area with the substrate through
the formation of actin microfilaments and cell spreading, and then organize their
cytoskeleton by the formation of focal adhesions and actin-containing stress fibers. In our
experiments, Au/Cr electrode surface is pre-coated with collagen, which is considered a
primary and structural part of extracellular matrix (ECM) in tendons [23]. When suspending
cells are approaching to the substrate, these ECM proteins are bound by integrin receptors
composed of a/f chains, which span the plasma membrane [24,25]. Receptor-ligand binding
induces initial attachment, and then TSCs undergo the following two stages successively. As
it is shown in Fig. 4, in the beginning there is an obvious decease in TSM resonance
frequency with a great number of TSCs falling down and attaching on electrodes. With more
and more TSCs finishing attachment, TSC spreading becomes the predominant behavior,
resulting in a reverse increase of TSM resonance frequency in region I1. In region 11, quite a
large part of TSCs is in the third stage to form the focal adhesions, which function as
structural links between the cytoskeleton and ECM protein substrate. Therefore, resonance
frequency of TSM resonators is decreased slightly. With decreasing tendency in region Il1 is
eliminating and the variation curve is stable, all TSCs in medium are considered adhered on
electrodes completely. In this case, the admittance spectrum acquired after 11 h could be
adopted for TSC monolayer characterization.

Fig. 5 shows TSC microscopy photos after cell suspension is kept in wells for 12 h: (a) and
(b) are for TSCs from old rats, and (c) and (d) are for TSCs from young rats. (a) and (c) are
obtained by phase-contrast microscopy, where cell suspension is added into 96-well plate.
Both aging and young TSCs adhere and form relatively-uniform cell monolayer as assumed
in the theoretical model. There is no obvious overlap or blank space on the substrate, leading
to an appropriate assumption in the following calculation. Meanwhile, the TSCs on the
electrodes of TSM resonators are nuclei stained and observed through fluorescent
microscopy (Fig. 5(b) and (d)). As that in 96-well plate, TSCs seeded into PDMS wells
exhibit the similar consistency and uniformity, indicating TSC monolayer an isotropic,
homogeneous layer further. Nevertheless, it is also illustrated quite different morphologies
between aging and young TSCs. As shown in (a) and (c), compared to young TSCs with
characteristic elongated shape as fibroblasts, aging TSCs possess enlarged, flat, polygonal
cell shape, extending without any specific directions. There are obvious changes in TSC
morphologies during aging process, which will be discussed in details in following
paragraphs.

Based on the TSM multilayer loading model introduced previously, the corresponding
programmed analyzer was built up for extraction of TSC viscoelastic properties. Assuming
TSC monolayer as an isotropic, homogeneous loading layer, its equivalent density is
required in this algorithm. As it is known, a typical animal eukaryotic cell consists of five
major structural parts, from outside to inside: an extracellular matrix (ECM), an external
plasma membrane, the cytosol interlaced by a cytoskeleton, a variety of membranebounded
organelles suspended in cytosol, and a nucleus to house the DNA [23]. Among them,
cytoskeleton as an intricate 3-demensional array of microfilaments, microtubules and
intermediate filaments, helps establish and maintain cell shape. With its support for cellular
architecture, the lipid plasma membrane surrounding defines the cell’s boundary
accordingly. As the formation of focal adhesions, the cytoskeleton is anchored with collagen
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on the substrate. As a result, the ECM, cytoskeleton, as well as the lipid membranes make
up to be the most crucial factor of cell viscoelasticity together. In addition, the gel-like
plasma (including cytoplasmic proteins and organelles) around the cytoskeleton, also has an
influence on cell viscoelasticity. In this algorithm, three equivalent densities of TSC
monolayer are adopted: 1.20 g/cm3, 1.10 g/cm3 and 1.00 g/cm3. For the primary component
of ECM and cytoskeleton is a variety of protein fibers, such as collagen, actin and fibrin, a
theoretical protein density of 1.20 g/cm? is chosen as the upper limit [26]. Meanwhile,
assuming the plasma as special protein solution, the density of pure water, 1.00 g/cm3, is
accepted as the lower limit.

Sending the admittance spectrum acquired from 11.5 to 12.5 h to the analyzer, a series of
complex shear modulus of TSC monolayer G/, G” as well as average thickness hysc were
obtained. Fig. 6 gives the statistical results of G’, G” and hys¢ for aging and young TSCs,
and the fitting-error analysis in extraction procedure is shown in Fig. 7. Fig. 7(a) and (b) are
representative comparison between experimental and fitting curves of Y = G + jB, where Y is
the admittance spectrum collected after 12 h. The error upper limit is set as 1% in algorithm.
Much smaller than this setting point, the fitting-error results for both aging and young TSC
monolayer are stabilized under 0.1%, indicating certainty and reliability of extracted G’ and
G” in Fig. 6. G/, G” and hysc from different equivalent densities of TSC monolayer are
marked in Fig. 6, respectively. It is illustrated that G’ and G” present similar increasing
tendency as equivalent density is decreasing, and the corresponding thickness is also rising
as a result of near-constant mass load. Shear modulus G” and loss modulus G” of aging
TSCs increase from 18030 + 171 Pa to 21608 + 205 Pa and from 113654 + 348 Pa to
136209 + 422 Pa, respectively, with the adopted density decreasing from 1.20 g/cm3 to 1.00
g/cm3. In the meantime, the average thickness of TSCs s rising gradually from 320.56 +
3.42 nm to 384.23 + 4.13 nm. Comparing the viscoelastic properties of aging and young
TSCs, the aging TSCs possess both larger storage modulus and loss modulus, as well as
average thickness. The storage modulus of aging TSCs is over ten times than that of young,
revealing an obvious increasing in stiffness of TSCs from young to aging. In the case of 1.10
g/cm3, storage modulus G’ of aging and young TSCs are 19658 + 187 Pa and 824 + 13 Pa,
respectively. In comparison, the loss modulus exhibits a relatively-slight increasing: with
1.10 g/cm3 as preset density, G” for aging and young TSCs are 123910 + 383 Pa and 105915
+ 363 Pa, respectively. Besides, the corresponding thickness hysc of aging TSC monolayer
is 349.47 + 3.78 nm, which is approximately 15% larger than that of young (298.32 + 4.39
nm). These differences between aging and young TSCs have an important relation with their
architecture. In order to get more details concerning cellular architecture, including
cytoskeleton organization and adhesion thickness, TSCs were detected by both SEM and
fluorescent microscopy.

Fig. 8 are SEM ((a)—(c), (e)—(f)) and fluorescence ((d) and (g)) photos: (a) is the cross-
section observation of aging TSCs; (b) and (c) present the adhesion pattern of aging TSCs
when (e) and (f) of young TSCs; and (d) and (g) describe the internal actin cytoskeleton of
aging TSCs and young. It could be seen that TSC monolayers are uniform and compact
across the entire surface as in Fig. 6, without any obvious overlap or uncovered space. The
relatively-low roughness is in good agreement with our presupposition, guaranteeing an
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affirmative fitting in TLM analysis. Fig. 8(b), (c), (e) and (f) reveals morphology details of
adherent TSCs on electrodes. For aging TSCs, cell spreading is extending from spherical
membrane in random directions, forming an irregular polygonal circumference. Comparing
with this large, flat cell shape, young TSCs tend to spread along a specific direction to form
an elongated, slender shape. The lamel-lipodium and filopodium are often observed along
the edge of two polar of young TSCs, while no similar phenomenon is found in aging ones.
As it is known, with TSCs spreading, actin microfilaments are formed extensively in cells,
and then actin-containing stress fibers are organized and linked with ECM, establishing and
supporting cell shape. The actin cytoskeletons in both aging and young TSCs, which largely
determine cell morphologies, are shown in Fig. 8(d) and (g). It is illustrated that numerous
actin microfilaments are occupying most of the cytoplasmic area in both aging and young
TSCs. However, compared with discrete, flocculent ones in young TSCs, actin
microfilaments in aging TSCs tend to form long, filamentous bundles: some are closely
parallel along one certain direction, as another set of parallel bundles cross them in different
direction. There is a considerable increase in the number and individual size of actin
microfilaments during aging of TSCs, when similar conclusions have been drawn on other
general fibroblasts. Wang et al. reported increased organization of cytoskeleton in aging
human dermal fibroblasts, which was considered as a result of an increasing in the
abundance of cytoplasmic filaments [27]. Hereafter, Nishio et al. suggested further that
overproducing of vimentin filaments in skin fibroblast cytoskeleton resulted in senescent
cell morphologies [28,29]. Schulze et al. proposed in vivo aging process, the cytoskeletal
polymers showed a shift from monomeric G-actin to polymerized, filamentous F-actin, but
no significant changes in vimentin and microtubule content [30]. Fluorescence analysis
provides an explanation that aging TSCs possess a dense cytoskeletal organization compared
to young TSCs, which causes the former increased cell size and irregular cell shape. For
aging TSCs, the dense cytoskeleton could be attributed to overproducing of actin
microfilaments and some other specific protein, aggregation or mutation. Considering
cytoskeleton as structural and supportive component, its inherent variations not only lead to
an apparent increasing in average thickness of TSC monolayer, but also induce both
stiffness and viscosity to increase during aging process.

In the meantime, from Fig. 8(a) the average thickness hygc of aging TSC monolayer is
obtained as approximately 400 nm, exhibiting great consistence with theoretical model
(htsc = 384.23 + 4.13 nm with density of 1.00 g/cm?3). Thus, SEM photos confirm
reliability of our extracted results further. In the case of 1.00 g/cm3, the viscoelasticity of
aging and young TSCs are 21608 + 136209j and 985 + 116582j Pa respectively. Using 7=
G"lw, 5= (21l wp)Y'2, effective viscosity of them are obtained as 2.17 and 1.86 cp, and shear
wave decay length are 263 nm and 244 nm. hygc is approximately 1.5 times of decay length
o, theoretically indicating a critically damped shear wave propagating through TSC
monolayer. Thus ignoring the small effect of upper liquid layer, single TSC-monolayer
loading model could be applied, and corresponding viscoelasticity of aging and young TSCs
were calculated respectively as 20151 + 114772j and 853 + 100570j Pa, which are slightly
decreased comparing with previous G’, G”. Although the viscoelasticity variation of TSCs
during aging process in this model presents highly consistent tendency with results from
two-layer-loading model, standard deviation of G’, G” as well as fitting errors are increased
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accordingly. Furthermore, if considering TSC monolayer as semi-infinite viscous layer, no
convergent solutions could be obtained under an appropriate error range (1%). From this
perspective, as the estimated decay length and average thickness of TSC monolayer are
close, the two-layer-loading model should be adopted in order to reduce system error
included in theoretical model effectively.

Comparing with cell viscoelasticity by other techniques, including MBM, AFM, microplate
manipulation and microfluorimetry shown in Table 3, our result could reach agreement by
different extent, even though various cell types, and local measurement on individual cell
conducted in most methods. According to viscoelasticity theory, complex shear modulus
Grsc = G’ + G” is dependent on oscillation frequency . Their relation is described in
power-law structural damping model functionally as that,

G:G0(1+j>\)<%>ar(1—a)cos (%) +inf (@

where G is a modulus scale factor, fy is a frequency scale factor, a is the power-law
exponent usually assigned in 0.10-0.16, A is structural damping coefficient related to a by A
=tan(mal2), and [ is Newtonian viscous damping coefficient [8,31]. With a of small values,
the factor 711 - a) cos(7al2) is close to unity and so (21) could be simplified as,

G=Gy(1+jA) (%) +inf (22

Thus, as Gg = constant, G’ co f% When « is assigned with 0.12, storage modulus G’ of aging
and young TSCs at 160 Hz is calculated as 5744 and 262 Pa, respectively. When a = 0.14, G
”turn out to be 4606 and 210 Pa. The shear modulus G’ of young TSCs transformed at low
frequency is of the same order magnitude with results for 3T3s by AFM and chick
fibroblasts by microplate method [32-34], and G’ of aging TSCs transformed at low
frequency keep consistent order with that of 3T3 fibroblasts from analysis of magnetic bead
microrheometry as well [35]. From this perspective, it is indicated that storage modulus G’
of TSC monolayer could reflect shear stiffness of individual cell to some extent. Meanwhile,
due to quite similar measurement conditions (non-invasive, group test, at high frequencies),
our viscosity results reach good agreement with that from microfluorimetry [36]. In
comparison, 7 of fibroblasts by other techniques at low frequencies appear to be several
orders of magnitude larger [32—35]. This frequency-dependent variation matches power-law
structural damping model partially while G” oo f¢~1 as Gg = constant and viscous damping
coefficient | is ignored. In fact, there are obvious differences in 7among these low-
frequency, local measurement methods, suggesting significant effect of measurement
environment on loss modulus G” at low frequencies. With frequency-dependent relation is
eliminated at high frequencies and p becomes the dominant factor, the TSM measurement
could obtain non-mutative, stable loss modulus as microfluorimetry. Therefore, G’ and G” as
statistical stiffness and viscosity of TSC monolayer, could exhibit characteristic
viscoelasticity of individual TSC in a group, and at the same time avoid too much
fluctuations from individual differences. In addition, because of the stable, average,
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statistical features of TSM measurements, the differences of viscoelasticity between aging
and young TSCs could also be amplified appropriately compared with that expressed by
other techniques, implying a potential of TSM technique for mechanical-property mark.
Through high-frequency TSM measurement, the reliable and repeatable complex shear
modules of cell monolayers with various cytoskeleton organization are provided in an
economic, simple, invasive manner. Meanwhile, the average thickness of cell monolayer, as
reflection of cell size, could be obtained with viscoelastic properties, which could not be
realized in other techniques. According to variations in shear modulus of cell monolayer, as
well as average thickness, internal architecture of cell could be deduced and corresponding
status in a variety of procedures (contractility, proliferation, differentiation, etc.) be
acquired.

5. Conclusion

In this study, quartz TSM resonator is adopted to extract the complex shear modulus of
adherent TSC monolayer owing to its high sensitivity, repeatability and easy connection
with electrical measurement systems. 100 pl 1.0 x 10 cell/ml TSC suspensions from old
and young rats were added respectively, and corresponding admittances were detected every
1 min. Sending admittance spectrums acquired from 11.5 to 12.5 h to an analyzer, which is
established based on a two-layer-loading TLM, a series of complex shear modulus of TSC
monolayer G/, G” and average thickness htgc were obtained. The results showed an overall
increase in storage modulus, loss modulus, as well as average thickness during aging
process. The storage modulus of aging TSCs was over ten times than that of young,
revealing an important rise in stiffness of TSCs. Meanwhile, both phase-contrast and SEM
photos presented enlarged, flat and heterogeneous cell shape for aging TSCs when young
TSCs possessed general elongated, slender shape. Increased cell size and irregular cell shape
is attributed to the dense cytoskeleton organization, which induces both stiffness and
viscosity to increase. Our results concerning TSC monolayer are consistent with those
obtained through other techniques, including MBM and AFM. These results identify an
economic, non-invasive, promising method to measure the viscoelastic properties of TSCs,
which could contribute to aging-related treatment of tendon injury. Furthermore,
viscoelasticity changes reflect internal cytoskeleton variations that are also involved
extensively in a series of cell activities, such as contractility, proliferation, and
differentiation. The reliable and repeatable complex shear modulus is provided by TSM
resonators, indicating its potential as a useful biophysical marker for defining aging TSCs.
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Schematic diagram of TSM measurement system.
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TLM of TSM resonator.
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TLM of multilayer loaded TSM resonator.
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Resonance frequency of TSM resonator with TSC adhesion (insets are corresponding

admittance spectrum sets).
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Aging TSCs

Aging TSCs

Fig. 5.
Phase-contrast and fluorescence (nuclei staining) photos of TSCs.
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Complex shear modulus and average thickness of TSCs.
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SEM and fluorescence (actin staining) photos of TSCs.
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Table 1
Parameters of TSM resonator [18].
Density of quartz Pq 2.651 x 103 kg m~3
Shear stiffness of quartz R 2.970 x 1010 N m™2 + jany,
—Ca+ 2641
Cq=C66+ 20T JWTq
Piezoelectric constant of quartz e, = ey 9.657 x 1072 Asm=2
Dielectric permittivity of quartz & = & 3.982 x 10711 A2s4 kgl m™3
Surface area of TSM resonator A 2.047 x 1075 m?
Thickness of TSM resonator hg (theoretical) 165 um
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Table 2
Calibrated parameters of TSM resonator.
Effective parameters Unloaded TSM  TSM with collagen coating
Thickness of TSM hg 166.39 pm 166.39 pm
Viscosity of quartz 0.0416 Pa s 0.0402 Pa s
Static capacity of TSM C, 4.5884 pF 4.5940 pF
External capacity of TSM C,  6.8496 pF 7.4308 pF
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