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1. Introduction

Viscoelastic time responses of polymeric cell
substrates measured continuously from 0.1-5000
Hz in liquid by photothermal AFM nanorheology

Casey Erin Adam,®® Alba Rosa Piacenti,? Yuanmin Zhang,? Sarah L. Waters® and
Sonia Contera 2 *@

The mechanical properties of the polymeric substrate or matrix where a cell grows affect cell behavior.
Most studies have focused on relating elastic properties of polymeric substrates, which are time-indepen-
dent, to cell behaviors. However, polymeric substrates and biological systems exhibit a time-dependent,
often viscoelastic, mechanical response. While less is known about how time responses dictate cell be-
havior, cells are likely sensitive to substrate time responses rather than elasticity alone. However, testing
this hypothesis is complex due to the lack of nanoscale tools. To overcome this limitation, photothermal
actuation-atomic force microscopy nanoscale dynamic mechanical analysis (PT-AFM nDMA), a novel AFM
technique that measures sample viscoelasticity over a broad and continuous frequency range, was
applied to measure the viscoelastic properties of cell culture substrates made of poly(2-hydroxyethyl
methacrylate) (poly(HEMA)) and collagen | (pureCol) in liquid at frequencies ranging continuously from
0.1 Hz-5000 Hz. PT-AFM nDMA to date has not been performed in liquid, but successfully and accurately
characterized substrate viscoelasticity and synergized with measurements obtained using a more estab-
lished AFM technique, bimodal imaging. The results of this study demonstrate that PT-AFM nDMA can be
performed in liquid environments, especially relevant to biological samples. Additionally, comparing
PT-AFM nDMA measurements of the poly(HEMA) and pureCol substrates in this study to cell behaviors
described in the scientific literature on similar substrates suggests that longer substrate time responses at
low measurement frequencies promote cell attachment, proliferation, and migration, while shorter sub-
strate time responses promote ECM remodeling and differentiation.

that apply to biological systems, 7 = 5/E.”° Biological systems
typically contain multiple components, or even multiple con-

The mechanical properties of a cell’s environment, especially
those of the polymeric substrate on which the cell is located,
play a crucial role in modulating cell activities."”® Therefore,
quantifying mechanical properties of substrates at length
scales relevant to cells, the nanoscale and microscale, can
provide insight into cell functions on the given substrate.
Polymeric structures and biological systems exhibit character-
istic time delays, called time responses, in response to an
applied force or deformation.””® In most cases, this time
dependent response is viscoelastic.”® Time responses (7)
dictate the propagation and attenuation of forces, and rep-
resent a combined metric of viscosity (1) and elasticity (E) of
the system.” For commonly used models of viscoelasticity
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figurations of a single component, and each component or
configuration can possess a unique E, #, and 7. Therefore, bio-
logical systems typically exhibit multiple z.

It is already established that E, 5, and 7 of a substrate influ-
ence cell behaviors. For example, substrate E alters prolifer-
ation and survival,’®* differentiation,">'**>"*® migration,*”
morphology,*3¢7? cytoskeletal properties
adhesion,*"*°*® plasma membrane structure,*>*”*® cell sig-
naling and gene expression,'?#30:3435:38:49°56 anq other cell
activities.®26343%:5773% gubstrate 5, as well as that of the sur-
rounding fluid (hydration shells or the bulk fluid), is as impor-
tant as E in dictating cell behaviors.®*”* Since 7 dictates propa-
gation and attenuation of forces,”” it is reasonable to hypoth-
esize that certain ¢ promote certain cell behaviors.
Experiments that focus on the effect of substrate r suggest that
shorter 7 promote ECM deposition and remodeling, as well as
differentiation of cells within the substrate,®" while longer 7
seem to exhibit the opposite effects.®® However, further

and
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investigation is required because the majority of studies quan-
tify only substrate E or stiffness. Thus, the relation between
substrate 7 and cell behaviors is less understood than that of
substrate E and cell behaviors.

Atomic force microscopy (AFM) is a particularly useful tool
to measure nanoscale mechanical properties because AFM can
probe a sample with angstrom resolution, can measure
changes in forces as small as 10s of pN, can be performed in
liquid, does not require sample processing such as fixation,
can be performed on living samples, and has higher resolution
and more localized control than other techniques such as
optical and magnetic tweezers.”*’> Several recent AFM
advances have increased the ease of quantifying sample viscoe-
lasticity, thereby enhancing the possibility of further studying
the relationship between cell behavior and substrate mech-
anics. Such techniques include bimodal imaging, which
measures nanoscale viscoelasticity at discrete frequencies, typi-
cally in the kHz range,”*”®®” and has already been used to
study a variety of biological samples.®*** The most common
form of bimodal AFM is amplitude modulation-frequency
modulation AFM (AM-FM AFM).”®”7% However, viscoelasticity
is time dependent, meaning the frequency at which a sample
is deformed determines the viscoelastic response, and it is
therefore important to measure sample viscoelasticity over a
range of frequencies.”® Such nanoscale rheology can be per-
formed with AFM techniques such as piezoelectric®® "% or
photothermal’®®'%”  actuation AFM nanoscale dynamic
mechanical analysis (PE-AFM nDMA and PT-AFM nDMA,
respectively), which measure sample viscoelasticity over a con-
tinuous frequency range that spans several orders of
magnitude.'’*'”” PE-AFM nDMA is an established technique
where either the cantilever holder or the sample are oscillated
via PE actuation.®®'°> However, PE actuation introduces spur-
ious resonance effects which are more pronounced in liquid
and limit PE-AFM nDMA capabilities,?:89:89793:97:98,1077111 eyepy
when  compensations for such  resonances  are
performed.’®%%8979%97.98111 ynlike PE-AFM nDMA, PT-AFM
nDMA excites only the cantilever, thereby eliminating extra
resonances due to sample or holder oscillation and increasing
the range of frequencies at which sample mechanics can be
measured.'”” However, PT-AFM nDMA is a novel technique
that to date has only been performed on samples in air.'"”
Therefore, investigation of whether PT-AFM nDMA can be per-
formed in liquid without resonance and other liquid effects is
required.

The purpose of experiments in this article is twofold. First,
since PT-AFM nDMA is a novel technique'®*'?” that has yet to
be performed in liquid environments, this article provides a
detailed analysis (sections S7-S11) of how to perform PT-AFM
nDMA in liquid to ensure that features such as damping due
to fluid effects do not interfere with PT-AFM nDMA measure-
ments, and to demonstrate that PT-AFM nDMA results are
robust, even in liquid. Second, AM-FM AFM and PT-AFM
nDMA were combined in order to quantify the nanoscale vis-
coelasticity, in particular z, of widely used cell culture sub-
strates in liquid, then correlate 7 of each substrate with known
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cell behaviors on similar substrates. Six different substrates:
three consisting of poly(2-hydroxyethyl methacrylate), poly
(HEMA)"'>'? at different concentrations, and three collagen I
substrates with varying amounts of crosslinking"'*'"*> were
measured. These substrates were selected because cell beha-
viors on each substrate are well characterized in the
literature, 2271141147126 Khoth gybstrates are widely used in
industry and research, and the macroscale mechanical pro-
perties of these substrates are well studied.®> 711131277135 goth
poly(HEMA)127,128,129,130,131 and collagen 165,66*71,132*135 Sub'
strates are viscoelastic.

2. Materials and methods

In order to study the relationship between substrate mech-
anics, in particular time responses, and cell behaviors, ampli-
tude modulation-frequency modulation atomic force
microscopy (AM-FM AFM, technique details in section S2) and
photothermal actuation AFM nanoscale dynamic mechanical
analysis (PT-AFM nDMA, technique details in section S5) were
used to measure the viscoelastic properties of cell culture sub-
strates at the nanoscale. Six substrates: three substrates syn-
thesized with different concentrations of poly(HEMA), and
three pureCol substrates with different amounts of cross-
linking, were measured. One additional substrate, made of
polydimethylsiloxane (PDMS), was measured in section S10 to
assess the limits of PT-AFM nDMA in liquid.

Poly(HEMA) substrates strongly influence cell behaviors,'?
and are used in biomedical applications such as cell culture,
contact lenses, fillings, histology, immobilization of cells and
drugs, and implants.'*® The thickness of poly(HEMA) films
modulates cell spreading and activities."*>'"® Higher concen-
trations of poly(HEMA) within a substrate hinder cell attach-
ment, spreading, and DNA synthesis."'>'"® Substrates with
high concentrations of poly(HEMA) have also been shown to
decrease DNA synthesis in bovine aortic endothelial cells,'*?
alter cytoskeleton (actin) dynamics in neutrophils,*® alter leu-
kocyte locomotion, force malignant melanoma cells to assume
a round morphology and form polykaryons (multiple nuclei
within a single cell), and decrease adrenal tumor cell synthesis
of steroids.'*® Additionally, the viscoelastic properties of neu-
trophils are altered on poly(HEMA), compared to glass
substrates.™*®

Collagen I is a widely used cell culture substrate
because collagen is the most prevalent protein in the human
body, and collagen I is the most common form of
collagen.'™ ™" The mechanical properties of collagen I sub-
strates regulate cell proliferation™® and survival,'* affect ECM
deposition and remodeling,'*® regulate stem cell differen-
tiation,** and regulate cell migration.>” One commonly used
collagen 1 substrate is known as pureCol™.''* PureCol is a
ready-made solution of purified collagen I isolated from
bovine skin and suspended in cell culture medium."*” PureCol
substrates affect cell morphology, proliferation, and viabi-
lity.""* Additionally, the elasticity of pureCol substrates is

114,115
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known to influence cell migration."”" An additional benefit
from the use of pureCol and similar collagen I substrates is
that the mechanical properties of the substrates are tuneable
via the use of crosslinking agents such as glutaraldehyde
(GA).**2¢ Therefore, collagen substrates are convenient for
studying how varying the mechanical properties of a substrate
alter cell behaviors and mechanics.

All poly(HEMA) and pureCol substrates were measured in
live cell imaging solution (Sigma-Aldrich A14291DJ), which
mimics physiological salt concentrations. Live cell imaging
solution consists of 140 mM NacCl, 2.5 mM KCl, 1.8 mM CaCl,,
1.0 mM MgCl,, and 20 mM (4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid) (HEPES) at pH 7.4 and with an osmo-
larity of 300 mOsm."*® The PDMS substrate was measured in
milliQ water, as detailed in section S10. Table 1 summarizes
the expected outcomes of PT-AFM nDMA measurements for
pureCol and poly(HEMA) substrates. Additional details
describing how these expected results were obtained can be
found in section S12.

2.1. Poly(HEMA) substrate synthesis

Synthesis of poly(HEMA) substrates was carried out per the
standard protocol.''* Briefly, 6 g of poly(HEMA) powder
(Sigma-Aldrich P3932) were dissolved in 50 mL of 95% ethanol
to create a stock poly(HEMA) solution of 120 mg poly(HEMA)
per mL ethanol. This solution was left stirring overnight to
ensure that the poly(HEMA) was fully solubilized. The next
morning, to remove any undissolved poly(HEMA), the stock
solution was centrifuged for 30 minutes at 2500 rpm, then the
supernatant was transferred to a new container. The resulting
stock solution was then diluted serially in 95% ethanol, result-
ing in three different poly(HEMA) working solutions with:
120 mg poly(HEMA) per mL ethanol, 12 mg poly(HEMA) per
mL ethanol, or 1.2 mg poly(HEMA) per mL ethanol. To prepare
poly(HEMA) substrates, glass coverslips were sterilized with
ethanol, placed in a Petri dish, and left to dry. The desired
solution of poly(HEMA) was then pipetted onto the coverslip,
at 95.2 pL poly(HEMA) solution per cm” of coverslip surface
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area,"'? resulting in substrates with 11.4 mg poly(HEMA) per
cm?® of coverslip surface area, 1.14 mg poly(HEMA) per cm?,
and 0.114 mg poly(HEMA) per cm”. This standard protocol
results in poly(HEMA) films roughly 35 pm, 3.5 pm, and
0.35 pm thick, respectively, for the 11.4, 1.4, and 0.114 mg poly
(HEMA) per cm? substrates.'

Once poly(HEMA) solutions were deposited onto coverslips,
the sample was left to dry at room temperature for 48 hours to
ensure that all the ethanol had evaporated. After drying for
48 hours, coverslips with dry poly(HEMA) substrates were
secured to a magnetic disk, which holds the sample in place
during AFM measurements, using double-sided foam (RS
Components 554-844), and transferred to an Oxford
Instruments Asylum Research Cypher ES AFM. In order to
simulate physiological conditions, 200-400 pL of live cell
imaging solution (Sigma-Aldrich A14291DJ) were then pipetted
onto the sample. Measurements were obtained at least
30 minutes after live cell imaging solution was added in order
to allow the poly(HEMA) substrates to fully swell."'*?

2.2. PureCol substrate synthesis

Synthesis of pureCol substrates was carried out per the proto-
col specified by the manufacturer.'®” Briefly, pureCol™ EZ Gel
solution (Sigma-Aldrich 5074) was stored at 4 °C, to prevent
gelation. To form pureCol substrates, 200 pL of pureCol were
added to a custom sample chamber 0.8 cm X 0.6 cm x 0.3 cm
(length, width, height) made of double-sided foam (RS
Components 554-844). Sample chambers were created by
cutting 0.8 cm x 0.6 cm rectangles out of double-sided foam
with a scalpel, stacking three such strips on top of one uncut
strip, and securing the resulting chamber to a magnetic disk,
which holds the sample in place during AFM measurements.
Fig. S11A shows this custom chamber. Fig. S11B shows the
chamber once 200 pL pureCol have been added. Custom
chambers were used because the pureCol substrates often
detached from coverslips, and therefore were not immobilized
enough to measure with the AFM, and Petri dishes were too
large to fit inside the Cypher AFM.

Table 1 Expected PT-AFM nDMA measurement outcomes for poly(HEMA) substrates and pureCol substrates crosslinked with glutaraldehyde (GA)
for 30 minutes, 2 hours, or 24 hours. All expected results were obtained from macroscale rheology measurements over a range of measurement fre-
quencies (f). Additional details describing how these expected results were obtained can be found in section S12

Substrate tan E E"
Poly(HEMA) Should be on the order of 107" at Should be on the order of 10°~10° Pa and Should be on the order of 10°-10°
substrates'*”'*® lower f, but increase to 10° near f= have no abrupt changes in slope for f< 100 Pa and have no abrupt changes in

100 Hz Hz
Should be on the order of 107>-107"
and have no abrupt changes in slope
for f< 600 Hz

PureCol substrates
67,122,132-135,139-142

GA effects on

Should be 1.2-4x higher for 30 min
purecollzz,mo—mz

GA crosslinking than 2 h or 24 h, and
should be similar for the 2 h and
24 h GA samples

Should be on the order of 10>-10° Pa, but
could be as high as 10° Pa, and have no
abrupt changes in slope for f < 600 Hz

The 2 h and 24 h GA samples should be
more similar to each other than the

30 min GA sample. E' will either increase
or decrease with increased GA

slope for f< 100 Hz

Should be on the order of 10’10
Pa, but could be as high as 107
Pa, and have no abrupt changes
in slope for f< 600 Hz

Should follow similar trends to E’

crosslinking, but direction is unclear due
to conflicting literature reports
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After pureCol was added to the custom chamber, the
chamber was incubated at 37 °C for 90 minutes to allow the
collagen to polymerize. The resulting substrate is shown in
Fig. S11C. While the collagen polymerized, a 50% glutaralde-
hyde (GA) solution in water (Sigma-Aldrich 340855) was
diluted in Dulbecco’s phosphate buffered saline (DPBS,
Sigma-Aldrich D5796) to a final concentration of 1% GA in
DPBS. Once polymerization was complete, 400 pL of the 1%
GA in DPBS were deposited on top of the pureCol
(Fig. S11D). Samples were then left to crosslink in GA at
room temperature for: 30 minutes, 2 hours, or 24 hours. GA
crosslinking durations were based on those used in the lit-
erature to alter the number of crosslinks between the three
substrates.’>*™'?° This particular crosslinking procedure was
adopted for reasons detailed in results section 3.1. After GA
crosslinking was complete, samples were washed three times
via the following procedure. First, any liquid was pipetted off
the sample. Next, 400 pL of DPBS were pipetted onto the
samples and left to sit for five minutes. This procedure was
repeated three times. After the final wash, the DPBS was
removed, and replaced with 400 pL of live cell imaging solu-
tion (Sigma-Aldrich A14291D]). A completed sample is
shown in Fig. S11E, and was roughly 0.3 cm thick. The
sample was then transferred to an Oxford Instruments
Asylum Research Cypher ES AFM.

2.3. Principles of AM-FM AFM and PT-AFM nDMA

Both AM-FM AFM and PT-AFM nDMA are
76,83,107,143

dynamic
experiments, meaning that an oscillation is applied
to a sample and dynamic sample properties are measured.”**
These dynamic properties are the storage modulus (E,
measured by both techniques), loss modulus (E”, measured
only by PT-AFM nDMA), and loss tangent (tané = E"/E/,
measured by both techniques).”®%*%7143 All three properties
are functions of sample E and 7, and by extension z, since 7 =
n/E.”™** The exact formula relating E and 75 to E', E”, and tan §
depends on the type of viscoelasticity exhibited by a sample
(details and formulas are provided in section S1),”'** and can
be determined from dynamic measurements.®”'**

AM-FM AFM measures sample tan § and E' at one specific
frequency, and tan § corresponds to a different frequency than
E'7%778 In AM-FM AFM, the surface of a sample is intermit-
tently tapped via a tip connected to a cantilever that is oscil-
lated at two of the cantilever’s eigenmodes.”®””®* Cantilever
properties at each mode include: frequency f,, stiffness k., and
the resonance peak at f, has quality factor Q..”*’”®* The canti-
lever’s vibration at each eigenmode has amplitude A, far from
the sample, amplitude A on the sample, and phase ¢.”%”7"%3
These properties of the cantilever (k., Q., f.) and bimodal oscil-
lation (A, A, ¢) at each eigenmode (subscript 1 for the lower
frequency mode, 2 for the higher frequency mode) are used to
calculate sample tan § at f; via eqn (1) ***° and E’ at f, via eqn
(2).7%%¢ Additional details on how these formulas are derived
and the operating principles of AM-FM AFM can be found in
section S2.

This journal is © The Royal Society of Chemistry 2025
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tans=—— " 1
an cos () .
[ 41/2A1ke 2% Qc 1 (Afc.,2)2 (2)
t/s \/ﬁkc,lAr,lfczz cos ¢y

Here, Ej/s is the contact modulus which converts to sample
E'.7%% Note that, to obtain eqn (2), the Hertz contact model is
used to describe the tip/sample interaction.”®*® The Hertz
model assumes an elastic, nonadhesive interaction between a
spherical indenter and sample.”'*> Therefore, AM-FM AFM
quantification of E' can be incorrect if the tip/sample contact
is non-Hertzian.”®77-871%7

The measured E' and tané from all pixels of a single
AM-FM AFM image can be used to determine the viscoelastic
model which best describes sample behavior.®”"'*® One model
of viscoelasticity that is widely applicable to biological systems
is the General Maxwell Model (GMM), also called the Wiechert
model (eqn (S4) and (S14)-(S16)).” Details of the GMM, as well
as special cases of the GMM called the standard linear solid
(SLS, eqn (S1) and (S11)-(S13)), Kelvin-Voigt model (KV, eqn
(S2) and (S8)-(S10)), and Maxwell model (MW, eqn (S3) and
(S5)—(S7)) are provided in section S1. It is possible to use
AM-FM AFM measurements to determine whether the GMM or
special cases of the GMM describe a sample by plotting y =
tan 87" against x = (E'tan )" and fitting a line with slope m
and y-intercept b to the data.®” If the fit has a low root mean
square error (RMSE), then the GMM, SLS, KV, or MW model
describes sample behavior.®” If both m > 0 and b > 0, then the
GMM or SLS describes the sample.®” The GMM applies if the
points from the fit appear curved, even though still well
described by a line, while the SLS applies if the points appear
linear.®” If m > 0 and b = 0, then the KV model applies.?” If m =
0 and b > 0, then the MW model applies.®” This test can accu-
rately determine the viscoelastic model to describe a sample
even if the measured E' is incorrect due to applying the Hertz
model to a non-Hertzian tip/sample contact.®”

While AM-FM AFM measures sample tand and E' at
different, discrete frequencies,”®**"*® PT-AFM nDMA measures
sample E', E", and tan é over a continuous range of frequen-
cies.’®” In PT-AFM nDMA, the sample is indented and allowed
to fully relax, then the cantilever is oscillated via a chirped fre-
quency signal, then withdrawn.'”” The same chirp measure-
ment is repeated out of contact with the sample and acts as a
reference measurement.’”” Cantilever A and ¢ at each
measurement frequency are then compared between the
sample (s) and reference (r) measurements to obtain tan § and
the storage and loss stiffness (k' and k", respectively) of the
sample via eqn (3)-(5).°>°*1%7

K = ke |2 cos(g, — ) — 1 3)
As
k= kA sin(, - 4,) (4)

S
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"
tans = v (5)

Finally, £’ and k" are converted to E' and E" by applying a
contact model.'”” Additional details of PT-AFM nDMA operat-
ing principles can be found in section S5.

AM-FM AFM uses the Hertz model to calculate sample
E'7%% Therefore, to keep the contact model consistent
between measurement techniques in this article, the Hertz
model was also applied to obtain PT-AFM nDMA E’ and E” (see
eqn (S34) and (535)). Other contact models, while likely more
applicable, are not investigated in this study. The use of the
Hertz model for AM-FM AFM’®® necessitates use of the Hertz
model for PT-AFM nDMA to ensure that results from each
technique can be compared. While doing so will affect E' and
E", the same is not true for tan 6.5”'%” Regardless of measure-
ment technique, contact geometry cancels in tan g, rendering
tan 6 independent of contact mechanics.?”*%”

2.4. Measurement procedure

For each substrate, AM-FM AFM was performed on the sample
first. Second, PT-AFM nDMA was performed at specific points
in the final AM-FM AFM image. All substrates were measured
with AC240TSA cantilevers (Olympus, k; ~ 1.6 nN nm™, k, ~
58.8 nN nm™, f; ~ 21 kHz in liquid, f, ~ 150 kHz in liquid, R
=7 + 3 nm) driven via photothermal actuation at full excitation
laser (blueDrive™, Oxford Instruments Asylum Research,
405 nm wavelength) power. PureCol substrates were also
measured with the short thin tip of an RC800PSA cantilever
(Olympus, key ~ 02 Nm™, k.o ~ 18 Nm™", fo; ~ 25 kHz in
liquid, f. » ~ 170 kHz in liquid, R = 15 + 5 nm) driven by photo-
thermal excitation at 0.3x the maximum blueDrive™ power.
Cantilevers were calibrated via the Oxford Instruments Asylum
Research GetReal™ calibration method'***”'*® o avoid
blunting the tip. All experiments were performed using Oxford
Instruments Asylum Research software version 16.9.220 in Igor
Pro software version 6.38B01.

PureCol substrates were measured by two different cantile-
vers in order to assess how cantilever selection affected
PT-AFM nDMA measurements. First, each cantilever was
loaded into a separate holder, and the spring constant of both
cantilevers was calibrated in air via the Oxford Instruments
Asylum Research GetReal™ calibration method.'**'*7'4® Next,
the hydrated sample then the holder containing the RC800PSA
were loaded into the Cypher, the RC800PSA’s inverse optical
lever sensitivity (InvOLS) was calibrated far from the sample,
then AM-FM AFM and PT-AFM nDMA were performed using
the RC800PSA. The cantilever holder containing the RC800PSA
was then swapped for that containing the AC240TSA,
AC240TSA InvOLS was calibrated far from the sample, then
measurements were repeated with the AC240TSA. Thereby, the
effect of cantilever selection was analyzed on measurements of
the same substrate as close to the same location on the
sample as possible. Poly(HEMA) substrates were only
measured with AC240TSA cantilevers because RC800PSA canti-

21814 | Nanoscale, 2025, 17, 21810-21836
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levers were too soft to accurately quantify poly(HEMA) sample
properties.

2.4.1. PT-AFM nDMA parameters. PT-AFM nDMA measure-
ments excited each sample over a frequency range of 0.1-5000
Hz. This frequency range was split into two or three different
measurement regimes, in order to optimize the data sampling
rate and avoid crashing the AFM software. For poly(HEMA)
measurements, frequencies ranged from 0.1-10 Hz during a
PT-AFM nDMA dwell of three minutes, from 0.5-100 Hz
during a PT-AFM nDMA dwell of 60 seconds, and from
1-10 000 Hz during a PT-AFM nDMA dwell of 40 seconds. For
pureCol, frequencies ranged from 0.1-10 Hz during a PT-AFM
nDMA dwell of three minutes, and from 1-5000 Hz during a
PT-AFM nDMA dwell of 40 seconds. PT-AFM nDMA is an off
resonance technique (see section $5.1).'%” Therefore, PT-AFM
nDMA was not performed at frequencies higher than 5000 Hz
for RC800PSA measurements and 10000 Hz for AC240TSA
measurements in order to avoid introducing error caused by
cantilever resonance effects. The drive amplitude of each chirp
was 0.25 V, resulting in a maximum chirp amplitude of
roughly 40 nm (at lower measurement frequencies) and a
minimum chirp amplitude of roughly 2.5 nm (at higher
measurement frequencies). Example plots of amplitude as a
function of measurement frequency are shown in Fig. S9A and
previously published.'®®'%” Samples were indented to a force
trigger point (see sections S4 and S8 for an explanation of
indentation and trigger points) that resulted in a sample
indentation between 100 nm and 600 nm, around which the
PT-AFM nDMA measurement oscillated. Indentation depth
was tailored for each sample as described in section S8 to
ensure measurements were performed in the linear visco-
elastic regime of the sample, where measurement values are
independent of sample indentation.”'%” Example indentations
without the PT-AFM nDMA oscillation are shown in Fig. 1A, C
and Fig. S10. Indentation approach and withdraw velocity was
1 pm s, with an approach time of 5-15 s to allow full sample
relaxation before performing the PT-AFM nDMA chirp.

2.4.2. Data processing and analysis. After each experiment,
topography images from AM-FM AFM data were flattened
using Oxford Instruments Asylum Research software version
16.9.220 in Igor Pro software version 6.38B01, in order to
remove any variations in sample topography that were not due
to substrate features. This flattening was performed by hand,
in order to avoid introducing flattening artifacts. The pro-
cessed files were then analyzed by a custom script written in
MATLAB R2019b. This custom script calculated tan § and E’ of
the substrates by applying eqn (1) and (2) to AM-FM AFM data,
then used these values to determine if the GMM or special
cases of the GMM (model details can be found in section S1)
applied to the substrate.’”"'*® The custom script also calculated
the mean and standard deviation of substrate feature height,
FE', and tan § by fitting a Gaussian to the distribution of values
within a particular image or within the sample as a whole, as
detailed in section S3. This method of calculating the mean
and standard deviation was used in order to minimize the
effects of bimodal or multimodal distributions of the data,
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shown in section 3.2.1. Comparison p-values were calculated
from pairwise t-tests between the relevant samples.

Another custom script written in MATLAB R2019b
9.7.0.1261785 was used to analyze PT-AFM nDMA data. This
script loaded sample and reference measurements, then
applied eqn (3)—(5) in order to calculate k' and k", as well as
tan 6 of the sample. Next, the Hertz contact model®”®®® was
applied to calculate E' and E” from k' and k" via eqn (S34) and
(S35). The contact point, where the tip first touches the
sample, was manually identified for application of the Hertz
contact model. While other contact models likely better
describe the tip/sample interaction during PT-AFM nDMA
measurements, the Hertz model was applied to PT-AFM nDMA
measurements in order to keep the contact model consistent
between AM-FM AFM, which solely uses the Hertz
model,”®””%¢ and PT-AFM nDMA. In order to reduce measure-
ment artifacts arising from factors such as friction, which
affected some of the lower frequency measurements, or Gibbs
phenomena, which affected the higher frequencies of each
chirp regime, the ends of each PT-AFM nDMA measurement
were trimmed, then measurements were smoothed using the
Savitzky-Golay filter, as detailed in section S6, and shown in
Fig. S3.

3. Results

It was necessary to optimize the synthesis of pureCol sub-
strates because substrate properties varied depending on cross-
linking procedure, affecting how the AFM probe interacted
with the sample (section 3.1). Once samples stable enough to
measure with the AFM tip were synthesized, AM-FM AFM
(section 3.2) and PT-AFM nDMA (section 3.3) were performed
at multiple points on poly(HEMA) and pureCol substrates to
measure the effect of poly(HEMA) concentration and pureCol
crosslinking on E', E", and tan é of the substrates over a range
of frequencies. Measurements were then averaged for each
substrate, used to calculate substrate time responses, and com-
pared across substrates (section 3.4).

3.1. Optimizing synthesis of pureCol substrates

Attempts at AFM measurements of pureCol substrates that
were not crosslinked were performed using AC240TSA cantile-
vers (Olympus, k; ~ 1.6 nN nm™, k, ~ 58.8 nN nm™, f; ~ 21
kHz in liquid, f, ~ 150 kHz in liquid, R = 7 + 3 nm), RC800PSA
cantilevers (Olympus, all four tips, but in particular the short
thin tip with k.; ~ 0.2 Nm™ ", k., ~ 18 Nm™, f.; ~ 25 kHz in
liquid, f., ~ 170 kHz in liquid, R = 15 + 5 nm), and Olympus
bioLeverMini cantilevers. Regardless of the cantilever used,
pureCol substrates that had not been crosslinked were too
fluid to detect with the AFM tip. The tip would enter the
pureCol substrate (visible on the optical microscope in the
AFM), and the deflection would fluctuate, but the trigger point
and/or setpoint was never reached. It was therefore necessary
to crosslink pureCol substrates. Glutaraldehyde (GA) was used
to crosslink the substrates.’**™'** Crosslink density within a
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pureCol substrate can be altered by changing the duration to
which the substrate is exposed to GA, or by changing the GA
concentration,'>*'2°

Initial attempts to crosslink pureCol substrates were per-
formed by varying the concentration of GA in the crosslinking
solution to which the substrate was subjected for 30 min. GA
concentrations of 0.01%, 1%, 2%, and 4% were used, based on
previous literature.'**'?® Substrates crosslinked with 0.01% GA
behaved in a similar manner to pureCol that was not cross-
linked, and therefore could not be measured. Substrates cross-
linked with 2% or 4% GA possessed a layer of loose surface
material thicker than one pm (shown in Fig. 1B and D). It was
not possible to perform AM-FM AFM on these substrates
because the thick surface layer prevented a repulsive tip/
sample interaction, which is required for AM-FM AFM
measurements.®> While it was possible to indent through the
surface layer to the bulk pureCol substrate (indentation experi-
ments are described in section S4), the thick surface layer
caused spurious cantilever deflection during PT-AFM nDMA
measurements, preventing accurate PT-AFM nDMA quantifi-
cation of sample properties. These layers and layer effects were
reproducible, and occurred in two to three samples for each
(2% and 4%) GA concentration. Substrates crosslinked with
1% GA did not exhibit thick surface layers (Fig. 1A and C).
Therefore, subsequent attempts to crosslink pureCol sub-
strates were performed by varying the time to which the sub-
strate was exposed to 1% GA, with longer exposure times
resulting in more crosslinks.'**7*** PureCol samples exposed
to GA for 4 hours also exhibited thick surface layers. However,
samples crosslinked for 30 minutes, 2 hours, and 24 hours did
not have surface layers (Fig. 1C), or surface layer thickness was
small enough not to impede measurements (Fig. 1A).

The surface layer on pureCol substrates is most likely a
polymer brush.'*® Such brushes can form as the result of loose
polymer ends protruding from the surface of the substrate,
and can range from tens or hundreds of nanometers">***! to
several microns in thickness.**'**> Additionally, loose ends of
collagen fibrils in tendons can behave as polymer brushes."*?
These results demonstrate that, if a sample contains thick
polymer brushes or other surface effects, the reference
measurement for PT-AFM nDMA may be unable to account for
such effects, and PT-AFM nDMA will therefore be unable to
accurately measure sample properties. Additionally, these
effects may be more pronounced in liquid, where substrates
swell and loose polymer ends floating at the substrate surface
are freer to move’ and interact with the tip and cantilever.
Such surface effects are investigated in greater detail in section
S10.

AC240TSA cantilevers (Fig. 1A) were more sensitive to the
pureCol surface layer than RC800PSA cantilevers on the same
substrate (Fig. 1C). The higher stiffness of AC240TSA cantile-
vers means that less energy from tip/sample interactions
would be dissipated by the cantilever, thereby rendering
AC240TSA cantilevers more sensitive to vibrations caused by
interactions with the substrate’s surface layer. Therefore, in
agreement with previous literature,'®” cantilever selection will
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Fig. 1 Example pureCol substrate indentation curves. During indentations, an AFM tip is pressed into a sample (red curve) then retracted (blue
curve).”* The force, F, experienced by the cantilever and sample indentation, d, are tracked throughout.74 More details on indentations can be found
in section S4. A typical F vs. d curve obtained with an AC240TSA cantilever on pureCol substrates that could be measured with AM-FM AFM and
PT-AFM nDMA is shown in (A). Green arrows indicate the force curve region where the bulk pureCol is indented. Bumps in the approach curve (black
brackets), indicate that the tip passed through a surface layer of material roughly 150 nm thick, likely a polymer brush, before reaching the bulk. (B)
shows an AC240TSA F vs. d curve of a pureCol substrate with a surface layer thicker than 1 um, which prevented AM-FM AFM or PT-AFM nDMA from
accurately quantifying sample viscoelasticity. (C) shows a representative F vs. d curve obtained with an RC800PSA cantilever on the same substrate
as (A), indicating that the RC800PSA was less sensitive to the substrate’s surface layer than the AC240TSA. (D) shows an RC800PSA F vs. d curve of a

substrate with a thick surface layer, similar to (B).

likely affect PT-AFM nDMA measurements. Additional analysis
of cantilever selection on PT-AFM nDMA measurements in
liquid is provided in section S9.

3.2. AM-FM AFM measurements of cell culture substrates

AM-FM AFM was performed to analyze nanoscale variation in
sample E' and tan § (section 3.2.1), quantify sample properties
at AM-FM AFM measurement frequencies (section 3.2.2), and
determine the type of viscoelasticity exhibited by each sub-
strate (section 3.2.3). Details on the cantilever, scan dimen-
sions, and number of pixels analyzed for each AM-FM AFM
image in this article are provided in Table S1. Sample indenta-
tions in AM-FM AFM are only a few nm deep,”’ constituting
roughly 0.0001% of pureCol sample thickness and roughly
0.01%, 0.1%, and 1% of the 11.4, 1.14, and 0.114 mg poly
(HEMA) per cm” substrate thickness, respectively.

3.2.1. Nanoscale variation in sample properties. As shown
in Fig. 2, individual AM-FM AFM images exhibited varying dis-
tributions of E’ and tan §, indicating local variation in sample
mechanics at the nanoscale. Typically, these distributions were
best described with a two term Gaussian model (details in
section S3 and eqn (S27)). Since only a single substrate was
imaged at a given time, different peaks in the two term

21816 | Nanoscale, 2025, 17, 21810-21836

Gaussian fits correspond to various structures or orientations
of the substrate’s constituent polymers.

As shown in Fig. 2, bimodal distributions of the AM-FM
AFM data prevented accurate calculation of sample means and
standard deviations when the standard formulas were used. To
overcome this issue, as described in section S3, the mean and
standard deviation of substrate AM-FM AFM data was calcu-
lated by fitting Gaussians to the data distributions. For individ-
ual image statistics, the distribution used for the fit comprised
of pixel values from a particular AM-FM AFM image. For
overall statistics, the distribution comprised of pixel values
from all AM-FM AFM images. The mean and standard devi-
ation calculated from the Gaussian fit represent the most pro-
minent peak of the distribution, corresponding to the most
prevalent polymer structure (for example, polymer orientation,
tangling, or other topographies) in the substrate. As shown in
Fig. 2, this Gaussian fit method of calculating sample statistics
matches the values from the standard formulas if the data dis-
tribution is unimodal.

3.2.2. Substrate properties at AM-FM AFM measurement
frequencies. Representative AM-FM AFM images of each sub-
strate are shown in Fig. 3. Poly(HEMA) substrates are shown in
Fig. 3A-C. The two highest concentrations of poly(HEMA) look
similar, but have different mechanical properties. The lowest

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Representative distributions from AM-FM AFM measurements of cell culture substrates. All distributions were obtained from a single AM-FM
AFM image. Storage modulus, E’, and loss tangent, tan §, distributions are shown in the left and right column, respectively, for substrates of: 11.2 mg
poly(HEMA) per cm? of sample surface area (A), 1.12 mg poly(HEMA) per cm? (B), 0.112 mg poly(HEMA) per cm? (C), pureCol crosslinked with glutar-
aldehyde for 30 minutes (D), pureCol crosslinked for 2 hours (E), and pureCol crosslinked for 24 hours (F). A Gaussian fit to the distribution,
described in section S3, is shown as a magenta line if a two term Gaussian was used or a blue line if a single term Gaussian was used. The mean
(points) and standard deviation (error bars) calculated via the standard formulas and from the Gaussian fit constants are shown as an orange X or a
purple asterisks, respectively.

concentration of poly(HEMA), 0.114 mg poly(HEMA) per cm® of clumps were easy to displace with the AFM tip, and prone to
the substrate’s surface, formed clumps rather than a uniform sticking to the tip, which occasionally interfered with quantifi-
coating on the coverslip (magenta arrows in Fig. 3A). These cation of E’ and tan § (magenta arrows in Fig. 3B and C).
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Fig. 3 Representative AM-FM AFM images of each substrate. Sample feature height (Ht) is shown in the top row for poly(HEMA) and pureCol sub-
strates (A and D, respectively), storage modulus, E’, in the middle row (B and E, respectively), and loss tangent, tan g, in the bottom row (C and F,
respectively). Poly(HEMA) substrates were synthesized by successively diluting poly(HEMA) in ethanol, depositing the resulting solutions onto glass
coverslips, and allowing the substrate to polymerize. The columns in A-C correspond to substrates with 11.4 mg of poly(HEMA) per cm? of sample
surface area, 1.14 mg poly(HEMA) per cm?, and 0.114 mg poly(HEMA) per cm?, respectively. Magenta arrows indicate poly(HEMA) clumps in the
0.114 mg per cm? sample that interfered with quantification of E’ and tan 5. PureCol substrates were synthesized by allowing pureCol (collagen I) to
polymerize, then crosslinking the collagen with glutaraldehyde (GA) for varying amounts of time. The columns in D—F correspond to substrates

crosslinked for 30 minutes, two hours, or 24 hours.

Representative AM-FM AFM images of pureCol substrates
collected with an AC240TSA are shown in Fig. 3D-F. Fig. 7B-D
and Fig. S12 show representative AM-FM AFM images collected
with an RC800PSA. PureCol substrate topography and viscoe-
lasticity varied with GA concentration. Additionally, pureCol
substrate topography differed when different cantilevers with
different sensitivities to tip/pureCol interactions (already
demonstrated in Fig. 1A and C) were used. For example, inter-
actions between sample hydration shells and an AFM tip can
vary with cantilever selection, and affect the tip’s ability to
image a sample.">*'>®

To quantify the differences in AM-FM AFM images between
substrates, Fig. 4 shows the mean height (surface topography,
not substrate thickness), E’, and tané§ of each substrate. As
shown in Fig. 4A, topography of the 11.4 and 1.14 mg poly
(HEMA) per cm” substrates was the same (p = 0.99). The mean
and standard deviation in film height of the 0.114 mg poly
(HEMA) per cm” substrates were larger than the other poly
(HEMA) substrates, meaning the sample exhibited more varied
topography. This observation agrees with the fact that large
poly(HEMA) clumps surrounded by glass were observed on the
0.114 mg poly(HEMA) per cm” substrates, but not substrates
with higher poly(HEMA) concentrations (Fig. 3A). Poly(HEMA)
films are known to uniformly coat the underlying substrate,
but decrease in thickness with decreasing poly(HEMA) concen-
tration,'" until the polymer is sparse enough that clumps form
and the film is no longer uniform (Fig. 3A). The identical topo-
graphy of the 11.4 mg per cm® and 1.14 mg per cm” substrates
(Fig. 4A) agrees with the literature observations''> that poly
(HEMA) films are uniform unless the polymer is too sparse.

21818 | Nanoscale, 2025, 17, 21810-21836

As shown in Fig. 4C, E' was highest for the 1.14 mg poly
(HEMA) per cm’® substrates (p = 0.02 vs. the 11.4 mg cm™>
sample and p = 0.05 vs. the 0.114 mg cm™> sample). Since the
main difference between each substrate is the thickness of the
poly(HEMA) film or clumps''® on the coverslip, not the poly
(HEMA) itself, these results show that film thickness affects E'.
The fact that E' increased as the poly(HEMA) film thinned
suggests that coverslip glass underlying the poly(HEMA) influ-
enced the measurements, even though the tip did not indent
through to the glass. This influence, where an underlying hard
substrate alters the tip/sample interaction on thin soft sub-
strates, is referred to as a bottom effect.'>® In such cases, a
bottom effect correction should be applied in the contact
model."*® Reliance on the Hertz contact model in AM-FM AFM
neglects this correction,"® likely leading to incorrectly high
values of E' for the 1.14 mg per cm’® substrate, and possibly
other poly(HEMA) concentrations. Additionally, the fact that E’
of the 0.114 mg poly(HEMA) per cm® substrate was closer to
that of the 11.4 mg per cm? substrate supports the notion that
bottom effects are present in poly(HEMA) measurements. Poly
(HEMA) clumping in the 1.14 mg poly(HEMA) per cm” sub-
strate could have been substantial enough to reduce bottom
effects. Furthermore, as shown in Fig. 4E, tan § was not signifi-
cantly different between the different poly(HEMA) substrates
(p > 0.2 for all comparisons). The fact that tan §, but not ', is
independent of contact mechanics, including bottom
effects,®”'%” lends support to the notion that a bottom effect
was present in poly(HEMA) E' values. However, expansion of
AM-FM AFM’s calculation of E' to include a bottom effect cor-
rection is beyond the scope of this work. Regardless, cells on

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Effect of poly(HEMA) concentration (A, C, and E) and pureCol crosslinking (B, D, and F) on substrate feature height (A, B), storage modulus
(E’, C, D), and loss tangent (tan 6, E, F). Bars represent overall mean values, calculated from all measured pixels. Smaller dots with error bars represent
the mean values of individual AM-FM AFM images, calculated from all measured pixels within the image. Error bars represent the standard deviation.
Metrics were calculated as described in section 3.2.1. Magenta arrows indicate different values of E’ within a given substrate.

substrates with low poly(HEMA) concentrations might be able
to probe through the poly(HEMA) to the underlying material.
The fact that tan § was not significantly different between the
different poly(HEMA) substrates, combined with the likelihood
that alterations to E' of poly(HEMA) substrates were due to
bottom effects rather than differences in poly(HEMA) viscoe-
lasticity, suggests that poly(HEMA) substrates modulate cell
activities by how much cells can probe the underlying sub-
strate through the poly(HEMA) film.

The properties of pureCol substrates varied more than
poly(HEMA) substrates. Feature height on the surface of
pureCol substrates (Fig. 4B) increased with increasing GA
crosslinking duration (p < 0.04 for all comparisons). This
trend agrees with previous observations that GA crosslinking
increases the diameter of collagen fibers."** The increase is
likely due to rearrangement of collagen fibrils by cross-
linking. For example, consider one immobile polymer and
one free polymer. If a single crosslink forms between the
immobile polymer and the free polymer, the ends of the free

This journal is © The Royal Society of Chemistry 2025

polymer will fluctuate around the crosslink until coming
into contact with other locations on the immobile polymer
with which another crosslink can form.” If a subsequent
crosslink forms, motion of the free polymer is even more
restricted along the dimensions of the immobile polymer.”
Eventually, as crosslinks are added, the free polymer will
align with the immobile polymer.” In other words, polymers
are bundled together as crosslinking occurs. With longer
exposure to GA, more crosslinks form,"** resulting in more
polymer bundling, thicker fibers, and thus the observed
increase in feature height and fiber diameter with cross-
linking duration.

Fig. 4D shows that E' of pureCol substrates increased with
crosslinking duration (p < 0.01 for both cantilevers), and the
increased crosslink density with longer GA exposure. E' of sub-
strates crosslinked for 30 minutes or 24 hours varied between
AM-FM AFM images, as indicated by magenta arrows in
Fig. 4D. Note that the representative E' maps in Fig. 3E corres-
pond to the lower E' values (lower magenta arrows in Fig. 4D).

Nanoscale, 2025,17, 21810-21836 | 21819
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This heterogeneity suggests that the amount of GA cross-
linking varied locally at the nanoscale. Since the substrates
were roughly 0.3 cm thick (Fig. S11), the variation in E' is not
due to a bottom effect, but due to local variations in pureCol
configuration. As shown by Fig. 4F, tan é was not significantly
different between samples crosslinked for 2 and 24 hours (p =
0.64 for RC800PSA cantilevers and p = 0.10 for AC240TSA canti-
levers). Substrate tan § was higher for samples crosslinked for
30 minutes (p < 0.01 for both comparisons with both cantile-
vers). Since tané = E"/E', this observation demonstrates that
crosslinks affect energy storage (E') and dissipation (E”) in col-
lagen substrates differently.

3.2.3. Viscoelastic behavior of each substrate. Literature
studies have found that both poly(HEMA)''*'*7131 and col-
lagen 16°0677L1327135 gupstrates are viscoelastic. However, it is
important to verify that the substrates measured in this study
are indeed viscoelastic. This validation can be accomplished
using AM-FM AFM data to determine whether the sample
behaves as a linear viscoelastic material, as previously estab-
lished.®” In this determination, (tandE")™" is plotted against
(E")™* for all pixels in a single AM-FM AFM image. If the points
are well described by a line, one of the standard models of
linear viscoelasticity: the GMM, SLS, KV, or MW model (model
details can be found in section S1), describes the sample’s
response.®” If the sample behaves as a GMM, SLS, KV, or MW
material, other types of time dependent mechanical responses
such as poroelasticity can be neglected, and the sample con-
sidered viscoelastic.
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Fig. 5 and 6 show representative plots of (tan 5E") ' against
(E)™" from all pixels of a single AM-FM AFM image of each
substrate as well as a linear fit to the data. If the linear fit has
low RMSE, the sample is a GMM, SLS, MW or KV material, as
detailed in section 2.3 and section $2.2.87'%® GMM, SLS, MW
and KV model details can be found in section S1. Fig. 5
shows example model tests for the three poly(HEMA)
substrates. Mean fit metrics for all AM-FM AFM images of the
poly(HEMA) substrates can be found in Table S2. Fit metrics
for each AM-FM AFM image of the 11.4, 1.14, and 0.114 mg
poly(HEMA) per cm” substrates can be found in Tables S3, S4,
and S5, respectively. The mean + standard deviation in the
RMSE values of the model test fits to each sample were 0.0376
+ 0.0111 for substrates with 11.4 mg poly(HEMA) per cm?,
0.0499 + 0.0577 for substrates with 1.14 mg poly(HEMA) per
em?, and 0.1752 + 0.1395 for substrates with 0.114 mg poly
(HEMA) per cm?, indicating that the data can be approximated
by a line, and therefore that poly(HEMA) substrates can be
modeled with the MW, KV, SLS, or GMM models. The
RMSE values, as well as the standard deviation in RMSE
increase as poly(HEMA) concentration decreases. These
changes are likely the result of thinning poly(HEMA) film
structures and variations in bottom effects on the less concen-
trated substrates.

Most linear fits had m ~ 0 and b > 0 (Fig. 5A, B and Tables
S3-S5), indicating that poly(HEMA) behaves mostly as a MW
material. However, some fits exhibited m > 0, and a hyperbolic
shape (Fig. 5C and D), indicating that poly(HEMA) also obeys

M(idel Test for 1.14 mg poly(HEMA) cm~2 Samples

v = (0.00x10%)x + 0.17

(tané x E')~!

cm~? Samples

To2F
)
=1
Sl y = (62.20x10%)x + 0.41
Fit R? = 1.00
i . ‘ Fit RMSE = 0.12
0 1 2 3 4 5
(tand x E')7! x10710

Fig. 5 Example model tests for poly(HEMA) substrates. Each plot corresponds to a single AM-FM AFM image. Blue dots represent values from indi-
vidual pixels of the image. The model test line (eqn (S21)) is shown in magenta. The fit equation, R? value, and root mean square error (RMSE) are
also shown. Model tests for substrates with 11.4 mg poly(HEMA) per cm? of sample surface area and 1.14 mg per cm? are shown in (A) and (B),
respectively. The green circle in (B) indicates a second material in the sample. Model tests for two different AM-FM AFM images of the 0.114 mg per
cm? substrate are shown in (C) and (D), to illustrate the variation in model test outcomes for this substrate.
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(A) Model Test for pureCol Crosslinked for 30 Minutes (E) Model Test for pureCol Crosslinked for 30 Minutes
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Fig. 6 Example model tests for pureCol substrates. Each plot corresponds to a single AM-FM AFM image. Blue dots represent values from individual
pixels of the image. The model test line (eqn (521)) is shown in magenta. The fit equation, R? value, and root mean square error (RMSE) are also
shown. Model tests for AM-FM AFM data collected with an RC800PSA cantilever are shown in (A)-(D). Similarly, model tests for data collected with
an AC240TSA cantilever are shown in (E)-(H). Green circles indicate a Maxwell material (section S2.2) in the AC240TSA model tests that is not
present in the RC800PSA model tests. Representative model tests for pureCol substrates crosslinked for 30 minutes are shown in (A), (B), (E), and (F).
Comparisons of (A) with (B) or (E) with (F) show differences in the model test outcome for these substrates. Representative model tests for pureCol
substrates crosslinked for 2 hours are shown in (C) and (G). Representative model tests for pureCol substrates crosslinked for 24 hours are shown in

(D) and (H).

the GMM. In general, m > 0 occurred more as poly(HEMA) con-
centration decreased, appearing most in substrates with
0.114 mg poly(HEMA) per cm’. Since the GMM appeared more
in substrates with lower poly(HEMA) concentrations, which have
the thinnest poly(HEMA) films">"** and likely bottom effects
(section 3.2.2), it is reasonable to hypothesize that the GMM
corresponds to a convolution of the glass and poly(HEMA) or

This journal is © The Royal Society of Chemistry 2025

bottom effects. In other words, poly(HEMA) is a MW material,
but transitions to a GMM as the poly(HEMA) film thins and
becomes more affected by the underlying coverslip. Regardless,
these results confirm that the poly(HEMA) substrates in this
study are viscoelastic, as expected from the literature,"***>7~'3!
Fig. 6 shows representative model tests for pureCol sub-
strates. As shown in Table S2, the mean + standard deviation
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in RMSE for pureCol substrate measurements performed with
an RC800PSA were: 0.22 + 1.21 for pureCol crosslinked for
30 minutes, 0.05 + 0.03 for pureCol crosslinked for 2 hours,
and 0.03 + 0.03 for pureCol crosslinked for 24 hours. The
mean = standard deviation in RMSE for measurements per-
formed with an AC240TSA were: 0.31 + 1.19 for pureCol cross-
linked for 30 minutes, 0.17 + 0.16 for pureCol crosslinked for
2 hours, 0.05 + 0.02 for pureCol crosslinked for 24 hours. Fit
metrics for individual images, as well as the assigned model
for the given image can be found in Tables S6-S8. PureCol sub-
strates crosslinked for 30 minutes had the largest variation in
RMSE for both cantilevers. This observation is likely due to the
fact that sample mechanics were more heterogeneous in this
substrate compared to substrates crosslinked for longer times
(see section 3.2.2). Regardless, the low RMSE values confirm
that pureCol substrates can be modeled as a GMM or one of
the GMM’s special cases.

For individual AM-FM AFM images of each pureCol sub-
strate, the linear fits all exhibited a nonzero y-intercept, indi-
cating that the substrates should not be modeled as KV
materials. Some fits for pureCol substrates crosslinked for
30 minutes (Table S6) had small slopes, and therefore behaved
as MW materials (Fig. 6A). Others (Fig. 6B, E, and F) had a
slope greater than zero, and therefore obeyed the SLS or GMM.
Similar outcomes occurred for substrates crosslinked for 2 (see
Table S7) or 24 hours (Table S8). Regardless of substrate, plots
with a nonzero slope and y-intercept, while well described by a
line, exhibited a slightly curved shape, meaning that the GMM
is the best model to describe these samples.®”*4¢

Of the basic models of linear viscoelasticity, the MW model
is best to describe samples that are more fluid.”**’
Additionally, pureCol substrates are fluid without crosslinking,
and substrate fluidity decreases as the number of crosslinks
increases (see section 3.1). Furthermore, samples with longer
crosslinking duration, and therefore more crosslinks,'**
exhibit MW behavior in the model test less frequently (see
Tables S6-S8). These observations suggest the MW material
corresponds to regions of a substrate with less crosslinking,
and the GMM material corresponds to regions of the sample
with more crosslinking.

Model test outcomes on pureCol substrates varied slightly
between RC800PSA and AC240TSA cantilevers. The RMSE
values were higher for data collected with the AC240TSA canti-
lever compared to the RC800PSA, due to increased presence of
an additional material (green circles in Fig. 6) in AC240TSA
model tests that was less apparent in RC800PSA model tests.
This second material did not exhibit a large slope, and there-
fore behaved as a MW material. Additionally, the fact that this
material was more present in AC240TSA measurements
suggests that the material is related to cantilever/sample inter-
actions, rather than the substrate itself. Since AC240TSAs are
more sensitive to pureCol surface layers than RC800PSA canti-
levers (section 3.1), the additional MW material in the
AC240TSA measurements likely corresponds to surface
hydration shells, polymer brushes, or similar surface features.
Such features are relatively fluid compared to the bulk, and
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since the MW model is best to describe samples that are more
fluid,”"” it is reasonable that surface features behave as MW
materials.

Together, these results demonstrate that the substrates in
this study can be modeled as GMM or MW materials, and are
therefore viscoelastic, matching previous literature obser-
vations of similar substrates.®>7%131277135 Therefore, the
measurements in this paper describe viscoelasticity, rather
than other time dependent responses such as poroelasticity.

3.3. PT-AFM nDMA measurements of cell culture substrates

Representative PT-AFM nDMA measurements of E', E", and
tand at different points on each cell culture substrate are
shown in Fig. 7. Before these measurements were obtained,
several control experiments were necessary to determine
whether PT-AFM nDMA measurements could reliably be per-
formed in liquid.'®>'%” These controls are detailed in sections
S$7-510, and recommendations for performing PT-AFM nDMA
measurements on new samples in liquid based on these tests
are detailed in section S11.

The first control experiment for liquid PT-AFM nDMA,
described in section S7, was performed to evaluate whether
hydrodynamic drag'® would impair PT-AFM nDMA measure-
ments in liquid. Hydrodynamic drag depends on the fluid
structure near a sample’s surface and could affect the sample
and reference measurements differently, thereby introducing
artifacts to AFM nDMA measurements.'® Therefore, to test
these effects, a single sample measurement was analyzed
against several reference measurements performed at different
heights above the sample.'®>'”” Hydrodynamic drag affected
measurements at some reference heights for particular cantile-
ver/sample pairings. When hydrodynamic drag affected
PT-AFM nDMA measurements, discontinuities or oscillations
occurred in the measured E', E”, and tan § (Fig. S4). When no
discontinuities or oscillations were observed, results agreed
regardless of reference height (Fig. S4). Therefore, for any new
sample/cantilever pairing, measurements at different reference
heights should be performed to determine the extent of hydro-
dynamic drag effects for the given system. Reference measure-
ments can be performed at any height where discontinuities
and oscillations are not present in the measurements, and
where the resulting E', E", and tan § match those against other
reference heights.

The second control experiment, described in section S8,
was performed to ensure that PT-AFM nDMA measurements
were performed in the sample’s linear viscoelastic regime by
comparing PT-AFM nDMA measurements collected on the
sample using different force trigger points. Higher trigger
points result in larger sample indentations (details in section
S4). In the linear viscoelastic regime of a sample, E', E", and
tan § will not vary with different trigger points because these
properties are independent of indentation depth until the
sample is deformed outside of the sample’s linear viscoelastic
regime.” As shown in Fig. $5-S7, the linear viscoelastic regime
varied between samples, and even different points on the
same sample. However, a trigger point of 8 nN was in the
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linear viscoelastic regime of all samples. Higher trigger points
occasionally also fell in the linear viscoelastic regime.
Therefore, for any new sample, the linear viscoelastic regime
of the sample should be determined by performing sample
measurements with different indentation depths.

The third control experiment (section S9) tested whether
the AFM cantilever affects PT-AFM nDMA results by comparing
measurements obtained with RC800PSA and AC240TSA canti-
levers. While k' and k" are extensive properties,'®®'%”"**® and
therefore expected to change with different cantilevers, tan ¢ is
intensive and independent of contact geometry'°®'%”1%% and
should therefore be the same regardless of cantilever. As
shown in Fig. S8, the cantilever did not alter the measured
tan §, meaning that PT-AFM nDMA is robust to different
cantilevers.

The final control experiment (section S10) was performed
to test the limits of PT-AFM nDMA. As detailed in section 3.1,
certain samples may be too soft and fluid to obtain PT-AFM
nDMA measurements. Also described in section 3.1, PT-AFM
nDMA may be difficult to perform on samples with strong
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surface effects, such as surface polymer brushes. To test this
hypothesis, a hydrogel synthesized from polydimethylsiloxane
(PDMS) was measured by PT-AFM nDMA in liquid. The surface
of PDMS hydrogels behaves differently from the bulk due to
interfacial differences in the concentration of loose polymer
chains and resulting alterations in bulk vs. surface gel swelling
and properties.'”® These differences cause surface effects that
influence bulk property measurements in AFM nanoindenta-
tion experiments."”® The reference measurement in PT-AFM
nDMA may be unable to account for alterations to cantilever
motion due to such effects, since the reference must be
obtained when not in contact with the sample, and therefore
cannot be collected at the interface. As shown in Fig. S9, and
discussed in section S10, the PDMS interface shifted cantilever
phase during sample measurements, and thereby rendered the
measurements negative and unphysical regardless of reference
measurement height. Therefore, PT-AFM nDMA in liquid will
not work on samples with unusual interfacial dynamics or
with surface polymer brushes because such surfaces influence
cantilever motion in a manner that cannot be accounted for by
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Fig. 7 PT-AFM nDMA measurements at different points on cell culture substrates. PT-AFM nDMA was performed on poly(HEMA) substrates with
11.4 mg poly(HEMA) per cm? (A), and pureCol substrates crosslinked with glutaraldehyde for 30 minutes (B), two hours (C), or 24 hours (D). A topo-
graphy image of the substrate, with the location of each PT-AFM nDMA measurement is shown in the left column. The measured loss tangent (tan 5)
is shown in the second column. Storage and loss moduli, E' and E”, calculated from PT-AFM nDMA measurements by applying the Hertz contact
model are shown in the third and fourth columns, respectively. Red arrows indicate measurement artifacts introduced by resonances between the
cantilever and sample, possibly from tip interactions with loose collagen polymers in the substrate. These measurements are representative of

measurements from two biological replicates of the substrate.
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the reference measurement. However, it may be possible to
work around such limitations in the future by selecting a canti-
lever that is less sensitive to such interactions, measuring the
sample dry, or using polymer physics models to add correction
factors to PT-AFM nDMA calculations. Regardless, these con-
trols show that, for many samples, PT-AFM nDMA can be used

to quantify nanoscale sample viscoelasticity in air'®” as well as
liquid.
3.3.1. PT-AFM nDMA measurements at different points on

poly(HEMA) substrates. PT-AFM nDMA requires larger inden-
tations than AM-FM AFM’”'%%1%7 and thus can only be per-
formed on thicker samples (details in section S5.1). As stated
in methods section 2.4.1, sample indentations ranged between
100 nm and 600 nm during PT-AFM nDMA measurements.
These indentations constitute roughly 0.01% of pureCol
sample thickness and roughly 1%, 10%, and 100% of the 11.4,
1.14, and 0.1 mg poly(HEMA) per cm® substrate thicknesses.
These percentages are high for lower poly(HEMA) concen-
trations. Additionally, even the AM-FM AFM measurements of
substrates with lower poly(HEMA) concentrations, with much
smaller sample indentations,”” were affected by the underlying
glass. Therefore, PT-AFM nDMA was performed only on the
11.4 mg poly(HEMA) per cm” substrate. Representative
PT-AFM nDMA measurements of E', E”, and tané of the
11.4 mg poly(HEMA) per cm” substrate are shown in Fig. 7A.
The Hertz model was used to calculate PT-AFM nDMA E’ and
E" in order to keep the contact model consistent between
AM-FM AFM, which solely uses the Hertz model,”**® and
PT-AFM nDMA (as described in section 2.4.2).

The shape and magnitude of poly(HEMA) tan § measured
by PT-AFM nDMA matches those detailed in Table 1 and
section S12, and thereby agrees with macroscale literature
measurements of poly(HEMA) substrates'>” as well as compo-
site poly(HEMA) acrylamide substrates."*® E' and E”, calculated
by applying the Hertz contact model to measured PT-AFM
nDMA k' and k", have the expected shape, and are on the order
of 10° Pa, which agrees with the higher end of the 10°-10° Pa
range expected from the literature,"*”**® and matches that of
substrates made only of poly(HEMA)."*’ However, it is impor-
tant to acknowledge that, based on AM-FM AFM measure-
ments (section 3.2.2), a bottom effect correction and, due to
the relatively deep sample indentations during PT-AFM nDMA,
a different contact model may be more appropriate to rep-
resent the tip/sample interaction than the Hertz model.
PT-AFM nDMA measurements of tan é, E', and E” did not vary
with position on the sample. This observation agrees with
AM-FM AFM observations that the mechanical properties of
the 11.4 mg poly(HEMA) per cm?® sample were homogeneous.

3.3.2. PT-AFM nDMA measurements at different points on
pureCol substrates. PT-AFM nDMA measurements of pureCol
substrates were performed using both RC800PSA and
AC240TSA cantilevers. Both cantilevers obtained similar
results, as detailed in section S9. Since RC800PSA cantilevers
were less sensitive to pureCol surface layers than AC240TSA
cantilevers (see section 3.1 and 3.2.3), only PT-AFM nDMA
measurements obtained using RC800PSA cantilevers are pre-
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sented here, but are representative of measurements obtained
with AC240TSA cantilevers. PT-AFM nDMA measurements
were performed in at least two positions on the surface of
each pureCol substrate. The shape and magnitude of pureCol
tan § measured by PT-AFM nDMA matches those detailed in
Table 1 and section S12, and thereby agree with macroscale
literature values for pureCol and other collagen
SubstrateS.67'122’132_135’140_142

The Hertz contact model**® was used to calculate £’ and E"
of pureCol substrates in order to ensure the same contact
model as AM-FM AFM’s calculation of E’ (see section 2.4.2). E'
and E” of pureCol substrates measured by PT-AFM nDMA had
the expected shape, but were on the order of 10°-10° Pa and
10*-10° Pa, respectively. Both are three orders of magnitude
higher than the expected 10>-10° Pa for E, and 10'-10” Pa for
E" from most of the literature,®”-12%13271351397141 354 one to
two orders of magnitude lower than the 10’-10® Pa for E' and
10°-10” Pa for E” reported in one study.'*” This difference
between PT-AFM nDMA measurements and literature E' and E"
could be due to scaling behavior, since PT-AFM nDMA was per-
formed at the nanoscale, while literature
measurements®’’1?21327135,1397141 were performed at the macro-
scale'®®, Nanoscale moduli can sometimes be several orders of
magnitude higher than macroscale moduli, as a result of the
natural scaling behavior of polymers.'®® Additionally, since the
cantilever exhibits a tetrahedral tip geometry, not spherical as
assumed in the Hertz model,'** the samples are viscoelastic,
and indentation depths are deep in PT-AFM nDMA, the Hertz
contact model is likely not the most accurate model of the tip/
sample contact. Changing the contact model may resolve some
of the discrepancy between PT-AFM nDMA and literature
measurements. However, other contact models are not investi-
gated in this study because AM-FM AFM relies on the Hertz
model,”*®® and the Hertz model must therefore also be
applied to PT-AFM nDMA measurements to ensure that results
from each technique can be compared.

The fact that the GMM or MW models apply to pureCol sub-
strates (section 3.2.3) can be exploited to determine whether
the offset in PT-AFM nDMA E’ and E” compared to the litera-
ture is due to scaling behavior or contact model effects by
allowing comparison of E' at low measurement frequencies (f)
against elastic moduli from indentation experiments. For
GMM materials, as w = 2nf — 0, E' - E. (eqn (S14)) and E” - 0
(eqn (S15)). In nanoindentation experiments, indentation
speeds are slow, meaning that the measured elastic modulus
(E) corresponds to sample behavior at low f, where E = E, =
E'.1°%1%7 Nanoscale collagen E in liquid is on the order of 10°-
10° Pa calculated by applying the Oliver-Pharr model to
nanoindentation measurements,"®" 10° Pa calculated by apply-
ing the Hertz model with a bottom effect correction to nanoin-
dentation measurements,"®> 10° Pa using optical tweezers,®?
and 10° Pa using AFM bending measurements (contact model
not stated).’®* These nanoscale moduli agree with the
measured E' in PT-AFM nDMA, in spite of varying contact
models, and are roughly three to four orders of magnitude
higher than the macroscale rheology measurements in the lit-
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erature. This is the same offset between PT-AFM nDMA and lit-
erature measurements, and is independent of contact model.
Therefore, collagen DMA at the nanoscale is likely three to
four orders of magnitude higher than macroscale control
measurements due to scaling behavior.

Together, the fact that all curve shapes and tan § measure-
ments agree with the literature demonstrates that the operat-
ing principles of PT-AFM nDMA do not interfere with measure-
ments in liquid. Furthermore, in spite of employing the Hertz
model, the magnitude offsets in E' and E” are most likely due
to scaling behavior, not incorrect contact model selection.

Representative PT-AFM nDMA measurements of pureCol
substrates crosslinked with GA for 30 minutes are shown in
Fig. 7B. Two points on the sample were measured. The first
measurement was performed on a spot with aligned fibrils.
The second was performed on a spot without fibrils. £’ was the
same for both points. For frequencies less than 100 Hz, E” was
lower in the spot with fibrils. Therefore, tan  at frequencies
less than 100 Hz was also lower for the spot containing fibrils.
The fact that E' was the same in both points of the sample is
likely related to sample crosslinking, which would restrict
movement of collagen polymers when the substrate was
deformed,"?® regardless of the position measured. Values of E”
and tan 6 were lower for fibrils at frequencies less than 100 Hz.
Therefore, fibrils, and regions of the substrate which contain
fibrils, do not dissipate as much energy as regions without
fibrils, likely due to alterations in polymer orientation and
increased confinement of collagen monomers.

Bundling of collagen into fibrils can alter a multitude of
polymer properties, including collagen hydration and electrical
properties.’®>™%” For example, the electrical properties of col-
lagen can be affected by the topography of collagen structures,
and play an important role in determining the properties of
structures arising from collagen.'®>®” Collagen fibrils posses
two axes of electric polarization, one in a longitudinal direc-
tion (along the length) of the fiber, and one in an axial direc-
tion (perpendicular to the length of the molecule) along the
fiber."®® When collagen fibrils and fibers align, electric polariz-
ation of the resulting structures is maintained.'®® Additionally,
randomly oriented collagen deposition can cancel some of the
electric polarization of collagen structures.’®” Structures
arising from aligned collagen fibrils maintain electric polariz-
ation of the fibrils, while structures of randomly oriented col-
lagen may or may not do the same.'® %" Therefore, it is
reasonable to hypothesize that the electrical properties of
pureCol substrates, and any resulting hydration shells or other
features that depend on electrostatic interactions, are spatially
heterogeneous depending on the orientation of collagen mole-
cules in any given region of the sample, and alterations to
energy dissipation in different regions of the substrate relate
to alterations in the electric polarization, hydration, and inter-
molecular interactions within these regions as a result of
altered collagen topography.

Representative PT-AFM nDMA measurements of pureCol
substrates crosslinked with GA for 2 hours are shown in
Fig. 7C. Three points were probed on the sample. The first
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measurement was performed on a small fiber, with many
fibrils distributed over the fiber’s surface. The second
measurement was performed on a larger fiber, without the
small fibrils over the surface. The third measurement was per-
formed on an even larger fiber on the sample. E' and E" did
not vary with position on the sample for frequencies less than
1000 Hz. At 1000 Hz, E' and E” of the first point increased
slightly compared to the others. Similarly, tané of the first
point also increased compared to the other points at frequen-
cies above 1000 Hz. Therefore, fibers where collagen fibrils do
not completely incorporate themselves into the fiber (point
one in Fig. 7C) exhibit altered energy storage and dissipation
at high frequencies, compared to fibers where the constituent
fibrils are fully incorporated. This observation is potentially
due to increased freedom of movement for fibrils that are only
partially incorporated into fibers. Regardless, some spatial het-
erogeneity is present in the mechanical properties at particular
frequencies of pureCol substrates crosslinked for 2 hours.
Additionally, since two of the three points measured by
PT-AFM nDMA exhibited similar mechanical responses, less
spatial variation in substrate viscoelasticity may be present
than in samples crosslinked for 30 minutes (Fig. 7B).

Measurements of pureCol samples crosslinked for
30 minutes (Fig. 7B) and 2 h (Fig. 7C) exhibited fluctuations
around 1000 Hz (red arrows in Fig. 7B and C) due to resonance
between the tip and sample, not sample properties. Such reso-
nance could emerge from a number of interactions. However,
most of the measurement curve was unaffected by the reso-
nance at 1000 Hz, and since behavior at 1000 Hz was not a
focus in this article, the artifacts did not negatively impact
measurement results. If desired, resonance effects can be
eliminated by applying additional smoothing or using a
different cantilever to perform PT-AFM nDMA measurements.

Representative PT-AFM nDMA measurements of pureCol
substrates crosslinked with GA for 24 hours are shown in
Fig. 7D. Two points were probed on the sample. The first
measurement was performed on a region of clumped collagen
on the substrate. The second measurement was performed on
a point between collagen clumps. The measured E’, E", and
tan § did not vary between the two points. The lack of variation
in the mechanical properties of pureCol substrates crosslinked
for 24 hours is likely related to the crosslinking in the sample.
With more crosslinks, movement of collagen polymers within
the substrate would be restricted, thereby limiting spatial het-
erogeneity in the mechanical properties."*®

3.4. Substrate comparisons

Next, the different substrates were compared by averaging
PT-AFM nDMA and AM-FM AFM measurements of each sub-
strate. AM-FM AFM E" was calculated by modeling the sample
as a GMM (determined from the model tests, section 3.2.3),
calculating GMM  material constants as previously
described,®”'*® and substituting these constants into eqn
(S12). The GMM, and not MW model was used to calculate
AM-FM AFM E" because, as detailed in section 3.2.3, Fig. 5, 6,
and Tables S2-S8, all substrates could be modeled as GMM or
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MW materials. Since MW materials are special cases of the
GMM,”* 16168 the GMM is the most applicable model for all
substrates. Fig. 8A-C respectively show the mean E’, E", and
tand over the measured frequencies for all substrates
measured by both AM-FM AFM and PT-AFM nDMA.

Sample relaxation time as a function of frequency was cal-
culated using principles of the GMM. As described in section
S1, the GMM can be thought of as N different SLSs connected
in parallel.’”'®® The nth arm of the GMM has a relaxation time
7,. Each of the N SLSs in the GMM has resonance frequency f;,
= 1/1,,."®° Therefore the nth SLS in a GMM contributes most to
E', E", and tan § when the arm is excited by a stimulus with fre-
quency f = 1/7,,'®® meaning that the GMM’s mechanical
response at a particular frequency can be modeled by the SLS
representing the dominant, resonating arms of the GMM at
the particular excitation frequency.'®® It is therefore possible
to calculate 7,(f) of the sample by recalling that, for the SLS, E'
= E. + ,wE" (eqn (S11)). Therefore, 7, can be calculated from
PT-AFM nDMA E’ and E" via eqn (6).
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The value of E, is the value of E' for PT-AFM nDMA measure-
ments at low frequencies (see eqn (S14)). While E, E., and E" are
calculated from AFM measurements by applying contact models,
the geometric contribution of the contact to each cancels by
taking the ratio of [E'(f) — E.JE"(f) in eqn (6). Therefore, as
with tan 6,5”'%7 7, calculated in this manner is also independent
of contact geometry. At AM-FM AFM measurement frequencies,
7, can be calculated by applying similar principles, as previously
published.?”"*® Mean relaxation time as a function of frequency
for each substrate is shown in Fig. 8D.

As shown in Fig. 8, AM-FM AFM values align with PT-AFM
nDMA values, demonstrating that each measurement tech-
nique agrees with the other. E' and E” (Fig. 8A and B) of all
substrates increased with increasing frequency. A sharper
increase in each modulus corresponding to the glass or
similar transition,'>”'%® started between 10° and 10" Hz for
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Fig. 8 Comparison of substrate viscoelasticity. Measurements of pureCol substrates crosslinked with GA for 30 minutes (magenta), 2 hours (blue),
and 24 hours (cyan), in addition to a poly(HEMA) substrate at a concentration of 11.4 mg poly(HEMA) per cm? of substrate surface area (black) are
shown. The mean value of all PT-AFM nDMA measurements (lines), as well as AM-FM AFM measurements (points), are shown for each substrate. For
AM-FM AFM measurements, triangles pointing down represent measurements of pureCol substrates obtained with an AC240TSA, triangles pointing
up represent pureCol measurements obtained with an RC800PSA, and circles represent AM-FM AFM measurements of poly(HEMA) substrates with
11.4 mg poly(HEMA) per cm? of sample surface area. Shading with dotted lines represents the standard deviation of PT-AFM nDMA measurements.
Error bars represent the standard deviation of AM-FM AFM measurements. Filled markers represent AM-FM AFM measurements. Open markers rep-
resent values calculated from AM-FM AFM measurements as previously described.8”-14¢
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pureCol substrates and around 10 Hz for poly(HEMA) sub-
strates. In spite of the fact that the glass transition of poly
(HEMA) substrates began around 10 Hz, AM-FM AFM measure-
ments of E' and E" are similar for poly(HEMA) and pureCol
substrates. Therefore, the glass transition is broader for poly
(HEMA) than for pureCol.

AM-FM AFM model tests of poly(HEMA) substrates (Fig. 5)
demonstrated that poly(HEMA) behaves as a MW material, but
can behave as a GMM as the result of effects from the glass
underlying the poly(HEMA). For MW materials, E' and E” ~ 0
at low frequencies, and increase as frequency increases (see
eqn (S5) and (S6)). However, poly(HEMA) E' and E" are nonzero
at 0.1 Hz. This behavior is more consistent with the GMM,
which has a nonzero E' at low frequencies and a gradual
increase in E' and E” with frequency (details in section S1 and
eqn (514)-(516)).*”°® While this observation could be due to a
bottom effect,'® it is also possible that E' — 0 for frequencies
lower than 0.1 Hz, the lowest frequency measured in this
article. The latter is the most likely case because literature
measurements of poly(HEMA) exhibit similar shapes to the
PT-AFM nDMA measurements for f > 0.001 Hz."””'*®* AM-FM
AFM model tests of pureCol substrates (Fig. 6) demonstrated
that these substrates behave according to the MW or GMM
models. This observation is supported by PT-AFM nDMA
measurements, which show trends in E' and E” characteristic
of the GMM (details in section S1 and eqn (S14)-(516)).5”'°®
Therefore, PT-AFM nDMA measurements and AM-FM AFM
model tests are in agreement about the viscoelastic behavior of
these substrates. Additionally, collagen substrates have pre-
viously been modeled as MW materials, but exhibit rheology
curves consistent with GMM behavior at f> 0.1 Hz,"** agreeing
with the combined AM-FM AFM and PT-AFM nDMA measure-
ments in this study.

Of the pureCol substrates, pureCol crosslinked for
30 minutes exhibited the highest £’ and E” in both AM-FM
AFM (Fig. 4B) and PT-AFM nDMA (Fig. 8). As detailed in
section S12, previous literature reported that increased GA
crosslinking can increase'*>'**'*! or decrease'* both the
storage and loss moduli, depending on measurement preload-
ing conditions.®””'*® PT-AFM nDMA trends agree with those
observed on samples with moduli on the order of 10°~10% Pa
measured in liquid,"** and are therefore not unreasonable. GA
crosslinking modulates viscoelasticity of collagen substrates by
restricting the movement of fibrils within the substrate, rather
than by directly altering the mechanical properties of the
fibrils."”® With less crosslinking, polymer movement is only
partially restricted, and collagen chains have more freedom to
deform, interact with one another, and interact with hydration
layers. In other words, there are more ways to store and dissi-
pate energy in response to deformation in substrates with less
crosslinking. As crosslink density increases, the relatively lower
E' and E" likely arise due to increased restriction of collagen
fibril movement limiting interactions that store and dissipate
energy.

E' of poly(HEMA) substrates was comparable to pureCol
substrates crosslinked for 2 or 24 hours. Poly(HEMA) E” was
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comparable to pureCol substrates crosslinked for 30 minutes.
Therefore, poly(HEMA) exhibited a higher ratio of E"/E’' than
pureCol samples. As shown in Fig. 8C, tan§ of poly(HEMA)
substrates was roughly one order of magnitude higher than
that of pureCol substrates. Alterations in pureCol tané with
frequency varied between the substrates. In samples cross-
linked for 30 minutes, tan § was constant for frequencies less
than 10% Hz, then began to increase. For substrates crosslinked
2 and 24 hours, tané steadily increased with increasing
frequency.

Unlike E' and E”, literature measurements of tan§ with
different GA crosslinking agree and demonstrate that tan é is
1.2-4 fold lower  for substrates  with more
crosslinking.'®*'4°4> pPT-AFM nDMA results showed that
tan§ of pureCol substrates crosslinked for 30 minutes was
roughly three times higher than that of substrates with longer
crosslinking durations at measurement frequencies less than
10 Hz, and are therefore in agreement with the literature.
Additionally, the observation that E’, E”, and tan é were similar
in substrates crosslinked for 2 and 24 hours agrees with litera-
ture measurements that also found more GA crosslinking
decreases the difference between rheology curves,'?>!407142
Therefore, PT-AFM nDMA measurements of crosslinking
effects agree with those expected from the literature (see
Table 1 and section S12 for more details on literature
expectations).

The value of 7,(f) at high frequencies is similar for all sub-
strates. At frequencies less than 10 Hz, 7,(f) is roughly one
order of magnitude shorter for poly(HEMA) and pureCol sub-
strates crosslinked for 30 minutes than for pureCol substrates
crosslinked for 2 or 24 hours. Since the differences between E'
of these two groups are smaller than the differences in E”
(Fig. 8A and B), the longer 7, at low frequencies are the result
of greater changes in energy dissipation relative to energy
storage between the two groups. For most measurement fre-
quencies, 7, is longer in pureCol substrates crosslinked for 2 or
24 than substrates crosslinked for 30 minutes. This trend of
longer relaxation times with more GA crosslinking agrees with
previous literature.®”

At frequencies less than 1 Hz, 7, of pureCol substrates
crosslinked in GA for 2 hours is closest to that of pureCol
substrates crosslinked for 24 hours. Between 1 and 100 Hz, 7,
of pureCol substrates crosslinked for 2 hours transitions to
values similar to those of pureCol crosslinked for 30 minutes.
At frequencies around 300 Hz, all three pureCol
substrates exhibit similar z,. Substrates with 2 hours of GA
crosslinking have an intermediate distribution of 1z,
between the other pureCol substrates, likely because the cross-
linking in this sample is also the intermediate of the pureCol
substrates.

4. Discussion

The results of this study demonstrate that the measured poly
(HEMA) and pureCol substrates are viscoelastic and can be
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modeled with the GMM or MW models (section 3.2.3), that sub-
strate viscoelasticity varies locally at the nanoscale (section 3.2
and 3.3.1), and that substrate viscoelasticity varies between
materials and with different amounts of crosslinking (section
3.4). PT-AFM nDMA measurements agreed with AM-FM AFM
measurements (Fig. 8). Additionally, PT-AFM nDMA measure-
ments agreed with literature controls on measurement curve
shape and changes due to crosslinking (section 3.3.1 and Fig. 8).
Furthermore, the order of magnitude of all tan § measurements
and poly(HEMA) E' and E” measurements agreed with the litera-
ture (section 3.3.1 and Fig. 8). While pureCol E' and E" were
three orders of magnitude higher than macroscale literature con-
trols, comparison of these values to nanoindentation measure-
ments in the literature suggests that this offset is due to scaling
behavior between nanoscale and macroscale measurements, and
is therefore not a failure of PT-AFM nDMA. Together, these
results demonstrate that PT-AFM nDMA can be successfully
employed in liquid environments to quantify nanoscale visco-
elastic behavior in biologically relevant conditions over a broad
and continuous range of frequencies.

This work highlights several factors to consider when per-
forming PT-AFM nDMA in liquid. First, the technique will not
work in liquid on samples with unusual interfacial dynamics or
with surface polymer brushes because such surfaces influence
cantilever motion in a manner that cannot be accounted for by
the reference measurement. While it may be possible to work
around such limitations in the future by selecting a cantilever
that is less sensitive to interfacial interactions, measuring the
sample dry, or using polymer physics models to add correction
factors to PT-AFM nDMA calculations, this investigation is left to
future work. Second, when performing PT-AFM nDMA, each new
cantilever/sample pairing should undergo similar control
measurements to those described in section 3.3 and sections
S7-S11. Specifically, hydrodynamic drag effects should be evalu-
ated by comparing the sample measurement to reference
measurements obtained at different heights from the sample.
The linear viscoelastic regime of the sample should be deter-
mined by obtaining sample measurements at different indenta-
tion depths. An optional control is to test cantilever effects by
performing measurements with different cantilevers. Third,
tan 6 and 7, measurements are robust to contact model because
the geometric features of the tip/sample contact for these pro-
perties cancel for both quantities. Therefore, tan é and 7, are the
most robust PT-AFM nDMA measurement properties (section 2.3
and 8). The measured E' and E” are calculated by applying a
contact model (section 2.3), and effects of tip/sample interaction
geometry must therefore be considered for these properties.

4.1. Contact model effects in PT-AFM nDMA calculations of
E' and E"

Throughout PT-AFM nDMA measurements in this article, the
Hertz contact model was used to calculate £’ and E” from
PT-AFM nDMA’s measured k' and k", even though the tetra-
hedral tip geometry, viscoelastic samples, and deep sample
indentations violate Hertz model assumptions.>'*> Use of the
Hertz model in this article was a deliberate choice in order to
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emphasize and assess the effect of a widely used contact
model®'** on PT-AFM nDMA, even if model assumptions are
violated by the technique.

In spite of the fact that the Hertz contact model was
employed to calculate PT-AFM nDMA E’' and E”, continuous
measurement curves with the expected shape based on macro-
scale rheology measurements were still obtained, meaning
that curve shape is independent of contact model. This result
is expected because many contact models shift £’ and k" by a
constant (the value of which is calculated by the contact
model), and therefore move the curve up or down, but do not
alter curve shape.'®” Therefore, if an incorrect contact model is
used, PT-AFM nDMA can still inform relative comparisons of
E' and E" across locations on a single sample or different
samples, just not the exact magnitude of each quantity. If the
only objective is to compare whether one curve is higher than
another, then this comparison can be made even when an
incorrect contact model is applied. However, more care must
be applied to select the appropriate contact model if E' and E”
order of magnitude is of particular interest to the given study.

It is important to emphasize that tané is independent of
contact model, because the geometric factors in E' and E”
cancel when taking the ratio of the two.®”'®” Similarly,
because the geometric factors of the tip/sample contact cancel
in the calculation of 7, (see section 3.4), time responses of a
sample can be analyzed even if the wrong contact model is
applied. If the best contact model for the given tip/sample
interaction is unknown, calculation of E' and E” can be
avoided, and tan § can still be considered alone. Alternatively,
as in this article, the Hertz model can be employed with mul-
tiple controls for the measured value of E’ and E” to ascertain
whether magnitude shifts, if present, are due to scaling or
contact model effects. Furthermore, the Hertz model is widely
used in AFM.%”>7® If the Hertz model is used in place of a
more accurate contact model, PT-AFM nDMA measurements
can be combined with and compliment measurements
from other techniques such as AM-FM AFM, as described in
section 3.4.

4.2. Possible link between substrate properties and cell
behaviors

The AFM measurements of cell culture substrates in this
article reflected several important features of these substrates.
Investigation of poly(HEMA) substrates demonstrated that less
concentrated poly(HEMA) substrates may not be uniform
films, and that the activities of cells on poly(HEMA) relate to
how much of the underlying glass the cells can sense through
the poly(HEMA). Therefore, to obtain a full picture of what
cells sense on poly(HEMA) substrates, it is likely necessary to
consider the convoluted poly(HEMA)/underlying material pro-
perties. To test this hypothesis in the future, poly(HEMA) films
can be prepared on substrates to which cells do not attach, for
example, agar. If cell attachment to the poly(HEMA), and any
resulting cell activities, are altered compared to poly(HEMA)
on glass, this observation would support the notion that cells

This journal is © The Royal Society of Chemistry 2025
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sense a convolution of the material underlying poly(HEMA) as
well as the poly(HEMA) itself.

Cells probe their substrate at low frequencies.'”® Therefore,
the mechanical properties of substrates at low frequencies are
particularly relevant to what cells sense on the substrate.’”® At
low frequencies, pureCol substrates crosslinked with GA for 2
or 24 hours exhibited longer relaxation times, by roughly one
order of magnitude, than poly(HEMA) substrates and pureCol
substrates crosslinked for 30 minutes. While both energy
storage and dissipation were different between the slow and
fast 7 substrates, alterations to the relaxation times were the
result of greater differences in energy dissipation than differ-
ences in energy storage between the slow and fast substrates.
Since E” = 0 if a substrate has no viscosity,”*'*®'®® these
observations demonstrate that it is essential to measure sub-
strate viscoelasticity, rather than treating substrates as purely
elastic, to obtain a full picture of how a substrate’s properties
affect cell behavior.

The different substrate time responses at low frequencies
(Fig. 8D) have interesting implications for cell behaviors on
the substrates. It is already hypothesized that shorter 7z, pro-
motes ECM deposition and remodeling, as well as differen-
tiation of cells within the substrate, and reduces proliferation
and migration.®® Longer 7, promotes the opposite.®® On col-
lagen substrates, cells proliferate more,"”""”> perform less
ECM remodeling and contraction,'””""’?> and differentiate
less'”! on substrates crosslinked with GA. Cells also exhibit
increased seeding efficiency (meaning more cells attach to the
substrate when they are seeded onto the substrate), and infil-
trate the substrate faster (show increased invasion and
migration) with more GA crosslinking.'”> Therefore, cells on
highly crosslinked collagen substrates exhibit the same beha-
cells on substrates with longer time
responses.’>®"'71172 The pureCol findings in this article show
that substrates with more GA crosslinking exhibit longer time
responses, supporting the hypothesis that longer substrate
time responses promote cell attachment, proliferation, and
migration (invasion and infiltration), and hinder ECM remo-
deling and differentiation.

Poly(HEMA) measurements further support the notion that
substrate time responses relate to cell behaviors. The inability
of cells to attach to poly(HEMA)''? supports the hypothesis
that shorter substrate relaxation times result in decreased cell
attachment. Reduced DNA synthesis,""* reduced cell acti-
vation,"*® reduced cell migration, and reduced cell signaling™*?
by cells on poly(HEMA) coincide with the hypothesized effects
of shortened response times.*' Additionally, it is interesting to
note that poly(HEMA) promoted the formation of multiple
nuclei within malignant melanoma cells.""® In tissues, cells
with multiple nuclei (polykaryons) normally form as the result
of immune, muscle, or placental cell differentiation
processes.'”*'”* Therefore, the formation of polykaryons on
poly(HEMA) could suggest that these cells underwent some
type of differentiation process. If this is the case, this obser-
vation also agrees with shorter time responses promoting cell
differentiation.
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It is interesting to note that poly(HEMA) and pureCol cross-
linked for 30 minutes had similar time responses at low frequen-
cies. In spite of the similar substrate time responses, cells attach
and spread on pureCol,””"'”> but not to poly(HEMA).'*?
Therefore, other properties of the substrate also play an
important role in cell behavior. For example, the hydrophilic
nature of poly(HEMA) plays an important role in preventing cell
attachment.'™® Additionally, it is already known that poly(HEMA)
alters the mechanical properties of cells, likely by altering cytos-
keleton dynamics."*® Together, these observations suggest that
chemical properties, and likely other properties such as electri-
cal, and possibly magnetic properties, of a substrate alter the
effects of substrate time responses by altering cell mechanics,
and thereby the sensitivity of the cells to substrate mechanics.
The different physical properties of a substrate likely combine to
regulate cell mechanics, and thereby cell activities. Regardless,
the results in this article combined with the literature describing
cell behaviors on similar substrates build upon previous
work®>®"  suggesting that shorter substrate time responses
promote ECM remodeling and differentiation and hinder cell
attachment, proliferation, and migration (invasion and infiltra-
tion), while the opposite is true for longer substrate time
responses.

5. Conclusions

In this study, PT-AFM nDMA, a novel AFM technique that
allows nanoscale viscoelasticity characterization over a broad
and continuous frequency range,'®” was applied to samples in
liquid for the first time. The technique successfully and accu-
rately characterized the viscoelasticity of cell culture substrates,
and synergized with AM-FM AFM measurements of the same
substrate. In liquid, it is important to consider hydrodynamic
drag and sample heterogeneity, as detailed in this article (see
sections S7-S11, main text section 3.3, and details from the
initial PT-AFM nDMA publication'®”). Regardless, the measure-
ments in this article demonstrate that, in addition to air,'®”
PT-AFM nDMA can also be performed in liquid environments.
In particular, such capabilities allow greater characterization of
biological samples. Comparing cell behaviors on similar sub-
strates reported in the literature to PT-AFM nDMA measure-
ments of the cell culture substrates in this study supports the
hypothesis that substrates with longer time responses at low
measurement frequencies promote cell attachment, prolifer-
ation, and migration (invasion and infiltration), while shorter
substrate time responses promote ECM remodeling and differ-
entiation. Further testing of this hypothesis, and application of
PT-AFM nDMA to biological samples will enhance understand-
ing of how cell and tissue mechanics dictate cell behavior.
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