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I
ntelligent materials that sense and re-
spond to environmental stimuli actively
undergo changes in structural properties

to provide an output signal. Smart poly-
meric materials are being developed which
couple these changes with the control of
molecular activity, such as adhesion to
surfaces. Polymer adhesion to inorganic
biocompatible materials is fundamentally
important in many biotechnology appli-
cations, including treatment of medical
device surfaces,1 functionalization of bio-
sensors,2 and modification of inorganic
nanoparticles for drug delivery.3 In such
systems, local environmental effects re-
lated to polymer composition and macro-
molecular conformation determine how
polymers interact with surfaces and bio-
logical media.
Measurement of smart polymer adhesion

has been achieved using various methods,

including quartz crystalmicrobalance,4 fluo-
rescence assays,5 and surface plasmon
resonance.6 An alternative method, molec-
ular force spectroscopy, is a biophysical
method for measuring the response of
macromolecules toexternal forces. This single-
molecule method has been used to mea-
sure synthetic polymer surface adhe-
sion,7,8 providing adhesion parameters such
as the adhesion free energy per monomer
unit, as well as kinetic binding coefficients
between the polymer and cosolutes.9

Poly(ethylene glycol) (PEG) is a hydrophi-
lic polymer widely used in industrial and bio-
medical settings. PEG-functionalized sur-
faces exhibit low nonspecific binding when
contacted with blood,10 a property that has
been used to passivate biomedical diagnos-
tic device surfaces for decades. Linear PEG,
however, is not easily polymerized in block
or branched architectures, and end group
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ABSTRACT Adhesion of environmentally responsive polymers to

biocompatible surfaces is an important issue that has been explored

in several nanobiotechnology applications. Here, we prepared multi-

responsive statistical copolymers of two oligo(ethylene glycol)

methyl ether methacrylate macromonomers with differing ethylene

glycol side chain lengths using RAFT polymerization. The lower

critical solution temperature of the copolymers was characterized

using visible light extinction, and the chemical composition and

molecular weight were measured using NMR spectroscopy and size-exclusion chromatography, respectively. The characterization results demonstrated that

the transition temperature could be controlled by varying the macromonomer feed ratios, and the molecular weight could be controlled by varying the

amount of the RAFT chain transfer agent in the polymerization feed. Using AFM single-molecule force spectroscopy, we measured the adhesion

characteristics of single copolymer molecules to a gold surface. We found that dehydration and collapse of the copolymer in a high ionic strength buffer

resulted in dramatically reduced bridging length distributions that maintained their single-molecule bimodal character. In the collapsed state, the polymer

exhibited a lower absolute desorption force while cooperativity effects were found to increase the desorption force per chain for multi-chain interactions.

Our results confirmed that the polymer in a collapsed conformation exhibited a dramatically reduced volume occupancy above the gold surface. These

results demonstrate at the single-molecule level how solvent-induced collapse of an environmentally responsive copolymer modulates surface adhesion

forces and bridging length distributions in a controllable way.
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modification can be involved. Recently, new nano/bio
research areas have emerged (e.g., separations, tar-
geted drug delivery, controlled release, biomaterials)
requiring active and biocompatible surfaces that are
able to respond to external stimuli and carry out
biomolecular action. Within this context, polymers
composed of oligo(ethylene glycol) methyl ether
methacrylates (OEG-MA) have proven extremely ver-
satile in terms of synthetic flexibility and biochemical
properties.11�13

OEG-MA polymers comprise a carbon�carbon back-
bone with comb-like OEG side chains of variable
length. Poly(OEG-MA) polymers can be synthesized
from OEG macromonomers using a variety of con-
trolled free-radical polymerization methods, including
ATRP14 and RAFT.15 The resulting OEG-MA copolymers
are more hydrophobic than linear PEG, but because
they consist of 85% ethylene glycol residues byweight,
they are also biocompatible and water-soluble. More-
over, OEG-MA polymers are thermally responsive and
undergo a hydrophilic to hydrophobic phase transition
in response to environmental stimuli (e.g., salt, tem-
perature). The transition temperature of OEG-MA
polymers can be tuned over a wide range from 0 to
100 �C by varying the side chain lengths and ratios of
the OEG-MA macromonomers.16 The transition tem-
perature can also be made pH-dependent by copoly-
merizingmonomers with titratable groups (e.g., amine,
carboxyl). The resulting OEG-MA block polyelectrolytes
can bemade responsive to pH, temperature, and salt.17

Despite the known complementary features of RAFT
polymerization and OEG-MA polymers for providing
tunable and responsive materials, these features have
never been combined or exploited for AFM-based
adhesion studies.
Single-molecule adhesion measurements using

AFM force spectroscopy provide information about
synthetic and biopolymer adhesion to inorganic
surfaces. Typically, polymer molecules are conju-
gated to a silicon microcantilever tip that is con-
tacted with an inorganic surface. As the cantilever is
retracted, a single or a few polymer molecules bridge

the distance between the tip and surface, imposing a
downward force on the cantilever that can be mea-
sured using the optical lever technique (Figure 1).
The adhesion force experienced by the cantilever is
governed by an interplay of entropic and enthalpic
contributions of the adsorbed polymer. Plateaus in
the force versus distance trace are known to occur
when the binding and rebinding of polymer seg-
ments with the surface occur much faster than the
experimental sampling rate. The desorption force
represents the adhesion free enthalpy per unit
length, and if this energy is constant, the force
exhibits a plateau. This will typically occur when
the polymer is weakly adsorbed and mobile on
the surface, allowing for peeling or sliding of the
polymer during the pull-off process.7,18 The mea-
sured distribution of desorption pleateau forces
characterizes the strength of the adhesion, while
the bridging lengths can be used to characterize
the contour length of individual polymer molecules.19

Quantized plateaus of constant force such as those
shown here are also observed in the unzipping of
DNA duplexes20 and unfolding of fibrous amyloid
proteins.21

RESULTS AND DISCUSSION

We prepared an environmentally responsive sta-
tistical copolymer of two oligo(ethylene glycol)
methyl ether methacrylate (OEGn-MA) macromono-
mers with variable OEG side chain lengths of 2 or 8.5
ethylene glycol repeat units, as shown in Figure 2A.
The RAFT chain transfer agent used during the
polymerization step afforded polymers with semi-
telechelic functional groups comprising a carboxyl
group at theR end and a�C12H25 hydrocarbon tail at
the ω end. The molecular weight of the polymer was
∼220 kDa for the sample used in this study. Size-
exclusion chromatograms can be found in Support-
ing Figure 1, and the 1H NMR spectrum is shown in
Supporting Figure 2.
The lower critical solution temperature (transition

temperature) of the copolymer was measured using

Figure 1. In response to an increase in NaCl, a poly(oligo ethylene glycol) copolymer reversibly transitions from an expanded
hydrated conformation (left) to a condensed hydrophobic globule (right). This conformational change alters adhesion
characteristics such as desorption force and bridging length.
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visible light absorption (cloud-point) measurements,
shown in Figure 2B. The polymer was dissolved at
2 mg/mL in phosphate buffered saline (PBS, pH 7.4)
containing 0.14 or 1 M NaCl. The turbidity was then
monitored at 400 nm as the sample temperature was
varied over a range between 10 and 45 �C at a rate of
0.2 �C/min. A rapid increase above ∼30 �C for the
sample dissolved in 0.14 M NaCl was characteristic of
the polymer phase transition. In the higher salt PBS
buffer containing 1 M NaCl, the transition tempera-
ture was shifted downward below 20 �C, attributable
to the Hofmesiter effect.22 A mass loading ratio of
20% OEG8-MA to 80% OEG2-MA in the polymeriza-
tion feed was found to produce polymers with the
desired phase transition temperature around 30 �C
in standard 0.14 M NaCl/PBS buffer. Increasing
the amount of OEG8-MA in the polymerization feed
tended to increase the phase transition tem-
perature due to the increased hydrophilicity of
the OEG8-MA monomer as compared with OEG2-
MA, consistent with previously published observa-
tions.12 Cloud-point traces for polymers containing
variable amounts of OEG8-MA (30 and 10%) can be
found in Supporting Figure 3. The polymer's phase
transition could also be triggered under isothermal
conditions at room temperature upon addition of
NaCl, which was the preferred method for further
AFM studies.
Details regarding the surface and cantilever pre-

paration can be found in the Supporting Informa-
tion. A V-shaped silicon nitride cantilever (MLCT-C
lever, Bruker) with a low nominal spring constant
of ∼10 pN/nm was modified with 3-aminopropyl-
dimethylethoxysilane, according to previously pub-
lished procedures.20 The RAFT chain transfer agent
provided the resulting linear copolymers with a car-
boxyl group at the R end, which was used in con-
junction with carbodiimide coupling to attach the
polymers to the AFM cantilever. Theω end of the RAFT

agent (�C12H25) was presented toward the gold sur-
face during AFM desorption experiments. Evapo-
rated gold surfaces were cleaned with ammonia
and hydrogen peroxide (RCA cleaning) and rinsed
thoroughly with purified water prior to use. Control
experiments with bare tips prior to the covalent
functionalization showed in rare cases short-ranged
attractive interactions which might be attributed to
contaminations, but no desorption traces with the
well-pronounced plateaus as they are described in
the experiments were found.
AFM measurements were performed on an instru-

ment designed and built in-house running on custom-
written IGOR PRO software in conjunctionwith anMFP-
3D AFM controller (Asylum Research). Calibration of
the polymer-modified cantilever in standard PBS
buffer containing 0.14 M NaCl was performed using
the equipartition theorem, resulting in a spring
constant of 14.72 pN/nm. The AFM was automated
to acquire force�extension traces at z-piezo retrac-
tion velocities of 500, 1500, and 5000 nm/s. All AFM
measurements were made at 22 �C. The data sam-
pling rate was set to 5e3, 10e3, and 20e3 Hz for the
retraction velocities of 500, 1500, and 5000 nm/s,
respectively. A low-pass filter at one-half the sam-
pling rate was used in all cases.
As shown in Figure 3A, force�extension traces of the

OEG-MA copolymer in PBS (0.14 M NaCl) on an un-
modified polycrystalline gold surface exhibited quan-
tized plateaus of constant force that decreased in
discrete steps downward. Such stepwise character
observed in the force�extension traces is known to
occur when a polymer interacts with a surface in
equilibrium desorption mode, where it is adsorbed
yet mobile on the surface.7,9,18,23,24 Each step in the
force�extension trace corresponded to a desorption
event of a single or a few polymer chains from the
surface. The maximal distance from the surface at
which a step was observed before the force dropped

Figure 2. Poly(oligo(ethylene glycol) methyl ether methacrylate) copolymer was prepared using RAFT polymerization.
Dependent upon the OEG2 to OEG8 ratio, the phase transition point could be set near room temperature in response to
temperature and salt stimuli. (A) Chemical structure of the polymer. (B) Cloud-point curves (cooling)measured in 0.14 and 1M
NaCl/phosphate buffer, pH 7.4.
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to 0 pN is referred to as the “bridging length”.
In Figure 3A, a bridging length of approximately
375 nm can be seen. After acquiring several thou-
sand force�extension traces, such as those shown in
Figure 3A, over the course of several hours, the
solvent was changed to PBS containing 1 M NaCl,
and the cantilever was recalibrated using the equi-
partition theorem, yielding a value of 12.37 pN/nm.
At the high NaCl concentration, the polymer was
expected to be in a condensed hydrophobic con-
formation, in accordance with the cloud-point mea-
surements of Figure 2B. As shown in Figure 3B,
force�extension traces obtained with the same can-
tilever also exhibited plateaus of constant force in
the PBS containing 1MNaCl that decreased stepwise
downward, indicating that in the high salt buffer the
polymer interacted with the surface in equilibrium
desorption mode, as well.
An automated computer analysis routine was im-

plemented to determine the bridging length distri-
butions for the polymer in each solvent, the results
from which are shown in Figure 4. In PBS containing
0.14 M NaCl, the distribution of bridging lengths was
bimodal with one population centered at 370 nm

and another slightly broader population centered
around 250 nm (Figure 4, top, black). The bimodal
distribution was attributed to the presence of two
polymer molecules of differing contour length on
the cantilever interacting with the gold surface.
Upon polymer phase separation in the high salt
(1 M NaCl) PBS buffer, the bimodal distribution was
maintained, but the bridging lengths were dramati-
cally reduced, as shown in Figure 4 (bottom, red). The
bimodal peaks in the high salt buffer were centered
at 160 and 70 nm.
The condensed/collapsed conformation of the

polymer in the high salt buffer resulted in an en-
tropic penalty imposed on the system as the poly-
mer bridged the surface and cantilever. As the
polymer was extended away from the surface, an
increase in the hydrophobic polymer's contact area
with water imposed an energetic limit, reducing the
achievable bridging lengths. The results can be
interpreted in the context of a competitive adhesion
model that has been previously postulated.19 The
gold surface and the polymer-coated cantilever tip
compete for adsorption of the bridging polymer.
Since the AFM tip was modified with multiple en-
vironmentally responsive polymer chains, in the
high salt buffer, we can speculate the polymers on

Figure 3. Single polymer molecule desorption. A poly-
mer-modified AFM cantilever was contacted with a bare
gold surface and retracted at 500 nm/s while measur-
ing the adhesion force on the cantilever. Polymer mol-
ecules in both an expanded/hydrated (A, black) and a
collapsed/dehydrated conformation (B, red) exhibited
force plateaus characteristic of equilibrium desorption
mode.

Figure 4. Histograms of polymer bridging lengths. Force�
distance traces from the same cantilever in two sol-
vents (0.14 M NaCl (black) and 1 M NaCl (red)) were
searched for desorption steps using automated com-
puter analysis. Histograms of the distance at which the
last polymer molecule desorbed (last rupture distance)
showed pronounced bimodal distributions. Collapse of
the polymer upon addition of NaCl dramatically short-
ened the rupture distances and maintained the bimodal
distribution.
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the tip could out compete the Au surface for the
bridging polymer binding sites at a shorter distance
away from the surface, as compared with the low
salt case.
Prior measurements on elastin-like polypeptides

and poly(N-isopropylacrylamide), two well-known en-
vironmentally responsive polymers with analogous
phase separation properties, have shown decreased
polymer volume occupancy in high salt aqueous
buffers25,26 or above the transition temperature27

when probed with AFM. These results were sup-
ported by the notion that a loss of “caged” or
clathrate-like water molecules resulted in phase
transition to a condensed state, with a correspond-
ing decrease in physical dimensions, where the
polymer adopted an increasingly collapsed confor-
mation with increasing salt. In the prior studies,
however, equilibrium desorption behavior was
never probed, and single molecules adhering to
the surface were not resolved. The condensed con-
formation of the polymers in the prior work was
indirectly inferred via an altered indentation curve
in the high salt buffer, which showed an increase in
the Young's modulus of the surface. Unlike these
prior works, we were able to measure the change in
volume occupancy and adhesion characteristics of
the single polymer molecules directly because of the
equilibrium desorption mode of binding that this
particular polymer formulation exhibited on the
polycrystalline gold surface.
In rare cases (∼2%), the force�extension traces exhi-

bited a nonlinear entropic spring-type behavior in-
stead of plateaus of constant force. This was attributed
to coordination bonding between the trithiocarbonate

polymer end group and the gold surface, resulting in
polymer pinning and loss of polymer mobility on the
surface. Trithiocarbonates are known to bind gold
surfaces with densities similar to self-assembled thiol
monolayers.28 To analyze traces where pinning of the
polymer end group occurred, we used a worm-like
chain (WLC) model29 to estimate the persistence
length of the polymer in each of the two buffers. Two
exemplary data traces withWLCmodels are shown in
Supporting Figures 4 and 5, and a comparison of
all persistence length fits is shown in Supporting
Figure 6. These data suggest that the polymer per-
sistence length may be slightly lower in the high salt
buffer. Whether or not this is a real effect or a
limitation of the model remains open for debate.
The WLCmodel assumes non-interacting chains, and
for our polymers in the hydrophobic state, this may
not be appropriate.
In addition to a shortened bridging length distribu-

tion, analysis of force�extension traces also yielded
information about differences in equilibrium desorp-
tion forces between the hydrophilic/extended and
hydrophobic/collapsed polymers adsorbed to the gold
substrate. For the analysis of absolute desorption
forces, a range of distance values was selected in each
solvent, corresponding to the distance atwhich the last
few polymer molecules desorbed (i.e., the last few
steps of the force�extension traces). For example,
for the sample in 0.14 M NaCl, the force values
between 250 and 400 nm were assembled into a
histogram and fitted with Gaussian distributions to
estimate the equilibrium desorption force. For the
same cantilever in 1 M NaCl, the force values within a
range of 50 and 175 nm away from the surface were

Figure 5. Histograms of desorption forces. Portions from force�distance traces corresponding to the last two desorption
events were selected. Histograms of the measured forces showed trimodal distributions with peaks corresponding to
desorption plateau step heights. The first peak at low force was attributed to viscous drag on the cantilever and
represents the force measurement background. Gaussian fits (bottom panels) of the histograms provided the desorp-
tion forces of individual polymer chains, which were larger in hydrated (A, left) vs condensed (B, right) states. The
overall multi-Gaussian fits to the observed force distributions are shown in the middle panels (A, solid black line; B, solid
red line).
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histogrammed. There was no preselection of curves,
so all of the 2303 in curves obtained in 1 M NaCl and
the 3249 obtained in 0.14 M NaCl were used to
assemble the histograms. The results from such an
analysis are shown in Figure 5.
In Figure 5A (middle), the number of data points

obtained at a given force value are plotted versus the
measured force. Three peaks are clearly visible, fitted
with Gaussian distributions (bottom). In Figure 5A
(top), the residuals from the Gaussian fit are shown.
Peaks corresponding to 0, 1, and 2 polymer molecules
adsorbed to the gold surface are observed in the force
histograms. The peak at low force yielded a Gaussian fit
with a mean of 4.7 pN. This background force value is
measured due to a viscous drag on the cantilever close
to the surface.30 The difference in the dynamic viscosity
between the 0.14 M NaCl and 1 M NaCl buffers is
88 μPa 3 s, or an 8.8% increase when switching to the
1 M NaCl buffer.31 Since the AFM data import routine
averaged the last 10% of the force trace and offset
the force values such that 0 pN was reached at the end
of each trace, the absolute viscosity difference be-
tween the two solvents does not play a role in the
assembled histograms. The increase in the back-
ground force from 4.7 pN in the 0.14 M NaCl solvent
to 8.8 pN in the 1 M NaCl solution was observed
because the histogram in 1 M NaCl was assembled
from force measurements acquired closer to the
surface.
In addition to the background force peaks, peaks

corresponding to one and two polymer molecules
adsorbed to the gold surface were observed in the
force histograms. In the 0.14 M NaCl/PBS, single-
molecule desorption forces with a mean of 41.2 pN were
measured. After subtracting the background level of
4.7 pN from this value, a mean desorption force of
36.5 pN is obtained, corresponding to a desorption free
energy of 8.96 kBT/nm for the single molecule. For
the peak corresponding to two molecules, a value of
76.0 pN was obtained. After subtracting the back-
ground value, a desorption force of 71.3 pN or desorp-
tion free energy of 17.5 kBT/nm was obtained. From
this analysis, we see that the adsorption free energy of
twomolecules is approximately 2 times the adsorption
free energy of the single-molecule events ((4.6%),
suggesting that the measured force in the low salt
buffer is a combination of two independent adsorption
forces, and that the polymers do not strongly interact
with each other.
Using the same analysis method for the data set

obtained from the same cantilever in 1 M NaCl/PBS,
after subtracting the background peak from the fitted
Gaussian distributions of the force histograms, a single-
molecule desorption force of 20.1 pN or desorption
free energy of 4.93 kBT/nm was obtained, as shown in
Figure 5B. Comparing the single-molecule desorption
plateaus between the two solvents, we see that the

adsorption free energy decreased by 45% in the high
salt buffer, significantly larger than any expected de-
viation due to uncertainty in the cantilever spring
constant ((10%).
Two-molecule desorption pleateaus measured at

62.3 pN minus the 8.8 pN background value resulted
in a desorption force of 53.5 pN, which corresponds to
13.1 kBT/nm. In contrast to the sample in 0.14 M NaCl/
PBS, the adsorption free energy of twomolecules in the
high salt bufferwas 33%higher than 2 times the single-
molecule desorption free energy. The 33% increase in
desorption force per molecule for the two-molecule
case in the poor solvent could be explained by co-
operativity effects. Polymers in the condensed state are
known to undergo intermolecular agglomeration in
bulk solution, as was observed in the absorbance
measurements (Figure 2B). The AFM result is consistent
with cooperative polymer�polymer interactions in the
high salt buffer increasing adsorption force per mono-
mer. The collapsed polymers interact strongly with one
another, and the resulting adhesion forces are conse-
quently not an integer multiple of the basal adhesion
force. In general, the desorption forces were not
strongly dependent on the pulling speed, which were
varied from 500 to 5000 nm/s. Pulling speed depen-
dence of the desorption plateau height can be found in
Supporting Figure 7.

CONCLUSION

Here we presented single-molecule measurements
of environmentally responsive polymer adhesion in
equilibrium desorption mode. Differences in bridging
length distributions and adhesion forces were found to
be dependent on the conformation of the polymer,
which could be switched at room temperature upon
addition of salt. The collapsed polymer conformation
exhibited a dramatically shortened bridging length
distribution (Figure 4), as well as a decrease in absolute
adhesion forces (Figure 5). The adhesion force of
twomolecules was approximately 2 times the single-
molecule basal adhesion force in the extended state,
where polymer�polymer interactions were expected
to be negligible. In the high salt buffer, the single-
molecule adhesion force of the collapsed polymer was
significantly lower than for the extended polymer in
the low salt buffer. The adhesion force of two polymer
molecules in the high salt buffer was approximately
33%greater than 2 times the single-molecule adhesion
force in the same solvent. The overall decrease in
single-molecule adhesion force in the high salt buffer
likely explains the dramatic decrease in bridging
lengths. Intermolecular polymer�polymer aggrega-
tion likely competes with surface adhesion, providing
an alternative unbinding pathway. The main findings
we report in this paper describing the polymer's
quantized bridging length distribution on a gold sur-
face are expected to be applicable to other biomaterial

A
RTIC

LE



NASH AND GAUB VOL. 6 ’ NO. 12 ’ 10735–10742 ’ 2012

www.acsnano.org

10741

surfaces where the polymer exhibits the same equilib-
riummode of binding. In this regard, titanium, another

biocompatible metal, would be an interesting candi-
date for follow up studies.

METHODS

Polymer Synthesis. Poly(ethylene glycol) methacrylate (Mn =
475 g/mol, 100 ppm MEHQ, 200 ppm BHT inhibitor) and
di(ethylene glycol) methyl ether methacrylate (Mn = 188.22)
were purchased from Sigma and purified through a neutral
aluminum oxide column prior to use. The chain transfer agent
4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic
acid (Mn = 403.67) was purchased from Sigma and used as
received. The initiator 2,20-azobis(2-methylpropionitrile) (AIBN,
Mn = 164.21) was purchased from Sigma and recrystallized from
methanol prior to use. In a typical RAFT polymerization, 0.8 g of
the di(ethylene glycol) methyl ether methacrylate and 0.2 g of
the poly(ethylene glycol) methacrylate were placed into a
round-bottom flask. Next, 0.93 mg of the chain transfer agent
and 90 μg of the initiator dissolved in dioxane were added.
Dioxane was then added such that the mass ratio of dioxane to
monomers was 2:1. The flask was next purged for 30 min with
N2. The reaction proceeded for 17 h at 70 �C and was then
precipitated into a 1:1 mixture of hexane/ether at 4 �C. The
gummyprecipitatewas next dissolved into tetrahydrofuran and
precipitated two more times into cooled 1:1 ether/hexane
mixtures. Finally, the product was collected by centrifugation
and dried under vacuum for 3 h. Residual monomers and
impurities were removed via PD10 desalting column (GE
Healthcare) in water or alternatively by dialysis.

Polymer Analysis. Organic size-exclusion chromatography in
THF with multi-angle light scattering was performed through
contract service with Polymer Standards Service GmbH (Mainz,
Germany). The polymer was dissolved at 3.3 or 5.5 mg/mL, and
100 μL was injected at a flow rate of 1 mL/min at 25 �C. Multi-
angle light scattering was used for absolute molecular weight
determination. For the polymer sample used in the AFM
measurements, the targeted Mw was 500 kDa, the dn/dc value
obtained was 0.078 mL/g, while the measured Mw = 220 kDa,
Mn = 155 kDa, and PDI = 1.4. 1H NMRwas performed at 8mg/mL
in CDCl3 on an Avance III 600 MHz NMR spectrometer (Bruker,
Karlsruhe).

Conjugation of Polymers to Cantilevers. Silicon nitride AFM
cantlievers (MLCT-lever C, nominal spring constant ∼10 pN/
nm) were purchased from Bruker. Levers were activated by
15 min UV-ozone treatment followed by modification with
3-aminopropyldimethylethoxysilane following previously pub-
lished procedures (see main text, ref 19). Amino-silanized
cantilevers were placed in sodium borate buffer (150 mM,
pH 8.5) for 30 min to deprotonate amine groups. Next, the
220 kDa poly(oligo(ethylene glycol)) copolymer was dissolved
at 100 mg/mL in sodium phosphate buffer (10 mM phos-
phate, 137 mM NaCl, pH 7.4). Then, 50 mg/mL of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC, Thermo Scientific)
and 50 mg/mL of N-hydroxysulfosuccinimide (Sulfo-NHS, Ther-
mo Scientific) were added, and the solution was applied to the
deprotonated amino cantilevers. The conjugation to the canti-
lever proceeded for 1 h at room temperature. Finally, the
cantilevers were rinsed in purified water and stored under
phosphate buffered saline for several minutes before AFM
measurements.

Gold Surface Preparation. Circular glass coverslips 22 mm in
diameter were cleaned by sonication in isopropyl alcohol/water
(1:1). A 2 nm thick layer of Ni/Cr was evaporated onto the
cleaned coverglass, followed by a 30 nm thick Au layer using a
thermal evaporator. Prior to AFM measurements, gold surfaces
were cleaned using 15 min UV-ozone treatment, followed by
3min etching in amixture of H2O, NH3 (37%), and H2O2( 30%) in
a volumetric ratio of 10:1:1. The gold coverglass was then rinsed
with copious amounts of water and used immediately for AFM
measurements.

AFM Measurements. AFM measurements were conduced on a
custom-built AFM operating with an Asylum Research MFP-3D

controller. The spring constant of the polymer-modified canti-
lever was determined using the equipartition theorem, which
provided an accuracy of(10%. The spring constant for the lever
used in this study was determined to be 14.72 pN/nm, with a
deflection inverse optical lever sensitivity of 263 nm/V and
resonant frequency of ∼1.2 kHz in phosphate buffered saline
(137mMNaCl). After acquiring several thousand force�extension
curves in phosphate buffer, the buffer was changed to a phos-
phate buffered saline containing 1 M NaCl to collapse the
polymer, and the cantilever was recalibrated, yielding a spring
constant of 12.37 pN/nm, with an inverse optical lever sensitiv-
ity of 279. The protocol to acquire force�extension traces was
as follows: the AFMwas programmed to approach the surface at
3000 nm/s until a trigger force of 250 pN was reached, indicat-
ing the tip hadmade contactwith the surface. The dwell time for
the tip at the surface was 0.5 s, after which the tip was retracted
at 500, 1500, or 5000 nm/s for a total distance of 750 nm.
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SUPPORTING FIGURES: 

 
Supporting Figure 1. Size exclusion chromatography traces of OEG-MA statistical copolymers 
containing 20% OEG8-MA, 80% OEG2-MA by weight. Larger molecular weights were targeted 
by lowering the amount of chain transfer agent in the polymerization feed. The final molecular 
weights obtained by this polymerization were smaller than the targeted values because of 
incomplete monomer conversion and termination. For AFM studies, the largest polymer was 
used (500 kDa targeted, 220 kDa actual, PDI 1.4).  

 

 

 

 



 

Supporting Figure 2. 1H-NMR spectrum of the 220 kDa OEG-MA statistical copolymer 
(8mg/mL, CDCl3, 600 MHz.)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supporting Figure 3. Cloud-point curves in PBS (0.14 M NaCl, pH 7.4) for OEG-MA statistical 
copolymers containing the indicated amount of OEG8-MA in the polymerization feed.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Supporting Figure 4. Example of a comparatively rare case of WLC behavior of the polymer in 
0.14 M NaCl/PBS. Force data are shown in black, with a WLC model (persistence length= 0.25 
nm, contour length= 408 nm) shown in red. In the 0.14 M NaCl/PBS buffer, the fraction of WLC 
traces across two independent experiments was found to be 0.016 ±0.002, or approximately 
1.6%.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
Supporting Figure 5. Example of a comparatively rare case of WLC behavior of the polymer in 
1 M NaCl/PBS. Force data are shown in black with a WLC model (persistence length=0.152 nm, 
contour length = 117 nm) shown in red. In the 1 M NaCl/PBS buffer, the fraction of WLC traces 
across two independent experiments was found to be 0.026 ±0.12, or approximately 2.6%.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 

 
Supporting Figure 6. Comparison of the persistence length in each solvent determined from 
non-linear fitting of the rare traces that exhibited WLC behavior. Dots represent persistence 
length fits of individual force extension curves. The gray bars are the sample mean ± standard 
deviation.  
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Supporting Figure 7. Dependence of desorption force on pulling speed. Histograms such as 
those shown in Figure 5 of the main text were obtained at different cantilever retraction 
velocities for the same cantilever in 0.14M NaCl (black) and 2M NaCl (red). Plotted is the mean 
± 10% for the Gaussian fit to the histogram peak corresponding to 1 polymer molecule adsorbed 
to the surface (see Figure 5). 
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