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Abstract
It is well known that mechanical stimuli induce cellular responses ranging from morphological reorganization to mineral
secretion, and that mechanical stimulation through modulation of the mechanical properties of cell substrata affects cell function in
vitro and in vivo. However, there are few approaches by which the mechanical compliance of the substrata to which cells adhere and
grow can be determined quantitatively and varied independent of substrata chemical composition. General methods by which
mechanical state can be quantiﬁed and modulated at the cell population level are critical to understanding and engineering materials
that promote and maintain cell phenotype for applications such as vascular tissue constructs. Here, we apply contact mechanics of
nanoindentation to measure the mechanical compliance of weak polyelectrolyte multilayers (PEMs) of nanoscale thickness, and
explore the effects of this tunable compliance for cell substrata applications. We show that the nominal elastic moduli Es of these
substrata depend directly on the pH at which the PEMs are assembled, and can be varied over several orders of magnitude for given
polycation/polyanion pairs. Further, we demonstrate that the attachment and proliferation of human microvascular endothelial
cells (MVECs) can be regulated through independent changes in the compliance and terminal polyion layer of these PEM substrata.
These data indicate that substrate mechanical compliance is a strong determinant of cell fate, and that PEMs of nanoscale thickness
provide a valuable tool to vary the external mechanical environment of cells independently of chemical stimuli.
r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction
The living, eukaryotic cell is an intricate sensor and
actuator, responding dramatically to minute changes in
external mechanical and biochemical environments.
Vascular endothelial cells represent one important cell
type which responds to both ﬂuid ﬂow-induced monotonic shear stress [1,2] and substrate-mediated cyclic
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radial stress [3] through morphological reorganization
and, ultimately, changes in phenotype or function. A
distinct but important approach to the mechanical
modulation of cell function is through manipulation of
the mechanical properties of the underlying substrate, as
is critical in the development of tissue engineering
scaffolds.
The mechanical compliance of cell substrata affects
acquisition of speciﬁc cell functions in vivo and in vitro.
For example, in vivo studies have shown that cardiac
trauma concurrent with signiﬁcant local decreases
in cardiac tissue compliance can cause smooth muscle
cells to secrete bone minerals typically produced by
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osteoblasts [4]. Additionally, in vitro studies have shown
that the motility of and contractile forces generated by
ﬁbroblasts, the chief cellular components of scar tissue,
can be directed by varying the nominal mechanical
compliance of the underlying poly(acrylamide)-based
bulk hydrogel substrata [5]. However, as it is well known
that soluble and substrata-bound biochemicals also
strongly affect cell function, it has been difﬁcult to
decouple the mechanical and chemical cues of cell
response within a single experimental system. This
complexity is due chieﬂy to two factors: (1) There are
few materials which can be assembled to vary mechanical properties over a signiﬁcant range without signiﬁcant modulation of the polymer chemistry, e.g., addition
of chemical crosslinking agents; (2) there exist few
approaches to quantify the mechanical properties of
such materials within aqueous environments that
parallel in vitro conditions. Indeed, our limited capacity
to deconvolute effects of mechanical and biochemical
stimuli on cell phenotype is underscored by the
introduction of combinatorial chemistry approaches
whereby hundreds of distinct biopolymer compositions
are rapidly screened to identify a suitable substrates for
directed stem cell differentiation [6].
In this study, we utilize a unique substrata material
system, weak polyelectrolyte multilayers (PEMs), and
show that the PEM mechanical properties can be
controlled directly through modulation of the component solution pH during PEM assembly. Polyelectrolyte
multilayers are named as such due to the layer-by-layer
(LbL) method of assembly, and are in fact interpenetrating networks rather than mesoscopic/macroscopic
layers. These materials naturally form ionic crosslinks
between polyanions and polycations during PEM
assembly. The degree of ionic crosslinking for a given
polyanion/polycation pair increases as assembly
pH approaches neutrality. Thus, the extent to which
the PEM swells in aqueous environments decreases
as assembly pH approaches neutrality. Nanoscale
poly(acrylic acid)/poly(allyl amine hydrochloride)
PAA/PAH PEM ﬁlms (thickness ho50 nm) have been
reported previously to affect ﬁbroblast and hepatocyte
adhesion as a function of assembly pH and in
proportion to PEM swellability [7–9]. Although the
extent to which PEMs swell would be expected
intuitively to scale with the mechanical compliance of
the polymer, systematic mechanical characterization of
adhered, hydrated PEM ﬁlms of thickness o1 mm has
not been reported and thus cannot be correlated with
mechanical properties of biological cell substrata. Thus,
our objectives herein were to (1) characterize systematically the nominal elastic moduli Es of thin (hp
200 nm) PEM substrata in aqueous environments, and
(2) to correlate Es with the adhesion and proliferation of
human microvascular endothelial cells (MVECs)
through independent variation of Es and PEM surface
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chemistry. The capacity to quantify local deformation of
polymeric ﬁlms in aqueous environments through
adaptations of nanoindentation in scanning probe
microscopes or SPMs [10–12] is a promising approach
to such quantiﬁcation, provided the complexity of
multiaxial contact deformation in viscoelastoplastic
substrata is considered carefully. Although SPM-enabled
nanoindentation has been recently applied to estimate Es
of several hydrated PEM systems of mm-scale ﬁlm
thickness [12–14] and of hydrated PEM microcapsules
of nm-scale wall thickness [15,16], this study quantiﬁes
the nanoindentation-measured Es of hydrated, nm-scale
PEMs in relation to adherent cell response.

2. Materials and methods
2.1. Assembly of weak polymer electrolyte multilayers
Poly(acrylic acid) (PAA, Polysciences), poly(acrylamide)
(PAAm, Polysciences), and poly(allylamine hydrochloride)
(PAH, Sigma-Aldrich), were used to assemble PAA/PAH
and PAA/PAAm polyelectrolyte multilayers (PEMs) as
described previously [7,8,17,18]. Brieﬂy, dilute solutions of
polyelectrolytes (0.01 M) were prepared in deionized water
(Milli-Q, 18 MO/cm), and pH adjusted to 2.0, 4.0, or 6.5 using
HCl or NaOH. A LbL dipping technique was employed to
coat 35 and 60 mm-diameter tissue culture-treated polystyrene
Petri dishes (TCPS, Becton Dickinson, Franklin Lakes, NJ)
with alternating layers of PAA and PAH adjusted to the same
pH, resulting in ionically crosslinked PEMs. PEM samples are
typically described in the literature by the cation/anion pair
and assembly pH for each polyelectrolyte, e.g., PAA/PAH 2.0/
2.0. To be consistent with such notation and further indicate
the identity of polyelectrolyte added last, we denote the
terminal polyion in bold type. Thus, a PAA/PAH PEM
assembled at pH ¼ 2:0 for both polyelectrolytes with a ﬁnal
layer of PAA is designated as PAA/PAH 2.0/2.0. The number
of layers was varied to obtain a uniform dry (unhydrated)
thickness h ¼ 40 nm. For PAA/PAH PEMs assembled at
pH ¼ 2:0, there were 20 layers or 10 bilayers, at pH ¼ 4:0
(16 layers), and at pH ¼ 6:5 100 layers, with one additional
layer thickness for PAH-terminated PEMs [19]. Unmodiﬁed
TCPS and PAA/PAAm PEM (6 layers at pH ¼ 3:0, thermally
covalently crosslinked at 95 1C for 8 h) served as established,
positive and negative controls for cell attachment, respectively
[18]. Hydrated PEM thickness ranged from 60 nm (pH ¼ 6:5)
to 200 nm (pH ¼ 2:0), as conﬁrmed previously through in
situ ellipsometry and atomic force microscopy [8,19].
2.2. Cell culture, attachment and proliferation assays
Human dermal microvascular endothelial cells (MVEC,
Cambrex Bioscience) were maintained at 37 1C under 5% CO2
in vented T75 ﬂasks containing endothelial basal medium
(EBM-2, Clonetics) supplemented by 2% fetal bovine serum as
well as growth factors and antibiotics (EGM-2, Clonetics). The
osmolality and pH of this media (275 mOsm; pH 7.6) is
quantitatively similar to that of 150 mM PBS (276 mOsm; pH
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7.4) used in nanomechanical characterization of the substrata
discussed in Section 2.3 [20]. Cells were passaged every seven
days, with total media exchange every 48 h. Cells used in
experiments were harvested at passages 3–5.
Cell assays were carried out in 35 mm-diameter tissue
culture-treated polystyrene Petri dishes (Becton Dickinson)
coated with either PAA/PAH or PAA/PAH at assembly
pH ¼ 2:0, 4.0, or 6.5 as indicated. Prior to cell seeding, all
surfaces were sterilized with 70% ethanol (EtOH) in a sterile
ﬁeld for 1 h; UV sterilization was avoided to prevent any
photo-crosslinking that might alter the mechanical compliance
of the substrata.
Cells were freshly cleaved from T75 ﬂasks through
trypsinization, and directly seeded in triplicate at a cell density
of 84,000 cells/35 mm-diameter dish. Total media exchange
was conducted every 48 h, and digital images were acquired
daily to monitor attachment and growth within a single
2 mm  2 mm region of each sample. Cells were harvested from
the PEMs at day 7 post-seeding. Each sample group was
cleaved individually to ensure approximately equal duration of
exposure to the trypsin/EDTA cleaving agent. Cells were
stained (1 neutralized cell suspension: 1 trypan blue) prior to
hemacytometric counting to assess total cell number at day 7.
In order to assess the effects of mechanical compliance and
terminal polyion layer on initial cell attachment and subsequent cell proliferation, we determined cell density as a
function of days in culture through inverted optical light
microscopy (OM200, Leica) digital image acquisition and
analysis of the same 6.25 mm2 section of the PEM samples
every 24 h up to day 6.
2.3. Nanoindentation of PAA/PAH multilayers
Nanoindentation of PAA/PAH multilayers assembled in
60 mm-diameter polystyrene Petri dishes was conducted using
a commercially available scanning probe microscope (Molecular Force Probe 3D, Asylum Research, Santa Barbara, CA).
Unsharpened silicon nitride cantilever of nominal spring
constant kc ¼ 0:1 N=mand nominal probe radius of 50 nm
(MHCT-AUHW, Veeco Metrology Group, Sunnyvale, CA)
were used to obtain the continuous force–displacement
response of the PEMs in ﬂuid, and silicon cantilevers of
nominal kc ¼ 0:723:8N=m and probe radius of 50 nm (AC240, Olympus) were used to obtain the response on comparably rigid polystyrene. As the actual spring constant of each
cantilever can vary signiﬁcantly from nominal values reported
by the manufacturer, kc was determined experimentally
for each lever immediately prior to indentation as follows
(see Fig. 1A). First, cantilever free end-deﬂection d was
calibrated as a function of laser-photodiode voltage V through
displacement of the cantilever against a rigid (glass or
polystyrene) substrate, such that there was a 1:1 correspondence between the downward displacement of the piezoactuated cantilever base and the upward displacement of the
probe at the free end of the cantilever. Second, d was recorded
under thermal (room temperature) activation, and the Fourier
transform (FFT) of cantilever amplitude as a function of
oscillation frequency was ﬁtted with the simple harmonic
oscillator equation to determine kc [21]. This thermal power
spectral density method is semi-automated within the instrument used herein. Experimentally determined values of kc were

Fig. 1. Schematic of experimental system. (A) A scanning probe
microscope actuates and records cantilevered probe deﬂection through
a laser photodiode–piezoactuation feedback loop, enabling force–displacement responses to be acquired on the polymer surface in ﬂuid.
The polyelectrolyte multilayer is most accurately represented as an
interpenetrating network (inset). (B) The depth to which the truncated
cone can be considered a sphere can be estimated through geometry.

implemented in subsequent data analysis, and did not exceed
nominal values by more than 200%.
The experimental system was allowed to achieve thermal
equilibration for a minimum of 1 h inside of a customized
acoustic isolation enclosure (Herzan, Inc.) prior to cantilever
calibration and mechanical testing of the PEMs. This
equilibration time was found necessary to minimize thermal
drift of the laser-photodiode feedback response used to
monitor the force–displacement response of the PEMs.
Force–displacement (P2D) responses were recorded in ﬂuid
(ﬁltered 150 mM NaCl phosphate buffered saline; 276 mOsm,
pH ¼ 7:4) at a velocity of 2 mm/s to a maximum cantilever
deﬂection d of o50 nm. This maximum deﬂection, corresponding to a maximum applied force Pp5 nN in the PEMs, was
chosen such that the resulting penetration depth D did
not exceed the displacement over which the mechanical
contact between the probe of nominally 50 nm radius
and the PEM substrate could be idealized as a sphere-onﬂat contact geometry (see Fig. 1B and appendix). Upon
thermal equilibration of the experimental system, P2D
responses were recorded at distinct positions on the substrate
surface, such that each response was generated at a different
location.
2.4. Analysis of nanoindentation response
Mechanical output was analyzed ofﬂine using the scientiﬁc
computing software IGOR (Wavemetrics, Lake Oswego, OR).
Raw experimental data includes cantilever free-end deﬂection
d versus cantilever base displacement d, and requires straightforward conversion to force versus probe penetration depth, or
P2D responses, where
P ¼ kc d,

(1)

D ¼ d  d.

(2)
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For purposes of analysis, we describe the polymer substrata as
a sphere of radius Rs and the cantilevered probe as a sphere of
radius Rp, such that Rs bRp . In this way, we can apply the
Hertzian theory of elastic contact between spheres [22], which
relates the force imposed by the cantilever P to the penetration
depth within the substrate D as,
P ¼ ð43ÞE r Rp1=2 D3=2 ,

(4)

where loading curvature C is qualtitatively and quantitatively
proportional to the elastic modulus of the indented sample Es
(See Fig. 2A). Taking the logarithm of Eq. (4) yields a linear
representation of the form
log10 P ¼ log10 C þ 3=2 log10 D ¼ a þ b log10 D

(5)

from which the reduced modulus Er can be calculated directly
by reference to Eq. (3), as shown in Fig. 2B. The modulus of
the substrata can be computed directly from Er, where
E r ¼ ½E s ð1  u2s Þ1 þ E p ð1  u2p Þ1 ,

(rather than uniaxial) loading and neglects realistic polymer
deformation characteristics including nonlinear elasticity and
viscoelasticity, we use the term Es to represent the nominal
indentation elastic modulus. This representation is related
qualitatively to the Young’s modulus E measured through
uniaxial mechanical testing of bulk, linear elastic samples.

(3)

where Rp is the radius of curvature of the cantilevered probe,
and Er is the reduced elastic indentation modulus comprising
the elastic response of both the substrate and the probe
materials. Experimentally, care was taken to acquire and
analyze data within the range of indentation depth for which
Hertzian analysis is reasonably valid. However, it should be
noted that some loading curves showed a Hertzian elastic
response beyond this estimated value of Dc , reﬂecting the
uncertainty to which Rp is known. Eq. (3) can be represented
generally as,
P ¼ CD3=2 ,
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(6)

where Es, us and Ep, up are the Young’s modulus and Poisson’s
ratio for the substrate material and the cantilevered probe
material (Si3N4), respectively. Poisson’s ratio was not measured experimentally, and was maintained ﬁxed at a value of
0.33 and 0.45 for Si3N4 and the polymer substrata, respectively; E p ¼ 310 GPa. Here, it is equally reasonable to assume
E p ! 1, such that E r ¼ E s , with little effect on the calculated
compliance. Through linear regression of the P2D response
for Do20 nm, data were analyzed for each independent
experiment n according to Eqs. (5)–(6) to determine Es.
Calculated values of Es are reported as averages and standard
deviations, where nX40 for each sample, each a unique spatial
location on the sample surface. As the above approach
measures the elastic modulus of the material under multiaxial

3. Results
3.1. Effect of multilayer assembly pH on mechanical
compliance
Nanoindentation of fully hydrated PAA/PAH and
PAA/PAAm multilayers was conducted to quantify the
mechanical compliance of these PEMs in terms of Es.
Fig. 3 shows that Es varies signiﬁcantly as a function
of assembly pH, but does not vary to a statistically
signiﬁcant extent as a function of the last polyelectrolyte
layer added (PAA or PAH). Es increases by several
orders of magnitude in direct correlation to the increase
of PEM assembly pH, consistent with a model of
increased interchain ionic crosslinking [19,23]. Although
large deviations occur in Es values for PAA/PAH 4.0/
4.0, these are indicative of the effect of thermal
ﬂuctuations during mechanical testing of hydrated
polymers in ﬂuid, and the differences among
PEMs assembled at varying pH are signiﬁcantly greater
than this deviation. Thus, the nominal indentation elastic modulus Es of the hydrated PAA/PAH
system of nm-scale thickness can be modulated signiﬁcantly via the solution pH at which the multilayer is
assembled, and the resulting mechanical compliance of
the PEM is independent of the outermost (PAA or
PAH) layer.
These PEMs are assembled under salt-free conditions
in aqueous solutions, and can then be used in the
hydrated state (with water or buffered salt solutions) or
dried and then rehydrated for later use. Although
mechanical characterization was conducted in PBS and
cell assays were conducted in cell culture media, the
close correspondence of osmolality and pH in these two

Fig. 2. (A) Representative force–displacement P2D responses of PEMs as a function of assembly pH (solid, pH ¼ 6:5; dash, pH ¼ 4:0; dot,
pH ¼ 2:0). (B) Logarithmic representation used to extract indentation modulus Es.
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Fig. 3. Indentation elastic modulus Es as a function of assembly pH of
polyanion and polycation solutions, pH ¼ 6:5, 4.0 and 2.0. The
terminal or top layer of the PEM is indicated as polyanion PAA (solid
black) or polycation PAH (solid gray). Polyacrylamide multilayers
(PAAm, striped) and polystyrene (TCPS, cross-hatched) are shown for
reference, and used as negative and positive controls of cell
attachment, respectively. Standard deviation is indicated for each
sample (n ¼ 15).

Fig. 4. Total number of cells harvested from 60 mm-diameter Petri
dishes at seven days post-seeding, as a function of PEM assembly pH.
The terminal or top layer of the PEM is indicated as polyanion PAA
(solid black) or polycation PAH (solid gray). Polyacrylamide multilayers (PAAm) and polystyrene (TCPS) are negative and positive
controls of cell attachment, respectively. Standard deviation is
indicated for each sample (n ¼ 3).

solutions indicates that PEM compliance will not differ
with respect to solution choice. In separate studies, we
have found no quantitative difference in compliance of
these PEMs in PBS or cell culture media over several
days in solution [24].

total cell number) and TCPS (55% increase in total cell
number); and a 40% decrease with respect to seeded cell
number for PAH-terminal PEMs at assembly pH ¼ 2:0.
Consistent with previous reports [17], PAA/PAAm
multilayers showed zero cells attached at day 7 postseeding and were considered a negative control for
cell–substratum adhesion.
Further, the differences in cell density between the
PAH-terminal and PAA-terminal multilayers are quantitatively repeatable. (These data, acquired in triplicate,
were conﬁrmed through experiments conducted in
duplicate; data not shown.) Although the mechanical
compliance is not strongly affected by the terminal PEM
layer, in general the chemical interface is altered
modestly to exhibit either excess carboxylate (PAA) or
excess amine (PAH) functionality of the terminal layer
at near-neutral pH. That is, PAA-terminal PEMs should
generally exhibit uncompensated negative surface
charges at pH7, whereas PAH-terminal PEMs should
generally exhibit uncompensated positive surface
charges. However, this is an oversimpliﬁcation, as the
amount of uncompensated surface charge is also related
to the assembly pH and polycation pairs in a complex
manner; we refer the reader to Ref. [19] for a detailed
discussion of this point. Therefore, assembly pH of
PAA/PAH PEMs modulates both mechanical compliance and cell density over extended in vitro timescales,
while the terminal polyelectrolyte layer modestly affects

3.2. Effect of substrate compliance and assembly pH on
cell attachment and proliferation
Human microvascular endothelial cells (MVECs)
were cultured over a seven-day period on PAA/PAH
multilayers to elucidate whether attachment and proliferation of MVECs correlated with the observed
differences in mechanical compliance of the substrates.
Cell density (viable cells/mm2 of available substrate) at
day 7 is shown in Fig. 4. A clear correlation between the
cell density and Es can be observed: Cell density at day 7
post-seeding increases as the compliance of the multilayer decreases. Clearly, PEMs assembled at pH ¼ 6:5
were the least compliant PEMs (E s ¼ 153 70 MPa)
and exhibited cell densities consistent with or exceeding
that of tissue culture-treated polystyrene (TCPS),
regardless of the terminal polyion. Relative to the
initially seeded cell population of 84,000 cells/sample,
these data indicate slightly more than a single population doubling for PAH-terminal PEMs at assembly
pH ¼ 6:5; less than one population doubling for PAHterminal PEMs at assembly pH ¼ 4:0 (78% increase in
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initial cell attachment independently of substrata
mechanical compliance.
In order to assess whether the inverse correlation
between substratum compliance and cells harvested via
trypsination at day 7 was attributable to differences in
initial cell attachment, cell proliferation, or both, a
single region of each sample was observed via optical
microscopy over days in culture. Fig. 5 shows MVEC
density (number of cells/mm2 substratum) as a function
of time in vitro for a single 6.25 mm2 area (n ¼ 3 for
each condition) for PAH-terminated PEMs. These data
represent cells that appeared to be well-attached to the
substrate upon agitation, and distinct from rounded or
fully detached cells as assessed via optical microscopy.
This quantiﬁcation of cell adhesion is less rigorous than
trypsinization and counting of an entire sample after a
ﬁxed number of hours in vitro, but enabled observation
of the same speciﬁc region of the sample over extended
time periods. At 1 day post-seeding, MVEC density was
inversely related to PEM compliance, indicating that
initial cell adhesion to the substratum was directly
related to Es. MVEC density decreased for most samples
upon full media exchange at day 2 (via vacuum
aspiration), due presumably to poor adhesion between
the nominally attached cells and substrata (and, to a
lesser extent, normal detachment during cell division) in
this speciﬁc region of the sample. Note that MVEC
density on PAA/PAH 6.5/6.5 did not decrease upon
media exchange, indicating strong cell attachment in the
observed region of the sample. The increase in MVEC
density over days in vitro was not a strong function of
Es. That is, the number of cells observed within the same
speciﬁc area of the substratum over time correlated

Fig. 5. Spatial density of cells attached as a function of days in culture,
as measured through optical image analysis of a speciﬁc area of
6.25 mm2 for each sample. PAA/PAH 2.0/2.0 (black diamond); 4.0/ 4.0
(black square); 6.5/6.5 (black triangle); and tissue culture polystyrene
(gray square). Cells seeded at 84,000 cells/sample or 30 cells/mm2 if
uniform density is assumed.
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closely with that observed upon the ﬁrst full media
exchange via vacuum aspiration, indicating essentially
no proliferation of the cells, at least in the observed
region, regardless of assembly pH. The observed regions
in Fig. 5 represents o1% of the total substratum area in
each sample and thus may not correlate quantitatively
with population doublings demonstrated in Fig. 4.
However, Fig. 5 clearly demonstrates that initial cell
attachment in the observed regions increases as substrata compliance decreases, and is consistent with the
proliferation trends in Fig. 4 for cells harvested at day 7.
Similar trends regarding the number of cells per unit
area over days in vitro were observed for PAAterminated PEMs, which showed greater cell attachment
over the course of the 7-day observation than PAHterminated PEMs for pH42:0.
As noted above, we did not quantify nor control the
extent of amine and carboxylic acid functional groups
on the PEM surfaces as a function of terminal layers and
assembly pH. Thus, these data demonstrate only that
MVEC growth on these PEM substrata depends both
on mechanical compliance and surface chemistry, and
do not clarify how general amine/carboxylic acid
functionality affects cell attachment for a given substratum compliance, as discussed below.

4. Discussion
The direct measurement of mechanical compliance for
hydrated polyelectrolyte multilayers of nanoscale thickness in ﬂuid allows us to correlate qualitative concepts of
macromolecular structure with quantitative mechanical
properties that can be compared, modulated, and
correlated with cell response. For example, it is well
established that the percent swelling of PAA/PAH PEMs
increases as assembly pH departs from neutrality [8], yet it
is difﬁcult to characterize and design materials based upon
percent swelling. However, current models hold that
changes in percent swelling are a consequence of
increasing or decreasing the number of ionic interchain
PEM crosslinks, and it is generally known that modulation of crosslinking is a determinant of substrate
compliant properties. Although the effect of these
different PEM materials on cell attachment has been
demonstrated previously for both ﬁbroblasts [8] and
hepatocytes [9], the approach presented herein facilitates
quantitative comparison of the mechanical environment
to which the cells are subjected, independent of the
biochemical environment and in direct relation to other
potential substratum materials such as TCPS.
4.1. Limits of nanoindentation experiments and analysis
Although few alternatives exist for experimentally
measuring mechanical properties of hydrated polymeric
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substrata of nm-scale thickness, it is important to note
several limitations of this method. These limitations
include idealizations of the mechanical contact problem,
the ﬁnite thickness of the PEM, and the mechanical
behavior of polymers.
Hertzian contact mechanics analysis is typically
invoked to estimate Young’s elastic modulus Es from
the spherical nanoindentation response. Hertzian contact includes several assumptions regarding dimensions
of the indenter and the indented material; the technical
limitations of this analysis in the context of scanning
probe microscope-enabled indentation are summarized
in the appendix. In the present experiments, we applied
this analysis by (1) idealizing the nominally sharp probe
as spherical at its apex, and (2) restricting our analysis to
indentation depths Do20 nm, the depth to which this
spherical approximation would hold and to which the
ﬁnite thickness of the PEM could be reasonably
neglected, as discussed in the appendix. Alternatively,
commercially available spherical beads for which
micron-scale radii are well-known can be attached to
the cantilevered probe, thus reducing the nominal stress
s and strain  for a given P while concurrently reducing
the spatial resolution of the tested area [10,24]. Agreement between (ﬁlm thickness-corrected) Hertzian analysis of cones and spheres result in similar magnitudes of
Es for micron-scale hydrogels [12].
An equally important limitation of Hertzian analysis
in the present context is that hydrated PEMs are likely
best considered as viscoelastic materials over timescales
relevant to cell processes, whereas we have neglected
rate effects in our characterization of PEM mechanical
compliance. We have conﬁrmed that, for a ﬁxed
displacement rate of 2 mm/s and for DoDc , neither the
P2D response nor the calculated Es are functions of
maximum load P. This indicates that these PEMs are
linearly elastic at this loading rate and range of applied
strain, but does not rule out the possibility that they are
viscoelastic. We did not explore the effects of displacement rate (nominal strain rate) on the mechanical
response of these PEMs. However, it is reasonable to
assume that time-dependent deformation does not
signiﬁcantly affect cell attachment and proliferation
processes that occur over a timescale of days.
Despite these constraints, it is instructive and
encouraging to note that the calculated average value
of Es obtained for tissue culture polystyrene, obtained
without curve ﬁtting or selective analysis of speciﬁc data
sets, was 8 GPa, which corresponds reasonably well
with literature values of E that range from 2.3–3.4 GPa
for bulk (mm-scale thickness) polystyrene under uniaxial loading [25]. Further, Pavoor et al. have reported
Es for a similar PEM system (PAA/PAH 7.5/3.5 with
hydrated thickness h ¼ 500 nm), as determined by
instrumented nanoindentation with a sharp diamond
probe [26]. This particular PEM has strongly ion-paired

internal structure, much like the PAA/PAH 6.5/6.5
studied here [19]. Although the technical limitations of
instrumented nanoindentation preclude analysis of
signiﬁcantly thinner, hydrated PEM ﬁlms, these authors
found E s ¼ 70 MPa, in reasonable agreement with our
results for PAA/PAH 6.5/6.5 (E s ¼ 150 MPa).
Further, recently reported experiments that estimate
elastic moduli for a different PEM of nm-scale thickness
(sulfonated poly(styrene) SPS/PAH, h ¼ 20 nm) through
continuum analysis of PEM microcapsule swelling
indicate E ¼ 130170 MPa [16], although AFM indentation
of
hydrated
microcapsules
indicate
E ¼ 1.31.9 GPa [15]. As both SPS and PAH are fully
charged upon assembly of the SPS/PAH multilayer, this
PEM is most similar to the PAA/PAH 6.5/6.5 system
discussed herein. Although the microcapsule experiments differ in that the PEM microcapsule is not
adhered to a rigid substrate and is deformed under
osmotic pressure, these results are also consistent with
our ﬁndings for PAA/PAH 6.5/6.5, and suggests that the
nominal elastic properties of these nanoscale PEMs can
approach those of elastomers.
In addition to the above mechanical characterization
of nm-scale PEMs, others have employed SPM-enabled
nanoindentation to characterize PEMs of mm-scale
thickness. Although variations among PEM thickness,
constituents, and assembly pH complicate direct comparison of results, mm-scale PEMs characterized in this
manner over the same displacement rates appear to
exhibit Es ranging 103 to 107 Pa, or at least two orders
of magnitude more compliant than the nm-scale PAA/
PAH PEMs considered in the present study. For PAH/
azobenzyne-containing
polyelectrolyte
PEMs
(h ¼ 1:1 mm, pH ¼ 5:0 to 10.5) tested in an undeﬁned
aqueous solution, Mermut et al. have reported that Es
ranges 100 kPa to 10 MPa, with Es decreasing with
increasing assembly pH for this polyion pairing (for
pH45:0) [13]. Although Mermut et al. demonstrated a
nonlinear decrease in Es with increasing assembly pH, Es
for this PEM at pH ¼ 6:5 can be interpolated as
4 MPa, whereas we ﬁnd E s 150 MPa for nm-scale
PAA/PAH PEMs assembled at pH ¼ 6:5. For PAH/
hyaluronic acid PEMs of thickness ranging 4 to 14 mm,
Engler et al. have found that E s o1 MPa (ranging 40 to
300 kPa, with and without addition of a chemical
crosslinker, respectively) [14]. In summary, the literature
includes SPM-enabled nanoindentation measurements
of chemically distinct, mm-scale PEMs that are considerably more compliant than the nm-scale weak PEMs
considered here. Although it is plausible that the
molecular conﬁgurations and thus mechanical properties measured at PEM surfaces may be altered over
orders-of-magnitude changes in sample thickness, positive correlation of the current results with alternative
measurements of E in chemically similar PEMs indicates
that the nature of the weak polyions and assembly
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conditions—not the signiﬁcantly decreased sample
thickness—are chieﬂy responsible for the observed
values of Es. Systematic consideration of the effect of
PEM thickness on Es measured in this manner will be
reported elsewhere [24].
4.2. Effects of E s on cell attachment and proliferation
As Es of the PEM system herein can be modulated
from 105 to 108 Pa for a given PEM chemistry, it is
possible to consider the unique effects of substrate
compliance and interfacial chemistry on MVEC attachment and proliferation. Although our results indicate
that the substrata terminal layers modestly affects the
initial attachment and growth of MVECs, explanation
of this intriguing result based on amine/carboxylic acid
surface functionality is not straightforward due to the
nature of the ionic crosslinking in these PEMs.
However, it is clear that mechanical compliance of the
substrata affects initial cell attachment more strongly
than does the ionic character of the terminal layer, in
that no MVECs remained attached to the PEM
substrate over seven days for compliant PAA/PAH
2.0/2.0 (E s 400 kPa) for which Es was lower than that
of PAA/PAH 6.5/6.5 (E s 150 MPa) by several orders of
magnitude. The nominal cell growth on PAA/PAH
2.0/2.0 is consistent with that observed for hepatocytes [9], and reﬂects the coupling between mechanical
and biochemical environments in mammalian cell
development.
Together, Figs. 4 and 5 indicate that MVECs attach
preferentially (and, as a population, proliferate mildly
but more rapidly over 7 days in vitro) on PEMs of
E s 150 MPa as compared to more compliant substrata
(PEMs assembled at pH ¼ 4:0 or 2.0) and less compliant
substrata (TCPS). Thus, our observations are consistent
with the concept that the mechanical compliance of
substrata is at least as important as surface chemistry in
determining whether and how cells will adhere in vitro.
It should be noted that previous reports on other cell
types and among various polyion combinations has
demonstrated clearly that differences in cell attachment
depend much more strongly on the swellability, here
quantiﬁed as mechanical compliance in terms of Es, than
on details of PEM surface chemistry [7,8].

5. Conclusions
We have shown that it is possible to both measure and
modulate the mechanical compliance of hydrated PEM
substrata of nm-scale thickness, and to independently
modulate the chemical functionality at the cell–substrate
interface to regulate cell attachment and growth.
Clearly, the mechanical compliance of the substrata
strongly and independently affects the attachment of
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MVECs in vitro. Such nanoscale substrata are particularly relevant to cell studies for two reasons: The
thickness and optical properties of these PEMs are
amenable to advanced optical imaging approaches
including epi-ﬂuorescence. This optical imaging capability, coupled with the mechanical tunability of such
thin substrata, facilitates quantitative correlation between mechanical environment and cell substructures
critical to cell processes such as focal adhesion complex
formation, cytoskeletal tension against the substrata,
motility and phenotypic differentiation. Thus, quantitative correlation of tunable substrata mechanical compliance with cell response in these optically transparent,
nm-thick materials enables future investigations of
subcellular responses to mechanical cues, as well as of
mechanically directed development of cell phenotypes
for applications including tissue engineering.
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Appendix. Assumptions and technical limitations of
Hertzian contact analysis
Hertzian contact mechanics enables calculation of
Young’s elastic modulus E—a mechanical property
typically deﬁned by uniaxial loading—from the multiaxial loading of a three-dimensional indenter into a
sample of interest. Valid application of this model
assumes several limitations regarding indenter and
sample geometry, as well as the mechanical behavior
of the sample. These limitations deserve particular
consideration in the context of scanning probe microscope-enabled nanoindentation. Although the force and
displacement resolution of the scanning probe microscope (pN and nm, respectively) are well-suited to
mechanical probing of compliant materials such as
synthetic biopolymers, tissues, cells and molecules, this
sensitivity is due the large deﬂections of the compliant
cantilever through which the force is applied. Because
this deﬂection is measured through reﬂection of a
focused laser onto a photodiode in feedback with the
piezoactuated cantilever, the cantilever is inclined up to
151, rather than parallel to the sample surface. Application of the nominally sharp, ﬂexible probe at an angle
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can induce large shear stresses and traction at the
probe–surface interface, effectively sliding the probe into
the surface rather than displacing normal to the surface.
An additional uncertainty arises because the cantilevered
probe is fabricated through mask-based etch lithography
standardized within the microelectronics industry, the
probe radius Rp is on the order of 20–50 nm, but can
vary signiﬁcantly within a single wafer of fabricated
cantilevers. These features of the instrument, inclination
of contact loading and imperfect knowledge of the
contact radius, compromise the application of Hertzian
elastic contact analysis, which assumes normal loading
of a sphere of known radius into a semi-inﬁnite, elastic
material. Application of this model assumes that both
the probe and the substrata are linear elastic (i.e.,
oplastic ) and, strictly, that the substrata is semi-inﬁnite.
Neither condition is strictly true for the present case, as
discussed below. Further, application of this spherical
contact model requires consideration of the critical
penetration depth Dc beyond which the nominally sharp
probe is no longer well-approximated by a sphere. For
the silicon nitride cantilevers used herein, with a nominal
R2 ¼ 50 nm and apex half-angle of 351, this maximum
penetration depth Dmax is 20 nm, as determined from
the geometry in Fig. 1B:
Dmax ¼ Rp ð1  sin yÞ.

(A.1)

To mitigate the effects of these experimental realities, we
determined through Eq. (A.1) that the critical penetration depth over which the probe cone radius could be
considered as a sphere of Rp ¼ 50 nm to Dc ¼ 20 nm for
a cantilever inclination of 01, and thus analyzed P2D
responses within this range. As noted in the text,
spherical probes of mm-scale radii can be and have been
used to mitigate geometric uncertainties and increase the
valid range of indentation depth, with an associated
decrease in both spatial resolution and accuracy in
identifying the point of initial loading of the sample. The
latter uncertainty is due to the fact that long-range
electrostatic forces are greater in magnitude and applied
load P increases more gradually upon approach of a
charged surface such as a PEM with a larger spherical
probe, even in a buffered ﬂuid.
The ﬁnite thickness of the PEMs violates an
additional assumption of Hertzian analysis, namely the
semi-inﬁnite dimensions of the indented material. It is
well-known in the context of inorganic thin ﬁlms that,
beyond a certain ratio of indentation depth D to ﬁlm
thickness h, the mechanical properties of the substrate to
which the ﬁlm is adhered will inﬂuence the indentation
response and thus the calculated Es. Thus, care must be
taken in the application of Hertzian contact mechanics
which assumes the indented solid to be of semi-inﬁnite
thickness. For ﬁlms such as metals for which the size of
the elastoplastic zone of deformation in the ﬁlm can be
predicted analytically for a paraboloid of revolution

such as a cone, D=h ranges from 0.1 to 0.3, depending on
the relative ﬁlm and substrate mechanical properties
[27,28]. Dimitriadis et al. have considered this ﬁlm
thickness effect for spherical indentation of thin polymer
ﬁlms in the context of the experimental approach we
employ herein, and have reported a straightforward
thickness correction that idealizes the polymer as a
linear elastic material [10]. This thickness correction is a
polynomial function of a scaling factor:
w ¼ ðRp DÞ1=2 =h.

(A.2)

and tends toward the classical, small strain Hertzian
solution of Eqs. (5)–(6) for large h. To attempt a relative
bound on ﬁlm thickness h below which this correction is
required for accurate calculation of Es, the authors
assume that the ﬁnite ﬁlm thickness should perturb the
P2D curve by at least a 10% change in P and that a
nominal deﬁnition of strain D=h should be less than
10% to be considered sufﬁciently small to maintain
assumptions of elastic linearity. These limits (summarized by stating that hp12:8Rp requires thicknesscorrected formulations of Eq. (5)) are very useful in
the discussion of this well-reasoned contact mechanics
formulation, but are also arbitrary. That is, this concept
of ﬁnite polymer ﬁlm thickness does not immediately
impose any general analytical limits over which small
ﬁlm thickness h relative to probe radius Rp implies
signiﬁcant deviation from the Hertzian analysis for a
given indentation depth D. Rather, the authors point out
two separate considerations: the valid application of
Hertzian contact requires ﬁrst that the material actually
behaves as a linear, time-independent, elastic solid over
the imposed D (which may/not be true for strains and
force perturbations greater/less than 10%, depending on
the material), and second that the zone of elastic
deformation should be conﬁned to regions far from
the ﬁlm/substrate interface. For our probe geometry
(Rp ¼ 50 nm) and force range (Pmax ¼ 3 nN for PEMs
assembled at pH ¼ 6:5, the least compliant PEM
considered herein), we ﬁnd that we sample a maximum
contact volume of radius a ¼ 7 nm (510% of even the
thinnest PEM ﬁlm) and that the induced maximum axial
strain zz on any PEM was less than 33% for
Dmax ¼ 20 nm. Thus, although ﬁlm thickness is an
important general consideration in the design and
interpretation of contact experiments, we feel that the
current application of a sphere-tipped cone to shallow
indentation depths in these relatively stiff PEM ﬁlms is
reasonably well-modeled by a simple Hertzian approximation of a semi-inﬁnite solid.
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