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ABSTRACT: We quantitatively determined interfacial potentials
between cell-sized particles and stimulus-responsive hydrogels using a
microinterferometer. The hydrogel is based on physically interconnected
ABA triblock copolymer micelles comprising an inner biocompatible
PMPC block and two outer pH-responsive PDPA blocks. The out-of-
plane temporal fluctuation in the position of the cell-sized particles was
calculated from changes in the interference pattern measured by
Reflection Interference Contrast Microscopy (RICM), thus yielding the
particle-substrate interaction potential V (Δh). Measurements in pH
buffers ranging from 7.0 to 7.8 resulted in a systematic reduction in height of the potential minima ⟨Δh⟩ and a concomitant
increase in the potential curvature V″ (Δh). The experimental data were analyzed by applying the modified Ross and Pincus
model for polyelectrolytes, while accounting for gravitation, lubrication and van der Waals interactions. Elastic moduli calculated
from V″ (Δh) were in good agreement with those measured by Atomic Force Microscopy. The ability to fine-tune both the gel
elasticity and the interfacial potential at around physiological pH makes such triblock copolymer hydrogels a promising
biocompatible substrate for dynamic switching of cell−material interactions.

■ INTRODUCTION

During the past decade stimulus-responsive polymers have
been the subject of increasing attention. Since their physical
characteristics can be changed dynamically and some of them
exhibit properties such as biocompatibility and high resistance
to corrosion and biofouling, these polymers are anticipated to
cover a wide range of biomedical applications.1−5 In the past,
several successful approaches for medical therapeutics using
static polymer systems have been reported, including the
development of implants with controlled hydrolytic degrada-
tion profiles based on poly(lactic acid),6,7 surgical stents, or
extended-wear contact lenses.8−10 More recently, dynamically
tunable polymers have been designed that are capable of
responding to artificial triggers and biological signals.11 For
example, thermoresponsive poly(N-isopropylacrylamide)-based
hydrogels have been utilized by Okano and co-workers to
support the formation of two-dimensional cell sheets which are
readily used for transplantation.12,13 DeForest and Anseth
designed click-based hydrogels which enable dynamic orthog-
onal stem cell entrapment and recovery,14 while Zhao et al.
reported on polyaniline-based conductive polymer hydrogels
for use in drug delivery and glucose sensor devices.15

Adaptable hydrogels have recently attracted considerable
interest due to their ability to model the highly dynamic cellular

environment. For example, studies by Discher, Engler and
Vogel provided compelling evidence of how cells sensitively
react to changes in their micromechanical environment.7,16,17

Degeneration of alginate scaffolds in vivo enables enhanced
bone regeneration by transplanted stem cells,18 stiffening of
liver cells was suggested to be a consequence of fibrosis,19 and
various characteristics in cancer cell migration were observed as
a response to matrix density changes during invasion.20 In vitro
models of the extracellular matrix (ECM) based on chemically
cross-linked hydrogels have been shown to play a crucial role in
various cellular processes, including effects on cell morphol-
ogy21−23 and motility of contractile cells24,25 as well as the
differentiation of mesenchymal stem cells.7,16

Most literature studies rely on ex situ control of substrate
stiffness using chemical cross-linkers26−28 and the irreversible
formation or destruction of disulfide bonds formed therein.
However, since cellular sensing processes are highly dynamic,
the cell response toward time-dependent mechanical stresses
requires monitoring.11 For example, we recently reported using
a physically cross-linked biocompatible hydrogel composed of
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interconnected triblock copolymer micelles whose gel elasticity
could be conveniently modulated using subtle changes in pH to
demonstrate reversible switching in mechanosensing by cardiac
myoblast cells (C2C12).29 This triblock copolymer, which is
also the basis of the present study, consists of a central B block
of poly-2-methacryloyloxyethyl phosphorylcholine (PMPC,
mean degree of polymerization, n = 250) and two outer A
blocks composed of poly-2-(diisopropylamino)ethyl methacry-
late (PDPA, n = 50 for each).30 PDPA is a weak polyelectrolyte
(the pKa of protonated PDPA homopolymer is around pH 6.2)
which shows distinct changes in its mean degree of ionization
close to physiological pH, while PMPC confers excellent
biocompatibility. In our previous study, the hydrogel elasticity
was tuned by exchanging cell culture media of various pH over
3 h intervals and a corresponding reversible response of C2C12
cells was observed. On relatively stiff substrates, these cells
adopted a stretched, flattened morphology, but less elongated,
rounded cells, along with a 2-fold reduction in cell adhesion
strength, were obtained on softer hydrogels. Changes in the
mechanical environment quickly triggered discernible changes
in cell morphology (within ∼10 min) and no significant time
lag in the cellular response was observed.
However, to date, the physical properties of this biocompat-

ible triblock copolymer hydrogel have been discussed mostly in
terms of its bulk elastic modulus (Young’s modulus) as
measured by nanoindentation, and its surface properties are
largely uncharacterized. As this is likely to be important for
specific biomedical applications, herein we utilize a noninvasive
technique based on colloidal probes to quantitatively
demonstrate how the interfacial potential between stimulus-
responsive polymer substrates and cell-sized model latex
particles can be adjusted with high precision. As schematically
shown in Figure 1, the PDPA50-PMPC250-PDPA50 triblock

copolymer used in this study forms a soft hydrogel at around
pH 7, while deprotonation of the PDPA blocks results in a
relatively stiff hydrogel at pH 8.31 To assess whether interfacial
interactions with cell-sized objects could be regulated by pH
modulation, we monitor the height fluctuations of a latex
particle above the hydrogel by means of Reflection Interference
Contrast Microscopy (RICM) and analyze the particle-gel
interactions in detail.

■ EXPERIMENTAL SECTION
Materials. Ultrapure water from a water purification system (TKA,

Niederelbert, Germany) was used throughout this study. HEPES
buffer solution containing 10 mM 4-(2-hydroxyethyl)-1-piperazin
ethane sulfuric acid and 150 mM sodium chloride was adjusted in pH
between 7.0 to 8.0 in steps of 0.2 by adding HCl or KOH. Chemicals
for buffers were purchased from Carl Roth (Karlsruhe, Germany) or
Sigma-Aldrich (St. Luois, MO, U.S.A.) and used without further
purification. Latex particles (Macherey-Nagel, Düren, Germany) of 10
μm radius and 1.05 g/cm3 density were preincubated in 1 mg/mL
Bovine Serum Albumin (BSA, Carl Roth) solution for 15 min prior to
addition to the measurement chamber. The BSA layer was necessary to
prevent unspecific interaction of the particle with the substrate.

Synthesis of PDPA50-PMPC250-PDPA50 triblock copolymer was
reported before and is briefly described in the Supporting Information
(SI(1)).31−33

Sample Preparation. For preparation of triblock copolymer
hydrogel substrates, glass slides (24 × 24 mm2, Carl Roth) were
cleaned with a so-called modified RCA protocol.34 As previously
reported,29 PDPA50-PMPC250-PDPA50 was deposited onto a glass
substrate by spin-coating for 60 s at 4000 rpm from a methanolic
solution (50 mg/mL). Each sample was annealed at 80 °C under
nitrogen flow for 1 h, and dried overnight in a vacuum oven at 80 °C.
Thirty min prior to the experiment, samples were immersed in buffer
and particles were added to equilibrate to ambient conditions. This
way the lateral drift of the particles hovering over the hydrogel was
minimized.

RICM. RICM images of particle fluctuations were recorded with an
inverted microscope (Axiovert200, Zeiss, Germany), equipped with an
oil immersion objective (NA 1.25, 63x, PH3). The light source
consisted of a high-pressure metal halide lamp of which the 546 nm
wavelength was selected from the spectrum with a bandpass filter. To
achieve images of high contrast, the Antiflex Technique was applied.
Therefore, 2 polarizers of perpendicular orientation were inserted into
the light path. One was placed in the illumination and one in the
detection light path. In addition, a quarter-wave plate located behind
the front lens of the objective was used. The Illumination Numerical
Aperture (INA) was adjusted with the aperture diaphragm and
minimized to its smallest value of 0.48 to record many interference
orders.35 Images were detected with a CCD camera (Orca-1ER,
Hamamatsu Photonics, Hamamatsu, Japan). 1000 consecutive images
were recorded at an exposure time of 30 ms.

Figure 1. Schematic view of the experiment. A polystyrene latex
particle is fluctuating at a distance Δh above the triblock polymer
hydrogel. The magnified sketch illustrates the structure of PDPA50-
PMPC250-PDPA50 hydrogel at different buffer pH. Note the drawing is
not to scale.

Figure 2. Optimal settings for recording the height fluctuations of a
latex particle: (A) Effect of the Illumination Numerical Aperture
(INA) on the fringe pattern of the particle. At high INA = 0.8 (left)
the fringe pattern is hardly visible, for intermediate INA = 0.56 the
contrast improves (middle) and for INA = 0.48 (right), the highest
number of fringes are discernible. Scale bar 8 μm. (B) Signal-to-noise
ratio (SNR) versus camera exposure time. The SNR exhibits
reasonable high values within the interval 20−200 ms. The dashed
line indicates the chosen exposure time of 30 ms.
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Data Analysis. Movies of particles fluctuating above the hydrogel
were corrected for remaining lateral drift using cross-correlation
analysis. Interference pattern of the particle were analyzed as described
before.36 Briefly, the theoretical intensity-height relation, I (Δh), for
reflection at 3 interfaces (glass-hydrogel, hydrogel-buffer, buffer-
particle) was calculated with the refractive indices nglass = 1.525,
nhydrogel = 1.470,37,38 nbuffer = 1.335, nparticle = 1.55,39 the measured INA
= nbuffer* sin(α) = 0.48,36 and the hydrogel thickness h0 (pH8) = 3 μm
or h0 (pH7) = 4 μm40 with linearly interpolated intermediate values.
Subsequently, this curve was fitted with the RICM theory of finite
aperture:35,41

αΔ = − Δ −I h S D
y

y
kn h2 ( )

sin( )
cos{2 ( [1 sin ( /2)])}buffer

2

S and D are the sum and difference of the maximal and minimal
intensity, and Δh is the instantaneous height of the particle, i.e., the
minimum particle-hydrogel separation at each time point. y = 2kΔh
sin2(α/2) describes the damping of the intensity-height relation due to
finite aperture, where k = 2πnbuffer/λ is the wavevector for λ = 546 nm.
Particle fluctuations near the hydrogel surface, defined as Δh ≡ 0, were
derived converting intensities into Δh via the first branch of the cosine
function at the hydrogel-buffer interface. Repeated experiments on a
single sphere resulted in an accuracy of height determination of ±4 nm
(see examples in SI(2)). All analyses were performed using self-written
routines in Matlab (R2008b) and IgorPro (6.3).
Theoretical Background. The vertical Brownian motion of a

colloidal particle in a potential V (Δh) is described by the Langevin
equation:
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Here, m is the mass of the particle, Δh the instantaneous particle-
surface distance, γ the friction coefficient, and ξ is the stochastic force
of the thermal environment. The Langevin eq 1 cannot be solved
analytically; however, some distinct properties of the system allow for
the following approximations:

1. The particle motion is overdamped, since viscous forces
dominate the particle-buffer system and the Reynolds number
of the system is low: Re = 2R((∂Δh)/(∂t)) (ρ/η) ≈ 8 × 10−10

≪ 1. Here, ρ is the particle density, η the buffer viscosity, and R
the particle radius (as validated by phase contrast microscopy
images to be 10.0 ± 1.4 μm). Therefore, the inertia term in (1)
can be neglected.

2. Height fluctuations δh = Δh − ⟨Δh⟩ ≈ 30 nm are small enough
to approximate the interaction potential V (Δh) harmonically
around the equilibrium height ⟨Δh⟩:42
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These approximations enable one to solve the simplified Langevin
equation γ ((∂Δh)/(∂t)) + V″δh = ξ analytically. Within the
framework of the equipartition and fluctuation−dissipation theorem,
the autocorrelation function of height fluctuations (hACF) read (see
SI(4) for an explicit calculation):

δ τ δ τ γ⟨ ⟩ ≈
″

″ ≈
″
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and kB and T have normal meanings. At thermal equilibrium, the
ensemble of particle fluctuations follows a Boltzmann probability
distribution, P (Δh), which reflects the sphere-substrate interspace
dependence of the interaction potential, V (Δh):43

Δ = − Δ +V h
k T

P h
( )

ln( ( )) const
B (3)

Thus, in the harmonic limit, the elastic constant of the potential, V″,
is easily determined from the probability function of the particle height
P (Δh) or the hACF.

Interaction Potential. In the following, we identify the major
forces of V (Δh) to obtain a theoretical model describing the
experimental situation:

I. Polyelectrolyte induced forces. The microstructure of the
hydrogel comprises a 3D network of interconnected “flower” micelles,
where the physical entanglement of PDPA chains is modulated by the
degree of ionizations under pH titration (see Figure 1).13,17 Since
there is no theoretical description available yet for such conformation,
the repulsive interaction induced by polyelectrolytes is best
approximated by the classical Pincus model or the Ross-Pincus
model for charged brushes.44,45 In case of the classical theory the
standard Pincus model assumes44

• a uniform monomer concentration c throughout the layer;
• a configuration governed by local charge neutrality at the

expense of the mixing entropy of counterions, i.e., the repulsive
particle-gel interaction is a result of the entropic cost and local
charges arising upon compression of the layer;

• the system resides below the Manning condensation threshold,
where counterions are essentially free and thus considered as
ideal gas of concentration Nc.

Using this approach, the disjoining pressure is given by an osmotic
pressure p = kBTNc*, where the monomer density in the presence of
salt, c* = ν c2, is rescaled due to the smaller amount of counterions
around the polyelectrolyte. The scaling factor ν ≈ 4πbκ−2 is the
effective excluded volume per monomer, with the modified Debye
screening length, κ−1 = 1/(4πb (c + 2ns))

1/2, the Bjerrum length, b =
(e2/(4kBTπε0ε)) = 0.72 nm, and the salt concentration, ns. Taking the
monomer surface density, Γ together with the above expressions, the
interaction potential of the polyelectrolyte layer Vpol (Δh) and its
second derivative V″pol (Δh) are obtained by integration of p/kBT over
the interacting particle-hydrogel surface (Pincus model, PinM):

π
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h0 is the equilibrium hydrogel layer thickness and h0 + Δh denotes the
interspace between glass substrate and particle. The second model by
Ross and Pincus takes into account the high salt concentration regime,
where the electrostatic excluded volume is reduced due to the
decreasing number of counterions. In this case integration of p/kBT
over the interacting surface (Ross and Pincus model, RoPinM)45 yields

π
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Note that in contrast to simple interfaces where counterions
generate an exponential screening law, the disjoining pressure in
polyelectrolytes decays only with an algebraic power law of the
electrolyte concentration.

II. Other physical forces. Molecules are polarized into dipoles
wherefore van der Waals (vdW) forces need to be considered. The
surfaces of both, hydrogel and latex particle, are charged such that
electrostatic forces should play a role as well. However, due to the
physiological buffer solution of high ionic strength (150 mM NaCl)
both of these interactions are screened to a large extent: For
electrostatic forces, the remaining length scale of the interaction is
given by the Debye screening length, which amounts to κ−1 ≈ 1 nm for
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the present experimental setup. Hence, this interaction can be
neglected. In the case of vdW forces, we follow the traditional
description by Israelachvili, considering an interaction between three
parallel dielectric interfaces (glass/hydrogel/buffer/latex) immersed in
a polar medium. The size of the particle justifies an approximation as
nearly planar interfaces,46 and in this configuration, the vdW-
interaction reads:

π
Δ = −

Δ +
−

Δ

⎡
⎣⎢

⎤
⎦⎥V h

A R
h h h

( )
12

1
( )

1
vdW

H

0 (6)

The Hamaker constant AH for dielectrics immersed in aqueous
solution is on the order of 1−4 kBT. As described by Mahanty and
Ninham,47 AH is frequency dependent, but for interactions across an
electrolyte, screening effects drastically reduce the zero-frequency part
and the Hamaker constant becomes AH (ν) = 2κΔh × exp(−2κΔh) ×
AH (ν = 0) + AH (ν > 0). Knowing the dielectric permittivites and
refractive indicies of the different layers, we calculated AH (ν = 0) ∼ 0
and A (ν > 0) = 8 × 10−21 J.46

Another repulsive interaction arises from the hydrodynamic
pressure in the interstitial fluid between the fluctuating particle and
the hydrogel.48,49 It generates a frictional (lubrication) force, which
was described by Zhang et al.49 for colliding particles:

πηνΔ = − Δ × Δ − Δ − × ΔV h
R

l
h h h l h( )

2
[( ln( ) ) ln(6 ) ]lub

2

0
0

(7)

Here, the settling velocity ν of the particle approaching the wall, ν ≈
1((μm)/s), is easily calculated from the balance of drag forces and
buoyant forces acting on the particle. l0 is the mean free path of water
molecules, being 42 nm for 1 atm.
The last relevant contribution to the particle-substrate interaction

arises from gravitation, whose potential is given by Vgrav (Δh) = ((4π)/
3) Δρ gR3⟨Δh⟩. (8) The density difference is Δρ = ρlatex − ρbuffer =
0.05(g/(cm3)) and g = 9.81 m/s2 is the gravitational acceleration.
In total, the particle−substrate interaction potential consists of a

direct superposition of two attractive and two repulsive contributions:

Δ = Δ + Δ + Δ + ΔV h V h V h V h V h( ) ( ) ( ) ( ) ( )pol grav vdW lub (9)

AFM Studies. The surface elasticity of the triblock copolymer
hydrogel films was determined from force−indentation curves using an
AFM50 (NanoWizard, JPK instruments, Berlin, Germany). The
commercial silicon-nitride cantilever had a spring constant of 15
mN/m and was equipped with a half-pyramidal tip (Veeco
Instruments, Mannheim, Germany). Prior to hydrogel indentation
experiments, the cantilever spring constant was calibrated measuring
the thermally induced motion of the unloaded cantilever. The
frequency of the tip approach/retract cycle was set to 1 Hz. One
hour before starting the measurement, substrates were immersed in
HEPES buffer at specific pH. During the measurement 10 positions
distributed over the sample were recorded.
Young’s moduli, E, of the hydrogel were determined fitting the

force−indentation curves using Sneddon’s modification of the Hertz
model:51 F = ((2tan(β))/π)(E/(1 − μ2))δ2, where F is the load, δ the
indentation depth, μ the Poisson ratio, and β a semivertical angle of
the indenter. In this study, μ and β were assumed to be 0.5° and 35°,
respectively. Fitting of force−indentation data yielded the elastic
modulus E.

■ RESULTS AND DISCUSSION
Figure 3A shows typical results of the particle fluctuation
distribution on hydrogel substrates at different pH. To provide
a fair impression of typical data, three different results are
shown per condition (for higher number of data sets images
were too crowded). The negative logarithm of height
distributions, −ln(P(Δh)), which is proportional to the
interaction potential V(Δh) (see eq 3), exhibits a parabolic
shape, which justifies the imposed harmonic approximation of

V(Δh) according to Derjaguin.42 With increasing pH, the
parabola is stretched and its minimum shifted toward smaller
heights. The parabolic curvature, V″, can be interpreted as the
sharpness of the potential confinement, like a “spring constant”,
which reflects the elasticity of the underlying material. Since the
increase in pH leads to the decrease in intermicellar repulsions
(Figure 1), our experimental finding reflects the compaction of
the hydrogel at elevated pH. Table 1 gives an overview of the
average parameter values obtained from the parabolic fits to at
least 15 particles per condition. This summary shows that the
average height decreases and V″ increases from 10−22 to 10−21

J/nm2 with increasing pH.
The hACF of fluctuations (Figure 3B) exhibits a single

exponential decay and was fitted with eq 2. According to the
increase in pH from 7.0 to 7.8, the mean square fluctuation
amplitude, ⟨δh2(0)⟩, and relaxation time, τc, decreased by a
factor of ∼4 and ∼2, respectively.
The decrease in mean square fluctuation amplitude ⟨δh2(0)⟩

indicates the damping of vertical Brownian motion, which is
also reflected by the increase in V″. However, the relaxation
time τc is a direct measure of the dissipative hydrodynamic
force, which can be used to calculate ηeff by eq 2 together with
the Reynolds formula for the friction coefficient:52 γ = 6πηeff
(R2/⟨Δh⟩t). It was found that ηeff decreases with increasing pH,
which could be understood because ηeff exceeds the viscosity of
the bulk solution (η = 1 mPas; see Table 1) due to changes in
the degree of hydration.

Modulation of Interfacial Interaction Potentials by
Polymer-Induced Forces. To test the validity of polyelec-
trolyte description −ln(P(Δh)) data were fitted with V(Δh),
where polyelectrolyte forces were represented either by PinM
eq 4) or RoPinM (eq 5. Since the parameters R, T, AH, h0, ns,
ρlatex, b, and ν are either known or experimentally measurable, a
fit with PinM and RoPinM yields the monomer surface density,

Figure 3. (A) Typical examples of the height distribution function
−ln(P(Δh)) at different pH. The negative logarithm yields a parabolic
distribution, which reflects the particle−substrate interaction potential
V(Δh) eq 3. From the parabolic fit, V″ and ⟨Δh⟩ are extracted. With
higher pH, parabola are stretched and shifted toward lower heights.
(B) Representative plots of the temporal hACF of fluctuations (color
code as in (A)). The initial decay is fitted with a single exponential
decay (eq 2 red line).
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Γ. For RoPinM, the effective micellar size was taken as the
square monomer length a = 68 nm, as measured by DLS.31

Figure 4A shows the fits of experimentally determined
V″(Δh) with PinM (gray dashed lines) and RoPinM (red solid

line). Here, the RoPinM yields reasonable agreement with data
(Table 2) and slightly better χ2 values close to 1. In fact, fitting
of RoPinM yields Γ ≈ 0.4 × 1015 1/m2 at pH 8, which agrees
well with the surface density of micelles 0.2 × 1015 1/m2,
calculated from the effective micellar size determined by DLS at
pH 8 (a = 68 nm).31,53 With an average of Γ = 0.8 × 1015 1/m2

from fitting individual −ln(P(Δh)) curves (Figure 3A) as well

as the overall V″ versus ⟨Δh⟩ (Figure 4B) the RoPinM yields a
more coherent description of the hydrogel behavior compared
to the PinM.

Modulation of Polymer Elasticity. The above micro-
scopic approach describes the interaction potential V(Δh) by a
superposition of nonspecific intermolecular forces and does not
take any deformation of the hydrogel layer or particle into
account. In a macroscopic approach, the elastic deformation of
two objects under an external force is given by the so-called
Hertz model.51 The particle creates a deformation of the
polymer film of depth Δh due to the gravitational force Fgrav. If
one assumes the Poisson ratio of gels to be μ = 0.5 and that the
bulk elastic modulus of a latex particle Eparticle (typically on the
order of magnitude of 1 GPa) is much higher than that of gels
Egel (order of magnitude of some tens of kPa), Fgrav can be
related to Δh:54,55

Δ = −
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟h

F

E
R

9
16

grav

gel

2/3

1/3

(7)

Integrating the indentation force over the depth Δh yields
the deformation energy V (Δh)elastic = (32/45)E√R × Δh5/2.
The elastic restoring force of the polymer film can harmonically
be approximated for small indentation forces, exactly as in the
microscopic approach: V (Δh)elastic = (V″/2)Δh2. Since
restoring and indentation energies balance each other, the
spring constant of the harmonic potential V″(Δh) can be
related to Egel.

= ″ × Δ ≈ × ″
E V R h

V
R

45
64

0.55gel

3/2

(8)

For example, V″ ≈ 10−22 J/nm2 calculated from RICM
results could be converted to Egel ≈ 10 kPa. Figure 5A
illustrates typical force−indentation curves measured with AFM
using conical tips (radius r ≈ 30 nm) . As presented in Figure
5B and Table 3, Egel values calculated from the height
fluctuation of cell-sized particles agrees well with those obtained
from AFM nanoindentation measurements using sharp tips.
It should be noted that Egel values determined by the height

fluctuation analysis are lower than those obtained with AFM.
This tendency is more pronounced at higher pH, suggesting an
overestimation of fluctuation amplitudes on stiff gels, where the
shot noise of the camera may afflict the relative height values
stronger. Despite of slight deviations, the obtained results
demonstrated that the reversible changes in bulk elastic
modulus by pH modulation result in distinct changes of
interfacial potentials between cells and hydrogel substrates. The
stiffness values obtained also cover a wide range of elasticities
found in the human body (e.g., brain: 0.1−1 kPa, skeletal
muscle: 8−17 kPa and precalcified bone: 25−40 kPa), which
underlines the suitability of such hydrogels for biomedical
applications.

Table 1. Overview of System Parameters and Their Value

pH 7.0 7.2 7.4 7.6 7.8

⟨Δh⟩t [nm] 35 24 17 19 4
V″ × 10−22[J/nm2] 4 ± 2 5 ± 2 8 ± 3 8 ± 2 11 ± 3
τc [s] 0.4 ± 0.2 0.4 ± 0.3 0.3 ± 0.2 0.3 ± 0.2 0.2 ± 0.1
ηeff [mPas] 2.9 2.7 1.8 1.7 0.2
PinM: Γ × 1015 [1/m2] 17 ± 6 15 ± 5 14 ± 3 14 ± 4 5 ± 3
RoPinM: Γ × 1015 [1/m2] 1.2 ± 0.5 0.9 ± 0.4 0.8 ± 0.3 0.9 ± 0.3 0.4 ± 0.2

Figure 4. (A) −ln(P(h)) at pH 7 (yellow), 7.2 (green), 7.4 (cyan), 7.6
(blue), and 7.8 (black). According to the increase in pH, ⟨Δh⟩ shifts
toward smaller values. Models of the interaction potential, consisting
of a gravitational and a polyelectrolyte induced potential, are fitted to
the parabolic shape. Fitting results corresponding to PinM (gray
dashed line) and RoPinM (red line) were presented for comparison.
(B) Plot of V″ versus ⟨Δh⟩ of the particle above the substrate. Lines
represent the calculated polyelectrolyte repulsion with parameter
values obtained from the fits in (A), where a = 68 nm, Γ = 0.8 × 1015

1/m2, ns = 0.08 1/nm3, and b = 0.72 nm.

Table 2. Reduced χ2-Value Calculated for −ln(P(Δh)) Fitted
with V(Δh) ≡ yfit for RoPinM or PinMa

pH 7.0 7.2 7.4 7.6 7.8

RoPinM: χ2 0.7 1.1 1.9 1.9 1.1
PinM: χ2 1.4 0.9 2.7 2.1 1.7

aχ2-values are averages over all data sets per condition.
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■ CONCLUSIONS
As a simple model of generic interactions between cells and
hydrogels, we investigated the net interaction between cell-
sized latex particles and a pH-responsive PDPA50-PMPC250-
PDPA50 triblock copolymer hydrogel. The temporal fluctuation
in height (i.e., vertical Brownian motion normal to the gel
surface) of the latex particle was recorded using RICM, yielding
the overall interfacial potential within a harmonic approx-
imation. The systematic increase in V″(Δh) on varying the gel
pH from 7 to 8 was related to the bulk elastic modulus.
The average position of the latex particle at equilibrium is

governed by the balance between gravitation, lubrication, van
der Waals interaction, and polyelectrolyte-induced forces. The
global shape of the reduced interfacial potentials, −ln P(Δh), as
well as their second derivatives, V″(Δh), are well represented
by the polymer forces described by Pincus and Ross. Moreover,
the surface density of monomer repeat units, Γ, estimated from
the model is in excellent agreement with the value calculated
from the micelle dimensions using DLS. Moreover, the bulk
elastic modulus Egel calculated from the second derivative of the
surface potential V″(Δh) was in reasonable agreement with the
corresponding values obtained from AFM nanoindentation.
These findings suggest that pH modulation does not only alter
the bulk elastic modulus, but also the interfacial properties
between cell-sized objects and hydrogels. An interesting
extension of this study addressses the response of a mammalian
cell with respect to changes in the interaction potential of the
substrate. In order to investigate the cell adhesion area on such
hydrogel substrates, an advanced confocal RICM needs to be

used, which overcomes the poor contrast of the connventional
setup.56 Moreover, as the modest pH modulation experienced
by the hydrogel does not adversely affect cell viability,29 such
adjustable biocompatible interfaces suggest the possibility to
further modify the microenvironment of biological cells via
external stimuli.
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