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ABSTRACT: Adhesion control in liquid−liquid−solid sys-
tems represents a challenge for applications ranging from self-
cleaning to biocompatibility of engineered materials. By using
responsive polymer chemistry and molecular self-assembly,
adhesion at solid/liquid interfaces can be achieved and
modulated by external stimuli. Here, we utilize thermosensitive
polymeric materials based on random copolymers of di-
(ethylene glycol) methyl ether methacrylate (x = MEO2MA)
and oligo(ethylene glycol) methyl ether methacrylate (y =
OEGMA), that is, P(MEO2MAx-co-OEGMAy), to investigate the role of hydrophobicity on the phenomenon of adhesion. The
copolymer ratio (x/y) dictates macromolecular changes enabling control of the hydrophilic-to-lipophilic balance (HBL) of the
polymer brushes through external triggers such as ionic strength and temperature. We discuss the HBL of the thermobrushes in
terms of the surface energy of the substrate by measuring the contact angle at water−decane−P(MEO2MAx-co-OEGMAy) brush
contact line as a function of polymer composition and temperature. Solid supported polyelectrolyte layers grafted with
P(MEO2MAx-co-OEGMAy) display a transition in the wettability that is related to the lower critical solution temperature of the
polymer brushes. Using experimental observation of the hydrophilic to hydrophobic transition by the contact angle, we extract
the underlying energetics associated with liquid−liquid−solid adhesion as a function of the copolymer ratio. The change in
cellular attachment on P(MEO2MAx-co-OEGMAy) substrates of variable (x/y) composition demonstrates the subtle role of
compositional tuning on the ability to control liquid−liquid−solid adhesion in biological applications.

KEYWORDS: water/decane contact angle, thermoresponsive substrates, di(ethylene glycol) methyl ether methacrylate,
oligo(ethylene glycol) methyl ether methacrylate, hydrophilic-to-lipophilic balance, programmable adhesion

1. INTRODUCTION

Surface wetting phenomena are ubiquitous and play an
important role in several industrial processes as well as in
daily life.1 Wetting solutions have been proposed to solve
technological problems such as oil recovery,2 water collec-
tion,3,4 and art conservation5 and have helped to engineer
biocompatible coatings,6,7 self-cleaning systems,8,9 and micro-
fluidic devices.10−12 In each circumstance, wetting phenomena
are governed by the interplay of micro/nano structures and
interfacial interactions acting along very small distances.
Understanding the physical principles that rule wetting
phenomena is therefore of crucial importance not only in
understanding how and why a surface has been modified but
also to design programmable systems. To this end, one of the
major challenges is to engineer dynamic surfaces that change
wetting and adhesion properties in real-time and enact such
changes in response to external stimuli. Design and develop-
ment of such structures require deep knowledge of both
topology of the solid surface and the chemical properties of the
fluid and solid phases. Recently, through the combination of

substrate coating with stimuli-responsive materials and tailored
surface patterning, reversible hydrophilic-to-hydrophobic
switches have been realized.13−15 Environmentally responsive
polymers undergo sharp, reversible phase transitions in water as
a result of a small change in pH, temperature, or ionic
strength.16 When grafted to a surface this results in a change in
surface wettability.17

One of the most important aspects in biotechnological
applications is the modification of surfaces to control cell
behavior.18,19 Removal of unwanted biofilms or biofouling
requires interruption of the association between the cells and
substrata and therefore also requires a better understanding of
the substratum properties that are important in the
maintainance of a biofilm. Release of mammalian cell sheets
from tissue culture substrates is another example where
substrate properties dictate the attachment/detachment
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phenomena and influence cell behavior.20,21 Hydrophobicity
appears to play a role in maintaining cellular attachment in both
cases. The ability of the temperature-responsive polymer
poly(N-isopropylacrylamide) (PNIPAM) to reversibly attach
and release both bacteria and mammalian cells has been
demonstrated.17,22 Above the lower critical solution temper-
ature (LCST) of PNIPAM, cells attach to the relatively
hydrophobic substrate and are released upon a temperature
switch to below the LCST. This hydrophobic-to-hydrophilic
phase transition has been shown to be reversible and is capable
of maintaining cell−cell interactions during the release process.
While PNIPAM substrates have shown promise in cell sheet
engineering applications, concerns exist regarding toxicity of
the monomer and decreased cell viability.23 Different cell types
have also shown differential responses to culture on PNIPAM.
Hydrophobic copolymers of PNIPAM have been proposed to
broaden their utiliy,24 but it was found that the time required
for cell detachment from these more hydrophobic copolymers
led to slower release of cell sheets, thus deteriorating cellular
metabolic functions at lower temperatures.25 Using small
percentages of N-tert-butylacrylamide (NTBAM) to increase
surface hydrophobicity has been shown to enhance cell
adhesion. However, this is attributed to the extra methyl
group present in the NTBAM monomer compared to the
PNIPAM monomer.26 The effects of surface functional groups
on cellular interactions and biocompatibility have been
investigated, and it has been shown that hydroxyl groups
(found on tissue culture polystyrene, TCP, for example)
promote cellular adhesion and spreading compared to methyl
groups.27,28 Futhermore, methyl groups were found to increase
the trafficking and adhesion of inflammatory cells in vivo, an
undesirable side effect of biomaterial implantation.29 Taken
together, alternatives to PNIPAM have been explored, such as
the 2-(2-methoxyethoxy)ethyl methacrylate (MEO2MA)-based
copolymers, for their structural similarity to poly(ethylene
glycol), which is widely used in medical applications for its
biocompatbility and nontoxicity. MEO2MA copolymers also
provide a hydroxyl side-chain functional group for chemical
modifications, and the transition temperature can also be
precisely tuned.30

The adhesive properties of PNIPAM, poly-N-[(2,2-dimethyl-
1,3-dioxolane)methyl]acrylamide (PDMDOMA),31 and poly-
ethylene glycol-based32−35 thermoresponsive polymer surfaces
suitable to control cell adhesion36 have been investigated using
force measurements.32 For all investigated polymers, adhesion
was found to increase sharply above LCST and with increasing
hydrophobicity of the atomic force microscopy (AFM) probe.37

The effect of grafting density on adhesion forces was also
investigated previously.31,38 For instance, Kessel et al. (2010)
studied the interaction forces between a native and a protein-
coated probe and the thermoresponsive copolymer P-
(MEO2MA90-co-OEGMA10) coated on gold surfaces using
colloidal probe AFM.32 Measurements were carried out in
aqueous media (distilled water, phosphate-buffered saline
(PBS) buffer, and cell culture media) at temperatures between
T = 20 and 40 °C; a sharp transition in adhesion was observed
in all cases below and above the LCST of the copolymer, which
was T = 32 °C. The properties of the polymer-coated surfaces
could be switched repeatedly without a loss of adhesive
performance. Time-dependent measurements provided an
insight into the kinetics of the switching process, showing
that the maximum adhesion force was reached after 20 min
upon heating and minimum adhesion approximately after 20

min after cooling. More recently, Synytska et al. (2010)
compared the switchable adhesive performance of thermores-
ponsive polymer brushes with different architectures based on
PNIPAM, poly(oligo(ethylene glycol) methyl ether methacry-
late-co-2-(2-methoxyethoxy)ethyl methacrylate), P(OEGMA12-
MEO2MA88), and poly(oligo(ethylene glycol) methyl ether
methacrylate-co-oligo(propylene glycol) methacrylate), and
P(OEGMA25-co-OPGMA75) having an LCST ≈ 33 °C.33,39

The adhesion measurements on flat and rough silicon
substrates were performed in distilled water as a function of
temperature, 24 < T, °C < 40. It was concluded that the
observed adhesion behavior depends on both the chemical
structure of the brush and the surface geometry/roughness.33,39

All brushes were found to be completely nonadhesive below the
LCST, with strong attractive interactions observed on these
systems at higher temperatures.
Understanding how and why this programmable adhesion

process occurs requires systematic investigation over a range of
water−oil−solid contact angles. Both surface morphology and
chemistry are known to be key parameters in the control of
wetting phenomena.13,40−42 Although some authors have
demonstrated the ability to manipulate the release behavior
of a water droplet upon directional movement,13,41 the effects
of surface chemistry and nanoscale morphology on adhesion
phenomena have only recently been explored.43,44 One likely
reason is that it is difficult to control both morphology and
chemistry simultaneously to study the effects of adhesion to
soft matter. Here, we explore a thermoresponsive polymeric
system that undergoes a hydrophilic-to-hydrophobic phase
transition at the LCST of the polymer.
In this work, we design thermoresponsive substrates based

on random copolymers of 2-(2-methoxyethoxy)ethyl meth-
acrylate (x = MEO2MA) and oligo(ethylene glycol) meth-
acrylate (y = OEGMA), P(MEO2MAx-co-OEGMAy), to
investigate the role of hydrophobicity on surface adhesion.
These copolymers display LCST, which can be precisely
adjusted by varying the comonomer composition34 and directly
dictates the contact angle and thus the adhesion properties. In
particular, when grafted to nanoparticles (NPs), changes in
ionic strength or temperature cause macromolecular conforma-
tional changes, leading to colloidal aggregation.45−47 More
recently, we studied the effect of surface hydrophobicity on NP
equilibrium adsorption isotherms and compared fluid phase
partitioning with cellular uptake. We observed an increase in
cellular uptake for increasing (x/y) ratio suggesting that surface
chemistry plays a key role in intercellular transport processes.48

Previously, we showed that P(MEO2MA94-co-OEGMA6)
substrates with an LCST of 34 °C supported mammalian cell
attachment and spreading, with an observed time lag compared
to gold-standard substrates UpCell (PNIPAM) and tissue
culture polystyrene.49 Here, we investigate using compositional
effects to tune adhesion. P(MEO2MAx-co-OEGMAy) substrates
with LCSTs ranging between 28 and 37 °C are used to
systematically study the effects of surface wettability via contact
angle measurements on adhesion phenomena, independent of
changes in surface chemistry or morphology. Initial attachment
of fibroblast cells are used as an example to demonstrate that
controlling the surface energetics by varying the (x/y) ratio in
P(MEO2MAx-co-OEGMAy) copolymers can have important
implications in their success as programmable adhesive
thermoresponsive surfaces.
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2. EXPERIMENTAL SECTION
2.1. Materials. Polyethylenimine (PEI, Mw = 70 000), polystyr-

enesulfonate (PSS, Mw = 70 000), poly(diallyldimethylammonium
chloride) solution (PDADMAC), di(ethylene glycol) methyl ether
methacrylate (MEO2MA, Mn = 188), and oligo(ethylene glycol)
methyl ether methacrylate (OEGMA, Mn = 475), were purchased from
Aldrich and used without further purification. The macroinitiator
MA01 was synthesized as described in a previous publication.36 Prior
to use, all the surfaces were cleaned by immersion in a solution of
potassium permanganate in 100 mL of concentrated sulfuric acid for at
least 1 h. Caution! Sulfuric acid and permanganate solutions are
dangerous and should be used with extreme care. Never store these solutions
in closed containers. The chemical structures of all the polymers used in
this study are reported in Scheme S1 of the Supporting Information.
Purification of Decane. Decane was purchased from Aldrich and

used after proper purification as described in ref 50. Briefly, 300 mL of
decane were placed in a 500 mL separatory funnel with 30 mL of
concentrated sulfuric acid, then the solution was vigorously shaken,
and decane was decanted. The separation procedure was repeated
three times; the solution was washed with Milli-Q water, then shaken
twice with 30 mL of 2% NaOH solution, and washed again with Milli-
Q water. After decane collection, the solution was dried over
anhydrous Na2SO4 for 6 h. The solution was then transferred to a
round-bottomed flask and distilled (under reflux) at 178 °C to remove
residual water. Caution! Handle hot glassware carefully. Distilled decane
was finally dried over activated Al2O3 in an Erlenmeyer flask for several
hours. The aluminum oxide was then removed by filtration. The last
step was repeated until the interfacial tension was close to the nominal
decane/water interfacial tension (γ ≈ 52 mN/m at room temper-
ature).51

Fabrication of P(MEO2MA-co-OEGMA) Coated Substrates. The
thermoresponsive brushes P(MEO2MAx-co-OEGMAy) were grown on
layer-by-layer (LbL) structures according to the method described by
Wischerhoff et al.52 Briefly, multilayer structures were assembled on
glass slides consisting of an alternating polyelectrolyte multilayer
system with a nonlinear growth regime, a single macroinitiator layer,
and the polymer brush grafted on the macroinitiator layer via surface-
initiated atom transfer radical polymerization (SI-ATRP). The layer
sequence was PEI/PSS/(PDADMAC/PSS)4/PDADMAC/MA01/P-
(MEO2MAx-co-OEGMAy). The polymers forming the multilayer
structure were deposited from acidic solutions (pH = 1) containing
1.0 mg/mL of polymer and 0.5 M NaCl. The final multilayers were
dried with a blower at 50 °C and then handled at ambient conditions.
When not in use the samples were stored in a closed environment with
desiccant at constant relative humidity of 40%.
A schematic of the brush architecture is reported in Scheme 1. The

molar ratio of MEO2MA to OEGMA was varied from (x/y) = 92:8 to
100:0 (mol/mol), and the time for SI-ATRP was 60 min. Layer
thickness was measured by ellipsometry (described in detail in
Wischerhoff et al.52); the thickness of PEI/PSS/(PDADMAC/PSS)4/
PDADMAC was δ = 62 ± 2 nm, the macroinitiator MA01 was δ =
12.5 ± 1 nm thick, and the grafted polymer brushes had thickness in
the range of 50 < δ, nm < 60. Copolymer surface coverage has been
estimated by ellipsometry, Γbrush ≈ 53 mg m−2 (Γbrush ≈ 4.0 × 10−7

mol m−2).53 The grafted brushes exhibited tunable LCST both in

water and in PBS. PNIPAM thermoresponsive substrates were used as
purchased from Thermo Scientific: Nunc 6-well multidishes with
UpCell Surface.

2.2. Methods.Water in Decane Contact Angle Experiments. The
wetting behavior of the thermoresponsive brushes was investigated by
measuring the water in decane contact angle θ with a profile analysis
tensiometer (PAT1, Sinterface, Germany) as a function of temperature
in a sessile drop configuration. The temperatures were in the range of
20 < T, °C < 45, and they were controlled with a Haake thermostat
with sensitivity to 0.1 °C.

Contact angle values were determined from the shape of the
axisymmetric menisci using the axisymmetric drop shape analysis
(ADSA) technique. Assuming that the experimental drop is Laplacian
and axisymmetric, ADSA finds the theoretical profile that best matches
the drop profile extracted from the image of a real drop, from which
the surface tension, contact angle, drop volume, and surface area can
be computed. The strategy employed is to fit the shape of an
experimental drop to a theoretical drop profile according to the
Laplace equation of capillarity, using the interfacial tension as an
adjustable parameter. The best fit identifies the correct interfacial
tension from which the contact angle can be determined by a
numerical integration of the Laplace equation. Details of the
methodology and experimental setup can be found in the works of
Neumann et al.54−56

The experimental setup is reported in Scheme 1. The samples were
placed on top of Teflon bars immersed in a quartz cuvette filled with
purified decane. Typically, a water droplet (V = 20 μL) was formed at
the tip of a needle and brought into contact with the surface. The
needle was retracted from the droplet, and static contact angle was
measured. For each temperature, contact angles were taken versus
time until stability was reached (not more than 0.2° variation in 10
min). Contact angle equilibrium typically took from 1 to 3 h
depending on the prior temperature jump. The equilibrium contact
angle was taken as the average of the last 20 values obtained in the
stable region. The relative precision and repeatability of the
measurements in a given set of measurements is on the order of
0.3°. The reported values are the average ± standard error of at least
three different replicates.

Ellipsometry. Layer thicknesses were determined on dry samples by
null ellipsometry on a Multiscope (Optrel GbR, Kleinmachnow,
Germany) with an angle of incidence of 70°. Film thicknesses were
calculated, using a four-layer model (software Elli version 5.2, Optrel
GbR) with the following parameters: layer one, air (n = 1.0000, k = 0);
layer two, organic layer (n = 1.5000, k = 0); layer three, SiO2 (d = 1.0
nm, n = 1.4580, k = 0); and layer four, silicon (n = 3.8858, k =
−0.0200). On each sample, the measurements were performed on
three randomly chosen spots; the reported thickness values represent
averages derived from these measurements.

Atomic Force Microscopy. AFM experiments were carried out
using a Park System XE-100 microscope (PSIA inc., Korea) controlled
by the software XEP version 1.7. Typical contact mode AFM images
were acquired at room temperature in air employing a silicon NSC36C
tip (curvature radius less than 10 nm) with a force constant f = 0.6 N/
m and frequency of 75 kHz. Both topography and lateral force
channels were acquired. The scan rate was set to 0.8 Hz, and the Servo
Gain was set to 1.2. All AFM pictures shown are height images unless

Scheme 1. Measurement of the Water Contact Angle in Decane and Schematic of P(MEO2MAx-co-OEGMAy) Brushes Grafted
on LbL Structure.
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noted otherwise. All of the images shown are raw data processed only
by flattening. Surface roughness (Ra), roughness factor (rs), and height
profiles of the samples were measured using WSxM software version
5.0 Develop 4.57

The average roughness was calculated as the arithmetic average of
the height profiles, hi.
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(eq 1)

The roughness factor is defined as the ratio between the area of the
actual surface (measured area) to that of a smooth surface having the
same geometric shape and dimensions (geometric area).58

=r
actual surface

geometric surfaces
(eq 2)

All the values here reported are the average of at least three different
regions with comparable scan size and resolution.
Cell Culture and Imaging. Mouse fibroblast cells (L-929; ATCC

CCL-1) were subcultured in Dulbecco's Modified Eagle's medium
(Lonza) containing 10% fetal bovine serum (Hyclone, Thermo
Scientific), 1% L-glutamine (Lonza), and 1% penicillin/streptomycin
(Lonza) at 37 °C and 5% CO2. Media was exchanged at 48 h intervals.
To seed cells onto P(MEO2MA-co-OEGMA) substrates, all samples
were incubated in culture medium for 2 h, and cells were plated at a
density of 25 000 cells/cm2. All samples were imaged after 1 and 6 h of
culture using a Nikon TS100 inverted microscope with 20×
magnification.
Quantitative Cell Analysis. Phase contrast images (n = 6) were

analyzed using NIS Elements Software (Nikon; Basic Research,
Version 3.10). All cells with observable protrusions off of the cell body
(“attached” cells) and those cells without protrusions (“not attached”)
were counted manually. Percent cell attachment was calculated as the

ratio of attached cells over total cells. The area and perimeter of each
cell was also obtained using NIS Elements, and the circularity of
individual cells was calculated using c = 4π·area/perimeter2. Results are
presented as averages ± standard deviation. Statistical analysis was
performed in MINITAB 16 using one-way ANOVA with a posthoc
Tukey’s Test and 95% confidence interval.

3. RESULTS

3.1. Water−Decane−Solid Contact Angle for P-
(MEO2MAx-co-OEGMAy) Brushes. The wettability of P-
(MEO2MAx-co-OEGMAy) brushes with 100:0 < (x/y) < 92:8
for 20 < T, °C < 45 was studied by measuring water−decane−
solid contact angle θ using profile analysis tensiometry, as
described in the Methods Section. Figure 1A shows the
variation of contact angle as a function of time for
P(MEO2MA) (x/y = 100:0) brushes at selected temperatures.
The contact angle shows a decrease as a function of time. For

y = 0, that is, P(MEO2MA), the time to reach a stable contact
angle value θeq increases with cooling: from 30 min for T = 40
°C to more than 2 h for T = 22 °C, suggesting temperature-
dependent kinetics for the observed process. Although at high
temperatures the decrease of contact angle is negligible and the
kinetics are relatively fast, at T = 22 °C we observe as much as
5% decrease in contact angle. Representative data for other
copolymer (x/y) compositions are reported in Figure S1 of the
Supporting Information. To describe the evolution of the water
contact angle, the measured θ(t) was compared to the simplest
realistic macromolecular relaxation model. The Kelvin−Voigt
model for viscoelastic materials, that is, a spring and damper in

Figure 1. Temperature tunable wettability of P(MEO2MA) brushes. (A) Water in decane contact angle θ against time: T = 22 (◇), 24 (▽), 29 (△),
34 (□), and 40 (○) °C. The solid lines are fitted to a single exponential function (eq 3). (inset) Characteristic relaxation time τ as a function of
temperature and composition: P(MEO2MA) (●), P(MEO2MA97-co-OEGMA3) (■), P(MEO2MA94-co-OEGMA6) (▲), P(MEO2MA92-co-
OEGMA8) (▼). (B) Contact angle values at equilibrium θeq as a function of temperature (○). The dashed line is a guide for the eyes.

Figure 2. (A) Equilibrium contact angle values for the thermoresponsive brushes as a function of temperature: P(MEO2MA) (○), P(MEO2MA97-co-
OEGMA3) (□), P(MEO2MA94-co-OEGMA6) (△), P(MEO2MA92-co-OEGMA8) (▽), and PNIPAM (◇). The dashed lines represent the linear
interpolation to the data. (B) First derivative of the equilibrium contact angle with T for the P(MEO2MAx-co-OEGMAy) brushes.
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series,59 describes the surface relaxation dynamics by a single
exponential function.

θ θ
θ θ

τ
−

−
= − −

t
t

( )
(1 exp( / ))0

eq 0 (eq 3)

where θ0 is the contact angle value at time t ≈ 0 s, and τ is the
material-dependent time constant. As shown in Figure 1A, the
experimental data satisfactorily fit the selected function.
Interestingly, the relaxation time constant is nearly independent
of both temperature and composition, τ ≈ 1900 s, see the inset
of Figure 1A, which is expected for ideal macromolecules of the
same molecular weight. This time constant is quantitatively

similar to the observation of Kessel et al. (2010), t = 20 min, for
the time-dependent adhesion study on P(MEO2MA90-co-
OEGMA10)-coated surfaces.32

The behavior of the equilibrium contact angle θeq for (x/y) =
100:0 is reported in Figure 1B for each temperature examined.
A decrease of contact angle is observed upon cooling; that is,
hydrophilicity increases while decreasing temperature. Because
the contact angles for the polyelectrolyte prelayer interface
(PEI/PSS/(PDADMAC/PSS)4/PDADMAC) and for the bare
supports do not change for these temperatures within
experimental error (data not shown), it is evident that these
variations result from the change in the interfacial properties of
the P(MEO2MA) layer.

Figure 3. (A) Schematic of the hydrophilic to hydrophobic transition. (B) Critical temperature TC as a function of the OEGMA/MEO2MA molar
ratio (●). Data are obtained from the maxima of dθeq/dT vs T profiles shown in Figure 2B. The dashed line is the linear relationship between LCST
and OEGMA units in solution according to Lutz et al.:60 LCST = 28° + 1.04·OEGMA(%).

Figure 4. Atomic force microscopy and water-in-decane contact angle at TC, θC for (a) P(MEO2MA), (b) P(MEO2MA94-co-OEGMA6), and (c)
UpCell PNIPAM brushes. AFM scan size: 10 μm × 10 μm. Below the AFM profile, both the average surface roughness Ra and the roughness ratio rs
are indicated. Volume of the water drop V = 20 μL.
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Similar considerations may be drawn for the other three
systems; the wetting behavior of P(MEO2MAx-co-OEGMAy)
brushes with different (x/y) copolymer ratios are shown in
Figure 2A against temperature. The thermoresponsive wetting
behavior of UpCell substrates was also measured and shown for
reference.
We always observed an increase in contact angle with

temperature increase; that is, hydrophobicity increases upon
heating. Ethylene oxide (EO) methacrylate-based polymers
show a higher response to temperature with respect to the
UpCell surface; for P(MEO2MAx-co-OEGMAy)-coated sub-
strates the maximum change of contact angle is Δθeq ≈ 15°,
while in the case of UpCell brushes Δθeq ≈ 6°. We also found
the P(MEO2MA) brush is the most hydrophobic polymer: for
almost all the temperatures examined, θeq is ∼10° higher than
the other samples. Interestingly, except for 100% MEO2MA,
decreasing the MEO2MA/OEGMA ratio results in only a slight
variation in contact angle, suggesting that the ethylene glycol
(hydrophilic) units are much more exposed to the solid/water
interface with respect to the methacrylate (hydrophobic)
backbone.
Further details on the switchable wettability of P(MEO2MAx-

co-OEGMAy) brushes are shown in Figure 2B where the first
derivative of the equilibrium contact angle dθeq/dT against
temperature is reported for different copolymer ratios. The
maxima in the dθeq/dT versus T profiles shift to higher
temperatures with increasing OEGMA content, indicating a
composition-dependent switching behavior.
The contact angle data for the P(MEO2MAx-co-OEGMAy)

brushes show no sharp change at any point. We therefore
hypothesize that with increasing temperature, the polymer
undergoes a cooperative conformational transition between a
hydrophilic (swollen brush) to a hydrophobic (collapsed coil)
state (see Figure 3A), as suggested also by Zhulina et al.61 and
observed by other authors.62

The phase transition temperature of the brushes TC was
detected from the maxima in the dθeq/dT versus T profiles
shown in Figure 2B. We found TC increases almost linearly with
the OEGMA/MEO2MA ratio, in accordance with the LCST
measured by Lutz et al. for P(MEO2MAx-co-OEGMAy) in
aqueous suspensions60see Figure 3B.
3.2. Atomic Force Microscopy Study for P(MEO2MAx-

co-OEGMAy) Brushes. Surface roughness and morphology for
P(MEO2MAx-co-OEGMAy) brushes were analyzed by AFM
experiments. Height images of P(MEO2MA), P(MEO2MA94-
co-OEGMA6), and UpCell PNIPAM substrates are compared
in Figure 4.
The P(MEO2MAx-co-OEGMAy)@SiO2 substrates show

densely packed surfaces with similar roughness (Ra ≈ 10nm)
and thickness (δ ≈ 30−50nm); PNIPAM surface (UpCell)
appears less structured with an average thickness, δ ≈ 15nm.
For nonideal surfaces, such as polymer-coated substrates, the
morphology affects the wettability of a surface. In this case, the
apparent contact angle θ* can be described by the Wenzel
equation63

θ θ∗ = rcos cos is (eq 4)

where rs is the roughness factor defined by equation (eq 2) and
θi is the true contact angle of the polymer brush. From the
AFM analysis we obtain an average roughness factor rs = 1.02;
hence, the measured contact angles for the P(MEO2MAx-co-
OEGMAy) brushes can be considered ideal under the

experimental error. In this latter case, despite similarities in
the morphology of the substrates, we show measurable
differences in their hydrophilic-to-lipophilic balance (HBL).
At the critical temperature TC of the polymer brushes we
observe a variation of 3° in contact angle, corresponding to a
surface energy variation, ΔG/A ≈ 0.5 mJ/m2 × OEGMA (%).

3.3. Cell Spreading on P(MEO2MAx-co-OEGMAy)
Brushes. Because of the observed differences in the HBL for
the P(MEO2MAx-co-OEGMAy) brushes, attachment of fibro-
blast cells was utilized as a tool to demonstrate the effect of
contact angle variation on substrates with different surface
composition on cell adhesion. Scheme 2 shows the method-
ology of cell attachment and detachment as a function of
temperature on the thermoresponsive brushes.

Initial cell attachment and cell morphology was assessed after
1 h using phase contrast microscopy for cells cultured on
P(MEO2MAx-co-OEGMAy) brushes at 37 °C. Figure 5 shows
that initial cell attachment on P(MEO2MA-co-OEGMA)
brushes decreases with increasing OEGMA content (Figure
5A−D). Observed cell attachment was robust on UpCell
substrates, which are used as the thermoresponsive “gold
standard” in current cell culture applications (Figure 5E).
The progression of cell spreading on the various substrates is

compared after 6 h in Figure 6. Cell attachment was quantified
manually using observable cell protrusions (Figure 6A). Cell
attachment was significantly greater on UpCell PNIPAM
substrates than on P(MEO2MA-co-OEGMA) brushes. Surfaces
with greater amounts of OEGMA (6 and 8%) supported the
lowest degree of cell attachment. Importantly, although there is
a lag in initial cell attachment rates across substrates, all surfaces
supported cell proliferation, as there was no statistical difference
in cell number after 48 h of culture (data not shown). Figure 6B
quantifies cell circularity, which is indicative of cell spreading:
the lower the circularity metric, the more spread (less circular)
are the cells. There is no difference in the cell spreading, or
morphology, between PNIPAM and P(MEO2MA). There is an
observed increase in circularity as OEGMA% increases.

4. DISCUSSION
The overall analysis of the data shows the polymer surface
chemistry plays a dominant role in the wetting behavior of
thermoresponsive substrates and systematically influences cell
adhesion under physiological conditions. In particular, compar-

Scheme 2. Cell Attachment (top) and Thermorelease
(bottom) on P(MEO2MAx-co-OEGMAy) Brushes Grafted on
LbL Structurea

aCells adhere to thermobrushes at 37°C above the LCST and detach
after 20 min at 23°C below the LCST. Scale bar is 50 μm.
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ison of contact angle data and AFM measurements suggests
cellular adhesion and/or uptake depends on the specific HBL
balance of the polymer brush rather than the nature of the
support or the surface morphology.
The wetting kinetics is only marginally affected by the

copolymer composition or temperature. In all cases we
observed an exponential decrease of contact angle with time
increase. The amount of this decrease may depend on several
factors such as macromolecular conformational changes, water
adsorption to, spreading on, or diffusion through the polymer
chains. Our experimental data and observations do not exclude
any of these phenomena, so it is difficult to draw thoughtful
conclusions on the wetting kinetics; this is beyond the scope of
our intentions in the manuscript.
Despite uncertainties in the nature of the overall wetting

kinetics, we found the relaxation time to be nearly independent
of both temperature and composition, with τ ≈ 30 min. This
value is in good agreement with the hydrophobic-to-hydrophilic
adhesion switching time observed by Kessel et al. (2010) for
P(MEO2MAx-co-OEGMAy)-coated on gold surfaces by using
colloidal probe AFM (t ≈ 20 min).32 Thus we hypothesize
time-dependent conformational changes are present at the
macromolecular surface.
We show the hydrophilic-to-hydrophobic transition can be

controlled by varying both the temperature of the fluid phase
and the copolymer (x/y) ratio. Independent of the
composition, we observe an average decrease in contact angle

Δθ ≈ 13° upon cooling from T = 37 °C to room temperature T
= 22 °C. However, the inflection point in the θeq versus T
profiles shifts to higher temperatures as the ethyleneglycol
fraction (y = OEGMA) in the copolymer chains increases. A
compositional variation of air−water contact angle for
P(MEO2MAx-co-OEGMAy) brushes was previously observed
by Jonas et al. (2007) using a captive bubble configuration.35 In
this case, the LCST was determined from the fitting of the θ(T)
data using an empirical second-order polynomial equation.
However, more recent studies on the surface wettability of
P(MEO2MAx-co-OEGMAy)-coated substrates showed contro-
versial results. For example, Dey et al. (2011) noticed a
thermoresponsive behavior for the air−water contact angle of
P(MEO2MA90-co-OEGMA10) coated on glass substrates (from
θ = 50° at T = 20 °C to θ = 64° at T = 37 °C),64 while Uhlig et
al. (2012) did not observe such changes using the same
copolymer system, θ ≈ 55°.53 We ascribe the disagreement to
the measurement configuration used (water contact angle in
air) and/or difference in the preparation protocol.
To quantify the effect of composition on the wetting

behavior of the thermoresponsive brushes we applied the
Cassie−Baxter equation to the experimentally measured
contact angle values. Cassie’s law describes the effective contact
angle θc for a liquid on a composite surface.65 Assuming the
P(MEO2MAx-co-OEGMAy)-coated surface as a two-compo-
nent system, the effective contact angle can be described as

Figure 5. Initial L929 fibroblast attachment on thermoresponsive brushes after 1 h. (A) P(MEO2MA), (B) P(MEO2MA97-co-OEGMA3), (C)
P(MEO2MA94-co-OEGMA6), (D) P(MEO2MA92-co-OEGMA8), and (E) UpCell PNIPAM substrates. Inset scale bar is 10 μm. Scale bar is 50 μm.

Figure 6. Average fibroblast attachment (A) and circularity (B) on P(MEO2MAx-co-OEGMAy) and UpCell PNIPAM substrates after 6 h. * indicates
P < 0.05; experimental data bars that share significance are grouped together; otherwise, data are significant at P < 0.05.

Table 1. OEGMA Areal Fraction f y and Solid−Decane Interfacial Energy γbrD for P(MEO2MAx-co-OEGMAy)-Coated Substrates
at T = 22 °C, T = LCST, and T = 37 °C

f y γbr
D, mJ/m2

composition (x/y) T = 22 °C T = LCST T = 37 °C T = 22 °C T = LCST T = 37 °C

100:0 17.5 14.0 10.4
97:3 0.72 ± 0.24 0.56 ± 0.06 0.35 ± 0.11 19.7 15.4 13.0
94:6 0.68 ± 0.19 0.47 ± 0.02 0.38 ± 0.09 19.9 14.6 13.2
92:8 0.52 ± 0.12 0.41 ± 0.07 0.41 ± 0.07 18.7 13.7 13.7
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θ θ θ= +f fcos( ) cos( ) cos( )x x y yc (eq 5)

where θx is the contact angle for MEO2MA with areal fraction
f x, and θy is the contact angle for OEGMA with areal fraction f y
= (1 − f x) present at the solid/water interface. This assumption
is based on previous findings where it was demonstrated that
although P(MEO2MA-co-OEGMA) and other oligoethylene-
glycol-based copolymers are random, side OEG units are
flexible enough to undergo phase separation.33,66 Here, the
OEGMA areal fraction, f y, was calculated by solving eq 5 for all
(x/y) copolymer ratios and 22 <T, °C < 40, keeping constant
the OEGMA contact angle value, θy, and using the experimental
contact angle values for both composites and the P-
(MEO2MA)-coated substrate. The contact angle of P-
(OEGMA) (x/y = 0:100) can be considered constant since
the investigated temperatures are much below the LCST of the
polymer, T ≪ LCST = 90 °C.60 From the fitting of the data we
found a value of θy = 80.6° as the confined OEGMA contact
angle; the calculated OEGMA areal fractions are shown in
Table 1 for different temperatures and copolymer composi-
tions. Our analysis evidence that f y is only slightly affected, that
is, less than the experimental error, by the nominal (x/y) molar
ratio, signifying that in a narrow range of copolymer
compositions (3 <y, % < 8) the P(MEO2MAx-co-OEGMAy)-
coated substrates exhibits similar hydrophilicity.
Independent of the composition, the areal fraction of

OEGMA, and hence the hydrophilicity, increases from f y =
0.4 to f y = 0.7 upon cooling. Because the (x/y) molar ratio does
not change with a temperature variation, this finding suggests
that the cooling process leads to a macromolecular conforma-
tional change, which increases the number of ethylene glycol
(hydrophilic) units exposed to the solid/water interface. More
information is reported in Figure S2 of the Supporting
Information, where the plot of f y versus T is shown for all
the compositions.
Further details on the temperature-dependent wettability of

P(MEO2MAx-co-OEGMAy) brushes can be obtained from the
analysis of their surface energy with respect to decane. The
brush/decane interfacial energy γSD is defined by Young’s
equation67 as

γ γ γ θ= + cosbr
D

br
W

WD eq (eq 6)

where γbr
W and γWD refer to the brush/water and water/decane

interfacial tension, respectively. If γbr
D < γbr

W + γWD a droplet of
finite size contact angle minimizes the free energy of the
system, and the water will spread over the substrate. On the
other hand, if γbr

D = γbr
W + γWD the contact angle is zero; the

system will be in equilibrium when water completely wets the
interface.
Here, the brush/decane interfacial energy γbr

D was calculated
according to the method proposed by Li and Neumann:68

θ
γ
γ

= − + β γ γ− −ecos 1 2eq
br
D

WD

( )WD br
D 2

(eq 7)

where β = 0.000 1247 (m/mN)2 was determined from an
averaging process on different surfaces.69 For measured values
of θeq and γWD the value of γbr

D can be calculated by an iterative
method from eq 7. Results from the iteration process are
reported in Table 1 for all the examined (x/y) molar ratios and
different temperatures. Independent of the composition the
surface energy increases more than 30% upon cooling from T =
37 to 22 °C, reflecting the same trend with temperature as the

OEGMA areal fraction. Below and above the critical temper-
ature of the copolymer, the surface energy for P(MEO2MA)-
coated substrates is ∼3 mJ/m2 lower than the other
compositions, while at T = LCST the brush/decane surface
energy is nearly unaffected by the composition, γbr

D = 14.4 ± 0.4
mJ/m2.
Although several studies have reported on the effects of

hydrophobicity or wettability on cell attachment,53,64,70 direct
comparisons are difficult to make due to differences in the
thermoresponsive surface preparation (variable grafting density,
morphology, etc.) and the surface characterization techniques
(method of contact angle and AFM measurements). Here, we
compare side by side the effects of (x/y) ratio on the surface
energy of P(MEO2MAx-co-OEGMAy) brushes. The results
demonstrate that surface energy can be incrementally modified
by increasing the percentage of OEGMA monomers in the
thermoresponsive copolymer, which has a direct effect on the
biological process of cell attachment or, more generally,
biological adhesion. Under culture conditions at 37 °C, the
brush/decane interfacial energy γSD is much lower for (x/y) =
100:0 (10.4 mJ/m2) than the copolymers containing 3−8%
OEGMA (γbr

D = 13.0−13.7 mJ/m2), and the copolymers show
an incremental increase in interfacial energy as OEGMA
content increases. Initial cell attachment is greatest on the
P(MEO2MA) surface with the lowest interfacial energy (i.e.,
γbr
D). As this energy increases, initial cell attachment decreases
(Figure 5). This result is independent of surface morphology of
the brush surface, as there was no observed difference in
morphology or brush height as a function of (x/y) on
P(MEO2MAx-co-OEGMAy) brushes as observed by ellipsom-
etry and AFM (Figure 4). Joy et al. (2010) reported similar
results in a study that used a library of methacrylate terpolymers
to explore the effects of varying surface chemistry on cell
attachment. The work demonstrated that the composition of
the polymers influences cell behavior (attachment and
proliferation), with the strongest correlation being between
contact angle and the cell response.70

UpCell was included in the study only as a reference due to
its use as the current gold standard of thermoresponsive cell
culture substrates. UpCell (PNIPAM), however, is different
both morphologically and chemically, so it is inappropriate to
compare UpCell surfaces directly to the tunable P(MEO2MAx-
co-OEGMAy) brushes characterized in this study.

5. CONCLUSIONS
Controlling the adhesive properties of stimulus-responsive
surfaces is critical to the success of these surfaces as substrates
capable of reversible adhesion; in this particular example,
mammalian cell attachment and detachment. We prepared a
homologous series of thermoresponsive substrates based on
random copolymers of 2-(2-methoxyethoxy)ethyl methacrylate
(x = MEO2MA) and oligo(ethylene glycol) methacrylate (y =
OEGMA), namely, P(MEO2MAx-co-OEGMAy), grown on
planar LbL architectures to investigate the role of morphology
and surface chemistry on wetting and adhesion phenomena at
solid/fluid interfaces. We demonstrate the ability to incremen-
tally modify the surface energetics of P(MEO2MAx-co-
OEGMAy) brushes by varying the percentage of OEGMA
monomers in the polymer chains. Switchable wettability and
adhesion have been achieved by means of water−decane
contact angle measurements and modulated by varying the
copolymer 92:8 < x/y < 100:0 ratio and the external
temperature 20 < T, °C < 45.
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While the morphology of the substrates seems to be
unaffected by the x/y ratio, the polymer composition plays a
key role in surface wettability. Independent of the composition
the equilibrium contact angle θeq decreases (hydrophilicity
increases), while cooling below the LCST of the copolymer
brushes indicates a temperature-dependent conformational
change of the polymer/water interfacial layer. Increasing the
OEGMA content on the copolymer brush, the contact angle
versus T profiles shift to higher temperatures with P-
(MEO2MA) being the most hydrophobic system. Similarly,
the surface energy of the substrates (γbr

D) significantly increases
with cooling and with increasing the percentage of OEGMA in
the copolymer brush. We ascribe these phenomena to the
phase transition between the hydrophobic and the hydrophilic
states of P(MEO2MAx-co-OEGMAy) copolymers.
Using our experimental findings we extracted the underlying

energetics associated with liquid-liquid-solid adhesion as a
function of the copolymer ratio. In accordance with previous
works in solution we found a linear relationship between the x/
y ratio and the LCST. The alteration of contact angle and thus
the energy of the surfaces resulted in differential cell attachment
as a function of surface hydrophobicity.
These results enhance our understanding of the physical

principles that rule wetting phenomena and will allow for the
improved design of engineered dynamic surfaces capable of
reversible adhesion properties in real-time in response to
external stimuli.
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