METRICA

MET Rnlngy Institutional CAfulug

ISTITUTO NAZIONALE DI RICERCA METROLOGICA
Repository Istituzionale

Toward the realization of reproducible AFM measurements of elastic modulus in biological
samples

This is the author's submitted version of the contribution published as:

Original

Toward the realization of reproducible AFM measurements of elastic modulus in biological samples /
Demichelis, A.; Divieto, C.; Mortati, L.; Pavarelli, S.; Sassi, G.; Sassi, M.. - In: JOURNAL OF BIOMECHANICS. -
ISSN 0021-9290. - 48:6(2015), pp. 1099-1104. [10.1016/j.jbiomech.2015.01.023]

Availability:
This version is available at: 11696/30465 since: 2021-03-08T21:56:38Z

Publisher:
Elsevier

Published
DOI:10.1016/j.jbiomech.2015.01.023

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic
description in the repository

Publisher copyright

(Article begins on next page)

28 November 2024



revised Manuscript
Click here to view linked References

Toward the realization of reproducible AFM measurenents of
elastic modulus in biological samples

A.Demichelis, C.Divietd, L.Mortatit, S.Pavarelfi, G.Sassi’* and M.P.Sas5i

Yistituto Nazionale di Ricerca Metrologica INRIM, fiio, Italy a.demichelis@inrim.it

“Dipartimento di Scienza dei Materiali e Ingegne@kimica, Politecnico di Torino, Italy

Abstract— The validation of the AFM method for elastic modilus E measurement in soft materials
(E < 5 MPa) is still missing. The interest of measuraents in materials with E < 5 MPa is mainly
biological, including soft tissues and single celld~or the diagnosis of malignant human tumors, a
change in cell elasticity, within tissues, has renody been recognized as a marker of metastatic
potential. To measure a cell elasticity differenceseproducible E measurements in biological samples
are needed. In this work a robust method for a mewlogical validation of E measurements in the
range 50-5000 kPa was developed, based on the reafion of thick E standard samples and on the
study of the interactions between the measurementgcess and the sample at micro and nano scale.
measurement reproducibility limit of 4% has been reched. This allows designing a very sensitive and

reproducible measurement ofE in biological samples representing thus a powerfuliagnostic tool for

cancer detection.
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l. INTRODUCTION

Atomic Force Microscopy (AFM) allows high-resolutioimaging of biological samples and the
characterization of mechanical properties of vesft and non-homogeneous materials, such biological
samples, by detecting repulsive and attractive susfface forces (Cross,2007;Kuznetsova,2007). Y'sung
modulus, or elastic modulusE) is a measure of materials stiffness; it can beasueed by AFM
(Kuznetsova,2007;Darling,2007;Costa,2004) and gimésrmation on biological sample (e.g. single cell
within a tissue) elasticity.

The validation of AFM method foE measurement in materials with < 5 MPa is still missing
(Carrillo,2005). In the low range, tie measurement by AFM is influenced by the interactietween the
measurement system and the material of whtas measured. Therefore, a metrological charactéoiz of
the system interaction needs to be determinedinftbeest ofE measurements in materials wiEh< 5 MPa
is mainly biological: soft tissues and single celi<ell cultures exhibiE in this range (Wenger,2007).

Recently, a change in celE has been recognized as a marker of disease sucharaser
(Cross,2007;Guo,2012;Cross,2008). Changes in tlnacedular matrix and cytoskeleton structure hasrb
found translating into cell elasticity changes (8ti@aju,2002). In 2007, Cross et al. found a dédfere inE
between living human metastatic cancer cells ardctirresponding benign cells: they measured by AFM
that malignant cells are 70% softer than benigrsc&urrent and traditional analysis for cancer cel
detection (such as cytomorphological and immunobistmical analysis) (Lekka,2012) are qualitative
morphological analysis: they relies on cytoskeletemodeling leading to cell shape changes. However
traditional methods for malignant cells diagnosaséna limitation: frequent morphological overlapvizeen
tumor and normal cell types occurs (Cross,2007)s€et al. also demonstrated that AFM measurenoénts
E well correlate with traditional methods of canoeil detection. Therefore, AFM mechanical analysis
offers the powerful tool to quantitatively distinghh malignant cells from normal cells for cancetedéon.

To measure a cell elasticity difference, reprodiecdlasticity measurements of the biological sangoke



needed and the target reproducibility must be Iavan the expected cell elasticity difference (705 a
consequence the measurement method, AFM forcerepeapy, must be validated for reproducibility.

Investigation for cancer detection can involve &ngells (Lekka,2012 Li,2008) and tissues
(Lekka,2012) coming from biopsies. Consequentlyegtigations should cover measures at macro, micro
and nanoscale, respectively for analyzing the eddBk in a tissue, the specifi€ of a single cell and ald®
of defined cells substructures nanoscale. It has been shown (Lekka,2012)Ehatasuredat single cell
level and tissue level (respectively nano-micro aratro levels) can be different, and the combimatib
the two AFM measurements offers a precious setnfifrination about cancer detection. To perform
reproducibleE measurement on different biological samples (&sswsingle cell, cells substructures) the
AFM method must be validated in different scaleges In addition, high indentation speeds musebttl
in order to perform measurements in time limits patible with cellular processes of living cells Buas
cell mobility (lifespan: seconds) and cell divisi@poptosis (lifespan: minutes).

With this work a robust method for a metrologicalidation of E measurements in the range 500-5000
kPa was developed, based on the realization df gamples showing an homogene&ugalue on macro,
micro and nanoscale, and on the study of the ictierss between the measurement process and thdesamp
Sylgard 184 was chosen as modelling material fér tsssues, as also described in our previous work
(Demichelis,2013-2014). Sylgard samples in biolabielastic range of 50-5000 kPa were prepared.
Indentations with the AFM sensor were performedharacterize surface homogeneity and viscoelastic
behavior of samples. Its use as multiscale standaslalso investigated. Operative measuremennhgstti
were obtained for the realization of reproducibéesticity measurements on biological materials.

Results obtained in this work will allow designiagery sensitive and reproducible measuremektiof

biological samples aimed in measuring elasticiffedences below 5%.



II. EXPERIMENTAL

A. Sylgard as E standard in the range 500-5000 kPa

The validation of the AFMforce spectroscopy method on soft materials requirésstandards. The
standard must have &defined in all its volume, must present homoggnpibperties and stability over
time. Procedures for preparation of standards rbestefined: they can invalidate the employ of the
standard since influence the sample homogened#y tiirections, both xy plane and z direction.

PDMS is a viscoelastic polymer of cross-linked PDbiins that can be prepared curing short PDMS
chains with hydrogenated-PDMS chains. The chengigahg reaction (hydrogen addition to the vinyl end
of PDMS chains, catalyzed by Pt and heat) causestérnal re-arranging of the random-distribut&s
chains that expose to the surface idrofobic s@kbups. This material, commercialized as Sylgatd, 1
consists in the base agent (short PDMS chains}tenduring agent (hydrogenated-PDMS chains) that mu
be blend each other. Sylgard can be a good camdidastandard in this context since presents dltika
varying the base/curing ration, allows to realizeyMow E materials (in the range 500-5000 kPa), presents a
very homogeneous surface at a microscopic levah{Eleelis,2014) and let to construct mechanicakypkt

samples.

B. Principal influence quantities affecting the interaction between measurement process and sample

AFM Force spectroscopy method allows obtaining)geemental force — distance curve when indenting
a sample, the shape of the force-distance curlectefthe sequence of sample layers with possifireht
elasticity.E values strongly fluctuate at very low indentata@pths (nearly the contact point, i.e., the sample
surface).E reaches a plateau by increasing the indentatipthdend finally increases when the substrate
stiffness is sensed (JPK,2014).

The elasticity measured in each layer dependsdentation speed because of the viscoelastic bahaivio
the sample (McCrum,2003). When the characteristie bf indentation is smaller than the sample eiar
time (high indentation speed), the outcome is adrgesistance of the sample because interfacitigthe

PDMS viscous behavior, it results in an appareigyerE. Vice versa, when the indentation time is longer



than the sample relaxation time (low indentatioees}), the sample has the possibility to move away f
the indenting probe diffuse from the bulk to thenpe surface. The outcome is, thus, a lower resistéhat
results in an apparently lowEr It follows that the indentation speed playsrapartant role.

The contact mechanics model employed will affeetrtieasured interaction between system and sample.
Hertz contact model was chosen for simplicity dtakation, sinceE value was not concern of this work,
just E reproducibility was investigated in function ofmimal E values.

Another influence quantity affecting the interaatiis the indenter. It is defined by the cantilegtastic
constant, the tip radius and shape, and the plomtediensitivity when hanged to the AFM instruménthis
work indenter was chosen based on previous meafessichelis,2013- 2014), its choice is not objefct

this paper.
. MATERIALS AND METHODS

A. Preparation of Sylgard samples

Fresh Sylgard 184 (Dow Corning) rectangular samp@es cm height, were realized in a grid plastic
stamp, with nominal base/curing ratio of 15, 25 &bBdy weight. Stirring time of 2 min and curinghé of
24h were set. The stamp was put on the AFM stageeach compartment was filled with deionized water,
for AFM measurements in liquid. The employed stgrimethod consisted in storing the samples at room
temperature, without water on the surface, covetlirggn with a plastic cup, washing the sample sagac

with ultrapure water prior to perfom AFM measuremsen

B. AFM measurement setup

Force measurements of Sylgard samples were perfoinmiguid (deionized water) to avoid the jump-to-
contact effect (Demichelis,2014). AFM Force Spesttopy measurements were realized with a JPK
Nanowizard Il instrument preparing suitable naneimdrs. The nanoindenter for tBemeasurement at
microscale level was realized gluing a S8phere (GmbH microparticles, nominal diameter .i#§ on the
top of a Silicon tipless cantilever. A bio-comp#iladhesive (Dymax OP-29 optical glue) and a riigkkss

cantilever were employed (Nanosensors TL-NCH, nainglastic constank 40 N/m, no coating). To



performE measurement at nanoscale level, a commercial &igjcbn Nitridecantilever with a pyramidal tip
was chosen (AppNano ACTA, nominal elastic conska#® N/m, face angle of the quadratic pyramid 31°,
radius of the edge tip less than 10 nm, Al coating)

1 V was set as approaching parameter of indentere@ponding to a cantilever deflection setpoin2®f
nm when approached to the sample), default feedbackmeters for the approach are employed (i-G&an 1
kHz, p-Gain 0.0048). 0.4 V was set as final relatsetpoint of cantilever during the force specipgc
measurements (corresponding to a maximun load @fr0 for the employed cantilever at the end of the

extend process); the maximum experimental z lengthsurement was set equal to 5 pm.

C. E calculation

Young's modulusk [Pa] of Sylgard sample was calculated from thessital Hertzian model for a
spherical indenter (eq.1) (Ladjal,2009), when usigcantilever with the glued sphere, and forua-ded

pyramidal indenter (eq. 2) (Lin,2007 ), when uding cantilever with the pyramidal tip:

4F

- .Rpl/2.g§3/2
F 3 (1= 02 R 1)
eq.1l
E tan (@)
F= : - 82
1-v3) 2
eq.2

In which F [N] is the force that the indenter develops agaihstsampley is the Poisson ratio (in this
case 0.5)R [m] is the radius of the spherical indenter,[°] is the face angle of the ti@ [m] is the

indentation depth.

F and o0 values were measured by AFM. In Force Spectroseopgie, the nanoindenter was moved
perpendicularly to the sample by a piezoelectranser that measures its absolute positigm]. When the
tip comes in contact with the samplg ¢ontact point [m]), a photodiode measures theoatrtieflection of

the nanoindentev [Volts]. The measurement output from the AFM se&nsdhe nanoindenter deflectidh



versus positiorz data, obtained extending and retracting of theileser over the samplé& and indentation

depth value® can be calculated as follows:

F=k-x eq.3
x=85-V eq.4
6 =(z—20)pxp — x eq.5

Wherek is the nanoindenter elastic constant [N/ris the nanoindenter vertical deflection [r8]is the
photodiode sensitivity [Volts/m],z — z,) zxp iS the experimental measurement of cantilevertiposi
Rearranging eq. 1 with the AFM measured parametkes: equations for the measurement with the

employed micro and nanoindenters become (eq.6@nt)e

31 -v?) k-S-V
Miere =T a T R[G — 2)gxr — S VI

eq.6
k-S-V

Enano = \/E(l - 172) ' tan(a')[(z — 2)pxp — S V]2

eq.7

SampleE were calculated with eq.6 and eq.7 in differentrdinges of the experimentdl[Volts] vs. z
[m] curve obtained. Experimental curve fitting weene using a specific routine written in Matlab
environment. The contact poirg [m] was selected in correspondence of 1% of tfferdince between the
maximum and the minimum z obtained in the extendeulo computds, voltage datd/ starting from the
Z, towards the indentation direction were consideseltracting the minimum voltage value in order to
taking into account for possible voltage offsete Hxtend part of the experimental curve is fittedyrder to

consider only the linear elastic behavior of PDMS.



D. Force Spectroscopy measurements

Force spectroscopy measurements at different iatdent speeds in the range 0.1-1000 pum/s were
performed on fresh samples and after 4 months avifarent indenters (without controlling the amouriit
glue employed to attach the sphere for the homeenmaidroindenters)E value for each Sylgard sample
was calculated with eq.6 and 7 at micro and namedesel fitting all the data obtained by the fomarve
(Fig. 1A-B-C). At the optimal identified speed (Bis), 320E measures were performed on the surface of
each Sylgard sample. These measures come fromfdacasunaps of 50x50 um with 64 grid points each,
taken in different surface position of the samplae frequency distributions of these elasticity sugas on
each Sylgard surface are calculated and reportédgin2A-B-C, whereE is calculate fitting all the data
obtained by the force curves.

To analyze thé& function of z positionE was calculated in different fit range of the extenirve; results
are plotted in Fig. 3 in function of the sampleasition, named-z, (that numerically correspond to the
measured deptd).

AFM measurement reproducibility was calculatedrest variability measured in a given volume of the
Sylgard sample, where Sylgard bulk homogeneityeached. To calculate the variability in the given
sample volumedEy, a layer of a certain thickness in the sample defined. This layer was chosen
considering a portion of the experimental cuBsgs. z-z, (Fig.3A) where theéE threshold was reached. In
order to have comparable data, the same portiopeiioentage, of the experimental curve was chasen f
each Sylgard sample. It follows that a layer of BDAmM was considered respectively for Sylgard 1185—
In the identified layer4Ey was calculated composing the elasticity variapiditong z directiordEz; and
along the xy plan&lExy quadratically.4E; data were calculated from the experimeials. z-z, data, at
eachzz, value, considering a uniform distribution of détween maximum and minimum value in the
identified layer and reported in Fig. 3BExy data were calculated by a selection of the 32@emint
Sylgard points tested, at earlz, value, considering a normal distribution of datah& given cross plane.

At eachz-z, 4Ey was calculated and plotted in Fig 4.



IV. RESULTS

E function of indentation speed

The following results can be derived by Fig. 1:

e Sylgard 1:15-1:25-1:55 preseriEsof round 2000-500-50 kPa, measured with diffeiedéenters
at different scales.

e For Sylgard 1:15 and 1:25 a 10% variationEofs observed in the range 0.1-100 um/s with a
plateau region around 5 pum/s. For Sylgard 1:55ptateau is not easily determined. After 10-
100-200 um/s for respectively Sylgard 1:15, 1:255% significant decrease Bfis observed.

e The E function of indentation speed of Sylgard sampkgnaintained after 4 months, with
different indenters on Sylgard 1:15, and for athpées at micro and nanoscale.

* An indentation speed of 5 um/s was chosen for la@l $amples and indenter, except for
microindenter on Sylgard 1:25 for which an highgeedd was necessary in lieu of the higher tip-

sample interaction created by the higher amougtud employed to attach the spherical tip.
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Fig. 1: E measurements of Sylgard and different densitieenting with micro and nanoindenter within

a 4 months period.



E distribution in the xy plane
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Fig. 2: Distribution ofE measures in 320 points of Sylgard area.



The following results can be derived by Fig. 2:

» The distributions of elasticity data were calculatever all the force curve measured in the xy

plane of the sample (n = 320), are thus represeatat an high sample surface

e The distribution tends to a normal shape at 2 MiRh500 kPa level with a standard deviation of

round 20% at micro scale and 10% at nano scale.

* Narrower and higher distributions were observed foeasures with nanoindenters than

microindenters

e The distribution of elasticity data on very softrgdes (50 kPa) shows a big spread of values

tending to an uniform distribution. Measures weamel with an unstable cantilever approach,

probably due to the fluidic surface of the samphgard 1:55 data were not further treated in this

paper.

E function of z-position
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Fig. 3: Calculation oft of Sylgard (A) and its variation (B) in functiorf @-position for micro and

nanoindenters on Sylgard 1:15 and 1:25.

The following results can be derived by Fig. 3:

* Nanoindenters allows exploring a higher amountashigle with respect to microindenters with

the same maximum load on the same sample.



» The indenter load of 400 nN allows to indent, witle microindenter, 150 — 500 nm of sample
and, with the nanoindenter, 500 — 800 nm of samptespectively 2000-500 kPa nomiial

e After 100 and 200 nm, at nominal 2000 and 500 kifa Sylgard isotropic layer in the bulk can
be considered reached, for a statistic sample mefaurves (n > 100). When indenting with
nanoindenter a further indentation is requirecetich the isotropic layer.

» Close to the sample surface (left part of the #yuhe variability of is resulted higher in respect
of the bulk (right part of the figure)

» AE; considers the average variability among the sedefdrce curves for each sample

* AE; results lower than 1% can be reached in a regg@per than 150-800 nm for Sylgard 1:15—
25 respectively indented with nanoindenter and iegion deeper than 100—-200 nm for Sylgard
1:15-25 respectively indented with microindenteylg8rd 1:15 results more homogeneous than

Sylgard 1:25 at nanoscale, along z direction intéis¢éed region.

Reproducibility of elasticity measurements
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Fig. 4: Calculation of AFM measurement reprodudpibf E in a volume of Sylgard samples at 2000

and 500 kPa level.

The following results can be derived by Fig. 4:



* The evaluated reproducibility & measurement is lower than 30% at microscale landllower
than 10% at nanoscale level when indenting at E2@thm of both Sylgard samples.

» The limit measurement reproducibility reached wite adopted measurement configuration (400
nN as cantilever load) is lower than 4% at naneskealel at nominal 500 kPa.

« The main contribution to measurement reproducjbifior all samples is given bylExy,
calculated over the selected force curves thaizeesthe bulkE of Sylgard. The contribution of
AE; decreases in the z direction down to a not relesamtribution in the surrounding of the limit
z-position measured. For lower density Sylgard lii¥§ead, a relevandlE; contribution to

measurement reproducibility is obtained

V. DISCUSSION

The E realized from Sylgard 15, 25 and 55 are consisisttt the target range below 5 MPa, are stable
over time and maintained at micro and nanoscale efterent indenters. It follows that Sylgard 1&n be
considered a suitable material to realize elagtstéindards.

The variation of elasticity in a range 0.1-100 pn¥/scontained in the measurement reproducibility,
where an indentation speed of 5 um/s can be caesiadgtimal to measure the elasticity behavior DMS
sample in the range between 2000-50 kPa. 10-100206 can be considered as upper speed limits
respectively at 2000-500-50 kPa since the tip isyaze able to sense the sample, giving a |okeE
measurements faster than 1 second are feasibke falsti cellular processes could be measured wéh th
present AFM method.

The closer distribution of elasticity data at narads, instead of microcale, may be explainable by
different motivations. The tested microindenter Wwame-made realized attaching a sphere to theleaati
edge using a not controlled amount of glue, thietesanoindenter instead was commercially manufadtu
with a solid pyramidal tip. Probably the home-maealized indenter does not assure enough mechanical

stability of the tip, which can move in the glueaybe not perfectly UV cured.



The limitation to make elasticity measures on Sylgh55 maybe depends on the impossibility of the
few hydrogenated-PDMS chains to react with the oamdistributed PDMS chains. This realizes very few
cross-links, with the result of a dense fluid imsteof a solid material. Therefore Sylgard 184 mal be
recommended to realiZ2standard at 50 kPa level, other materials shoalerployed.

Close to the surface, the interaction between meamnt system and sample was relevant and it wias no
possible to discriminate between measurement eifand surface properties. However, it was pas$adl
the microindenter to define a region in which th&eriaction was no more relevant, the plateau of3Fg
high z-z,, called isotropic region. Here is possible to gavanore realistic estimation of measurement
reproducibility. Higher indenter load can be recoemehed to better reach the Sylgard isotropic layién w
nanoindenters.

The measurement of elasticity variation in a giwetume of the isotropic region of Sylgard allows
defining the measurement reproducibility of the ARMthod, that considers measurement repeatahildy a
sample homogeneity. On the other hand it is possiol say that when the AFM measurement
reproducibility want to be characterize, Sylgarchpke could be used, but suitable indentation depthst
be employed to reach the sample isotropic layaerhith measurement artifacts are minimized.

Since the main contribution to the measurementodamibility was found to be given by the elasticity
distribution in the xy plan, measurements with nadenters allow to reach better measurement
reproducibility (lower than 10%).

In summary, we could propose the following actitmsnake reproducibl& measures with AFM in the
biological range 500-5000 kPa:

» realization oft standard at the biological level required, usigty&d 184 material

» definition of the isotropic region of the standard

» identify the best AFM measurement settings (narenter, indentation speed) to reach the
isotropic region

« evaluation of measurement reproducibility, in lagf the isotropic region of the standard

¢ maintain the same measurement settings for thediaal material under test



The least elasticity difference measurable in tisdoical sample, or between two biological samples
will be given by the reproducibility of the testé&M measurement.

When thin biological layers want to be measured, ittieraction region between measurement system
and sample must be carefully characterized: themegf the biological sample in which reproducilide

measurements can be obtained will correspond teetfien in which interaction will be not relevant.

Comments on measurement accuracy

To measure the elasticity value of a sample wittMAEalibrated indenters and accurate contact models
are needed. In this way tliemeasured in the isotropic region of Sylgard cara®signed as the of the
standard. For the calibration of indenters, aceuraeasurement of their geometry, elastic constadt a
photodiode sensitivity must be given. To realizeusate contact models, the shape of the cantilekier,
geometry of the tip and the interaction with theage must be considered.

To make measurement of elasticity difference oroioal samples, measurement reproducibility is

required, measurement accuracy not necessarily.

VI. CONCLUSION

In this work, a robust method for the validationEofmeasurements in the biological range between 500-
5000 kPa was proposed. It is based on the realizafi thickE standards, identification of conditions for
reproducible measures of standards and maintagifitite same measurement setting on biological sssnpl
A method for the calculation with AFM of the variability in a given sample layer is given. Stards
respectively at 2000-500-50 kPa were realized iarge not currently available. For the first tinhavas
demonstrated that Sylgard 184 could be used asndastd forE in the range 500-5000 kPa . It presents a
mechanical stability over time, arll maintained at micro and nanoscale level for whstdtistically
relevant data was given. Moreover, it shows anrapat layer, which allows characterizing the AFM
measurements reproducibility. For the realizatib& standard at a level lower than 500 kPa other riadger

should be recommended.



With the realized standards, a limit of 4% reprobiity of the AFM method was measured with

indentation speeds lower than 100 um/s and witlindenters working on low density Sylgard. Thi®at

realizingE measurements on biological samples with a repibilitic of 4% within the same sample or an

elasticity difference of 4% between two biologisamples. Making elasticity difference measuremesbit

material with high reproducibility is fundamentaldiscriminate between normal and tumor cells.

AFM needs to be validated for very soft materiadd ¢his work is a robust starting point to obtaitufe

reliable and accurate results.
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