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ABSTRACT: Polymer brushes are widely used to alter the properties of interfaces. In particular, poly(ethylene glycol) (PEG) and
similar polymers can make surfaces inert toward biomolecular adsorption. Neutral hydrophilic brushes are normally considered to
have static properties at a given temperature. As an example, PEG is not responsive to pH or ionic strength. Here we show that, by
simply introducing a polymeric acid such as poly(methacrylic acid) (PMAA), the highly hydrated brush barrier can change its
properties entirely. This is caused by multivalent hydrogen bonds in an extremely pH-sensitive process. Remarkably, it is sufficient to
reduce the pH to 5 for complexation to occur at the interface, which is two units higher than in the corresponding bulk systems.
Below this critical pH, PMAA starts to bind to PEG in large amounts (comparable to the PEG amount), causing the brush to
gradually compact and dehydrate. The brush also undergoes major rheology changes, from viscoelastic to rigid. Furthermore, the
protein repelling ability of PEG is lost after reaching a threshold in the amount of PMAA bound. The changes in brush properties are
tunable and become more pronounced when more PMAA is bound. The initial brush state is fully recovered when releasing PMAA
by returning to physiological pH. Our findings are relevant for many applications involving functional interfaces, such as capture—
release of biomolecules.

B INTRODUCTION (PEG) brushes have long been used in biointerface science to
make various surfaces nonfouling,4’6 which is critical, for
instance, when it comes to interfaces in bioanalytical and
biomedical devices. Lately, there has been an increasing

Polymer brushes have proved important for many applications
and for investigating fundamental properties of macro-
molecules using surface-sensitive techniques. The brush

configuration is achieved when the grafting density is high interest in creating responsive brush interfaces that change
enough to make the polymer coils stretch in the direction properties depending on environmental factors."”” For
perpendicular to the surface.' This can be achieved by so- instance, thermoresponsive polymer brushes collapse at their
called “grafting-to” approaches,” where presynthesized coils are lower critical solution temperature” and weak polyelectrolytes
bound to the surface, or by “grafting-from” approaches,” where gradually change their degree of hydration with pH.'"® These
the polymerization starts from initiators on the surface. kinds of responsive properties make brushes interesting for
Although a grafting-from method generally provides thicker various applications such as sensing, actuation, and enzyme
and denser brushes, various tricks can be employed in grafting- immobilization. !

to methods to reach fairly high grafting densities and Molecular recognition of species introduced in solution is a

significant chain stretching. For instance, the coils can form a
covalent bond with a reactive end group under conditions
where they are compacted by osmosis.”> A grafting-to method
has one major advantage: the polymers can be characterized
beforehand, thereby providing fundamental information such
as the molecular weight distribution. The simplicity of grafting-
to methods in general has led to the development of many
protocols for creating brushes that prevent biomolecular
adsorption or, oppositely, promote biomolecule immobiliza-
tion in a gentle manner. In particular, poly(ethylene glycol)

relatively unexplored approach for modifying the properties of
brushes that are otherwise inert and nonresponsive. Although
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certain brushes, in particular polyelectrolytes,g’11’12 are well-

known for being “sticky”, there are few examples where species
in solution can alter the properties of brushes that are normally
repelling. In recent work, we used engineered antibodies which
(through a relatively unclear interaction) can induce collapse
of PEG brushes."” If such specific binding events can induce
fundamental changes in the brush properties, this may enable
more applications and new types of responsive interfaces.
Although addressed by theory'*~'® and experimentally in a few
specific cases,'”'”'® there are generally few examples showing
how multivalent interactions (electrostatic, hydrophobic, etc.)
with additives introduced in solution lead to changes in brush
properties. For instance, it is established that proteins may
bind to polyelectrolytes, but not how this influences brush
thickness and rheology. Preferably, such changes should be
investigated using well-defined chemical interactions between
additives and the monomers of the grafted coils.

In this work we show how intermolecular hydrogen bonding,
a phenomenon that has long been studied in the liquid bulk,”
can be transferred to an interface and used to drastically alter
the properties of a simple hydrophilic brush. This is achieved
by simply introducing a polymeric acid at low pH where it is
protonated to a high extent. The PEG brush changes
properties drastically due to the formation of multivalent
hydrogen bonds. We quantitatively investigate brush extension,
rheology changes, and protein repelling ability by a
combination of surface plasmon resonance (SPR) and quartz
crystal microbalance with dissipation monitoring (QCMD).
Furthermore, a surface force apparatus (SFA) is used to
quantify the repelling force of the PEG brush before and after
hydrogen bond complexation. It is shown that the PEG brush
properties are tunable based on the amount of polyacid bound
and fully reversible by raising the pH. Finally, the importance
of these findings for applications involving polymer brushes is
discussed.

B EXPERIMENTAL SECTION

Materials. Gold coated SPR sensors were purchased from
Bionavis, and QCMD sensors were purchased from QuartzPro.
ASTM research grade type 1 ultrafiltered water, referred to as MQ-
water, was used for diluting all aqueous solutions. H,O, (35%) was
purchased from SAFC. NH,OH (25%) was purchased from Fisher
Scientific. PEG (20 kg/mol, polydispersity index (PDI) 1.01) was
purchased from Laysan Bio Inc. Chemicals purchased from Sigma-
Aldrich include PMAA sodium salt 30 wt % solution in H,O (M = 5.4
kg/mol and PDI = 1.76), PMAA sodium salt (M = 75.1 kg/mol, PDI
= 1.02), PMAA sodium salt (M = 429 kg/mol, PDI = 1.12), PMAA
sodium salt (M = 1.2 kg/mol, PDI = 1.15), dextran from Leuconostoc
spp. (M = 100 kg/mol), avidin from egg white (>98% SDS-PAGE),
NaOH (anhydrous pellets), HCI (37 wt % solution), phosphate
buffered saline (PBS) tablets (0.01 M Na,HPO,, 0.0027 M KCl, and
0.137 M NaCl), and Na,SO, (>99%).

Preparations. Sensor surfaces were cleaned prior to PEG grafting
by using an RCAIl mixture (S:1:1 volumes of MQ-water:-
NH,OH:H,0,) at 75 °C for 20 min, followed by at least three
volume exchanges of MQ-water and blow-drying with N,. The
grafting solution had 0.1 mg/mL PEG-SH in 0.2 ym filtered 0.9 M
Na,S0,.* Samples were incubated overnight at room temperature
unless the grafting was monitored in real time. PBS buffers were
prepared the same day of each experiment, degassed under vacuum in
a sonication bath, and filtered with a 0.2 gm syringe filter. PBS buffers
were adjusted to within 0.02 units of the target pH using 1 M HCI or
NaOH after the addition of components (PMAA, dextran, or avidin)
to counteract any pH change from these molecules.

SPR Measurements and Analysis. SPR measurements were
performed with a Bionavis multiparameter SPR Navi 220A instrument
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equipped with 670, 785, and 980 nm laser diodes. Data in figures is
shown for 670 nm. The backside of each sensor was cleaned by
rubbing with lens tissue soaked in 2-propanol followed by blow-drying
of both sides with N,. All SPR measurements were performed at a set
temperature of 25 °C at a flow rate of 20 4#L/min for measurements in
liquid (except for the PEG grafting solution at 2 yL/min). At least
two repeats of each measurement in air were performed for all
samples to verify no significant signal drift occurred due to adsorption
of moisture. Dry thickness was determined by ﬁttinog Fresnel models
implemented in MATLAB as described previously.'*™'> After PMAA
binding, samples were rinsed with MQ-water containing only a small
amount of HCI to lower the pH and to avoid salt crystals on the
surface. No significant difference in thickness (<1 nm) was obtained
when modeling PMAA as either above or underneath the PEG layer.
For calculating exclusion heights, thickness and refractive index values
for the metal layers were determined separately by using a reference
chip treated identically but not exposed to PEG (see examples in our
previous work'®*®). Fresnel modeling was performed on averaged
reflectivity spectra selected shortly before and after injection of
dextran (example in Figure S3).

QCMD Measurements and Analysis. QMCD measurements
were performed with a Q-Sense E4 instrument (Biolin Scientific) and
a NE-1000 syringe pump (New Era pump systems) for flow control.
All measurements were performed at a set temperature of 25 °C at a
flow rate of 100 uL/min. Voight modeling®' and curve fitting was
performed with the instrument specific software package Qtools using
overtones 3, 5, 7, and 9. To obtain frequency and dissipation signals
relative to a blank QCMD crystal, the absolute frequency and
dissipation were recorded in the same liquid environment prior to
PEG grafting.

SFA Measurements and Analysis. A new prototype SFA
including a semiconductor strain gauge was used for simultaneous
measurements of interaction forces and absolute distance.”” Experi-
ments were conducted in a clean room environment within laminar
flow hoods (ISO class 1). Physical vapor deposition was used to
deposit 2 nm of Cr and 30 nm of Au on the substrate for the polymer
brush (glass disk with 2 cm radius of curvature). The PEG brush was
prepared on the freshly deposited Au film by using the same
procedure as on SPR and QCMD sensor surfaces. The substrate was
inserted into the SFA cell and probed against a freshly cleaved back-
silvered mica surface glued on a glass disk with the same radius of
curvature.

B RESULTS AND DISCUSSION

Inspired by previous work on hydrogen bond interactions with
polyacidic brushes,'”'**° we investigated how a PEG brush
responded when exposed to polymeric acids at different pHs
using SPR and QCMD. Throughout this paper, we present
results for 20 kg/mol PEG brushes grafted directly to gold by
specific end-group thiol binding. In brief, the grafting density is
increased by shrinking the PEG coils by osmosis using
Na,80,." The resulting PEG brushes follow the de Gennes
scaling law and have proved to be highly protein repelling.”
Furthermore, we show results for poly(methacrylic acid)
(PMAA) introduced in solution, but we emphasize that many
other polymer combinations (one as brush and one in
solution) are possible as long as one has carboxylic acid
groups.'”'”*> The PEG brushes have the advantage of
measurable grafting density (0.25 + 0.0S nm™* depending on
the exact batch of thiol-PEG and incubation time) since the
molecular weight is known. The grafting density is measured
on each sample by SPR spectra obtained in the dry state,”*
after which further analysis is done by real-time measurements
in liquid. Also, using PEG enables us to compare our results
with the established PEG—PMAA interaction in solution,”>**
where 1:1 monomer complexation occurs under highly acidic
conditions.”
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Figure 1. Analyzing intermolecular complex formation by SPR. (A) Kinetics of 20 kg/mol thiol-PEG grafting in 0.9 M Na,SO, and subsequent 8
kg/mol PMAA binding (100 ug/mL) in PBS with pH lowered to 4.5. (B) Control shows only a bulk response when a high concentration (10 mg/
mL) of PMAA is introduced at physiological pH. (C) Kinetics of PMAA (100 yug/mL introduced) binding to and dissociating from a PEG brush as
the pH is changed. The arrows indicate dextran injections to probe brush height. (D) Exclusion heights of the PEG brush initially, after saturated
PMAA binding, and after rinsing at high pH. Each line represents one experiment. (E) Example of exclusion height as a function of amount of
PMAA bound at pH 4.5. (F) Angular spectra in dry state of clean Au, Au + PEG brush, and after saturated PMAA binding.
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As a first observation, we noted that the hydrogen bond
interactions were extremely pH sensitive: PMAA (~8 kg/mol
or more) did not bind at all until reaching a critical pH of
pHe S:2 # 0.1, after which high amounts (comparable to the
PEG amount) bound very quickly with lower pH. As soon as
binding was clearly observed, it was also found to be
irreversible; ie., it was very difficult to identify conditions
where the PMAA spontaneously dissociated from the PEG
brush. The sharp contrast in binding behavior occurred in a
pH interval much more narrow (less than one unit) than for
other pH-responsive brushes and hydrogels, which tend to give
continuous changes over a much broader pH range.'”***” The
pH-sensitive nature of the hydrogen bond complexation is
illustrated by the high SPR signal at pH 4.5 (Figure 1), while
there was no detectable binding above pH. For instance, at
pH 7.5, even injections of very high PMAA concentrations (10
mg/mL) gave responses which perfectly followed the total
internal reflection (TIR) angle (Figure 1B), conﬁrming that
the refractive index only increased in the liquid bulk.'”"> The
sharp transition in binding behavior with pH suggests that a
certain fraction of the carboxylic acid groups need to be
protonated to act as hydrogen bond donors."” Indeed, when
using a much smaller PMAA (1.3 kg/mol), which has fewer
potential hydrogen bond donors in total, the pH_; was lower
(around 4.5). Our interpretation is that practically all
monomers need to be protonated for such a short chain to
bind. The PMAA polydispersity limits accurate quantitative
analysis of the number of hydrogen bonds required for
attachment. Nevertheless, on the basis of a theoretical model
for degree of protonation,” we estimated the number of
hydrogen bonds required for PMAA attachment to lie between
10 and 50 (Supporting Information). Interestingly, previously
pH.ie &3 has been measured for PEG—PMAA complexation in
bulk.”**® This is at least two units lower than what we
observed (Figure S1), which can be partly attributed to the fact
that the interaction occurs at an interface. The surface
confinement of the PEG chains enforces a high local monomer
concentration, which is expected to result in a stronger affinity
for PMAA. Tentatively, this is largely due to favorable entropic
contributions from multiple bond configurations, which
become especially important for flexible molecules such as
polymers.” Regardless, the remarkably increased pH,; is
beneficial as it opens up for utilizing the hydrogen bond
complexation in milder environments. For instance, most
proteins will retain their structure at pH 5 but not at pH 3.*

Note that the binding kinetics of PMAA to the PEG brush
showed a small but consistent “overshoot”; i.e., the association
curve has a maximum (Figure 1A). This is characteristic for
multivalent interactions and occurs even though the bulk
concentration remains constant'® (as verified by the TIR
angle). We attribute this behavior to initial weak attachment of
many chains with relatively few hydrogen bonds and long
“dangling ends”. As equilibrium is established, some chains
desorb from the brush while others attach strongly by forming
more bonds. Similar effects have been observed when polymers
adsorb to solid surfaces.”>**

In previous work, we have shown that full angular SPR
spectra can be used to probe brush heights using the bulk
signal from noninteracting macromolecular probes and Fresnel
models.” "> In brief, the thicker the brush, the smaller the
response from the probe due to the quickly decaying
evanescent field."” The result from this method is an “exclusion
height”, representing the characteristic distance from the
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surface at which the probe is prevented from entering further
into the brush. Note that this probes the height of the hydrated
brush, and by comparing with the dry thickness (by SPR
spectra in air), the degree of hydration can be estimated. In
this work we used dextran as probe (Figure 1C) because it
does not interact significantly with either PEG or PMAA."”
This was confirmed by an almost fully linear relation between
the SPR and TIR angles during injections (Figure S3). As a
control, we verified that the exclusion height of the PEG brush
was independent of pH (Figure S4). The initial height had
some sample-to-sample variation influenced by PEG batch,
surface reuse, etc. Regardless of the initial value, we
consistently observed a decrease of 12 + 2 nm upon PMAA
binding (Figure 1D). Additionally, since PMAA remains
bound to the brush below pH_;, we could probe the brush
height with different amounts of PMAA on the surface (Figure
1E). The results show a gradual decrease of the exclusion
height; i.e., the system acts as a soft nanoscale actuator. It may
seem counterintuitive that the addition of material to a thin
film makes it even thinner, but this behavior has been observed
for brushes both theoretically'* and experimentally'>"? if their
degree of hydration is high. Based on the dry thickness and the
exclusion height, our PEG brushes have a water volume
fraction of at least 80% before PMAA binding, although it
should be kept in mind that this is an average across the
parabolic density profile.”'***

A fraction of the bound PMAA could not be removed by
repeated rinsing with increased pH (Figure 1C). We attribute
this to primary adsorption of PMAA to the gold surface
underneath the PEG brush (see also Figure SS and related
discussion). The brush is an impenetrable barrier to most
molecules that would readily adsorb to gold (e.g., proteins in
general”*"), but PMAA, which clearly interacts with PEG (at
low pH), is able to “slip through” the brush and reach the solid
surface. The exclusion height as a function of amount of bound
PMAA did not show a decrease initially (Figure 1E), which
could be because PMAA first fills up the underlying gold.
Interestingly, the primary adsorbed PMAA did not have any
significant effect on any of the brush properties investigated in
this study; i.e., after desorbing (most of) the PMAA by raising
pH, the brush behaved the same as before it was exposed to
PMAA. For instance, the exclusion height was fully recovered
(Figure 1D). A small SPR signal appears in response to pH
changes (Figure 1C), but this is expected simply due to
changes in ionization state of the remaining PMAA. >

In order to determine the stoichiometry of the PEG—PMAA
complex, we compared the signals from the polymers.
Although absolute quantification of SPR signals can be
complicated in liquid, a relative comparison is straightforward:
The SPR signals are 0.90° from PEG grafting and 1.37° from
PMAA binding (Figure 1A). Taking into account the
differences in mass-based refractivity”'**> (0.134 and 0.158
cm®/g for PEG and protonated PMAA, respectively, Figure
S6) and monomer weight (44 and 86 g/mol), the resulting
stoichiometry is 1:0.66 (EG:MAA). Further analysis was done
by Fresnel models of angular spectra measured in the dry
state'”"* (Figure 1E), assuming dry refractive index values of
1.456 for PEG" and 1.522 for PMAA."” The ratio of the fitted
thicknesses was converted to mass coverage using the densities
(1.09 g/cm® for PEG" and 1.22 g/cm? for PMAA'?) and then
to a molar ratio using the monomer weights. This yielded a
comparable stochiometric ratio of 1:0.75. Note that both
estimates ignore that some PMAA (~20% based on the

https://doi.org/10.1021/acs.langmuir.1c00271
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Figure 2. Probing rheology changes in the brush by QCMD. (A) Frequency and dissipation signals at different overtones upon PMAA (100 ug/
mL) binding at pH 4.5 and release by increased pH. (B) Thickness changes upon PMAA binding based on Voight and Sauerbrey models. (C)
Change in shear elasticity and viscosity upon complexation. After a pH increase the initial values are recovered.

remaining signal after pH increase) is interacting with the gold
surface and not with PEG. Furthermore, there could be a
certain number of free dangling ends of immobilized PMAA
chains. Hence, the amount of PMAA is considerably lower
than what is expected from the 1:1 equilibrium ratio observed
for bulk complexation.23 However, we observed that when
further lowering pH to about 4 (the limit due to PMAA
precipitation in PBS buffer) the saturated SPR signal more
than doubled, which means there are more MAA than EG
monomers. Hence, it appears that the hydrogen bonds, which
will become more numerous (per PMAA chain) at lower pH,
are competing with other effects such as increased entropic
penalties from deeper insertion into the PEG brush."®

To obtain information about rheology changes in the brush,
the interaction was characterized by QCMD.** As PMAA
bound to PEG, a complex frequency response was observed
with strong dependence on overtone number n (Figure 2).
Notably, at n = 3, the end frequency shift was positive, which
shows that the water expulsion from the brush dominates over
the added PMAA mass.” The response decreased in magnitude
and became negative at n = 9 or more. The strong dependence
on overtone suggests major changes in viscoelastic properties
of the film. In order to model these, we also measured the
reference frequency and dissipation of the bare sensor crystal
in PBS.*® This showed that the signals divided by respective
overtone number actually become identical after PMAA
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binding (see alternative plot in Figure S7). Thus, the PEG
brush is initially viscoelastic and rigidifies after hydrogen bond
complexation. This is further supported by the large decrease
in the dissipation, which also reached low values in absolute
numbers after complexation (<3 X 107¢ compared to the bare
crystal at all overtones). After the pH was raised, minor
changes in frequency (~10 Hz) and dissipation (~1 X 107°)
were observed compared to the initial values (Figure 2A). This
is consistent with some remaining PMAA directly adsorbed to
gold, which does not strongly influence the viscoelastic
response of the brush above.

Figure 2B shows the calculated brush heights during the
PMAA binding and subsequent pH increase, using either the
Sauerbrey constant (0.057 cm® ng™' Hz™') at the third
overtone or multiparameter Voight modeling”" (fits in Figure
S8). In both cases, the film density was set to 1.1 g/cm?, which
is the average of PEG, PMAA, and water. (This value must be
quite accurate since all components have similar densities.) In
the initial brush state, the Voight thickness is 64 nm (Figure
2B), ie., considerably higher than the exclusion heights
measured by SPR (Figure 1D). The value is, however, well
below the average contour length of the chains*** (~130 nm).
It should be kept in mind that the brush—solution boundary is
highly dynamic and not well-defined due to the parabolic
density profile. Thermal fluctuations will make a fraction of
the chains extend more than the average height at any point in
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Figure 3. Surface force apparatus experiments. (A) Simplified representation of the setup. The PEG brush is approached by a mica surface at a
decreasing distance z and the force is measured. The separation between the surfaces is measured optically based on multiple beam interference
fringes of equal chromatic order*® (FECO). (B) Semilogarithm plot of the force—distance curve profile during the approach of a mica surface to a
PEG brush in pH 4.5 PBS (black markers), after PMAA bound to the PEG brush (red markers), and after increase of pH to 7.5 PBS (blue
markers). The full lines are fits to eq 1, resulting in equilibrium brush heights (no compression) of 44.0, 42.0, and 43.4 nm. The inset shows the
behavior of the polymer brush in the compressed regime (linear in the semilog plot).

time. Furthermore, although the PEG chains have low
polydispersity (1.01), some will still be considerably longer
than the average. In the end, the acoustic thickness has a
different physical meaning than the exclusion height and
should be more sensitive to a few chains extending a bit
further. Previous work on polymer films has shown similar
behavior when Voight-based heights are compared with those
obtained from optical methods.””*® The initial Sauerbrey
height is actually in better agreement with the exclusion height,
even though the brush is highly hydrated.’® However, this is
not surprising because our data fulfill the requirement that
AD/Af< 4 x 107" Hz™" (Figure S7), which is commonly used
as a rule of thumb for when the Sauerbrey constant (17.7 ng/
cm® Hz™') can give an accurate thlckness under the
assumption that the film density is correct.’® (In other
words, even if the accurate “dry” surface mass coverage cannot
be obtained, the film thickness can still be extracted.)

Upon PMAA binding, the Voight height decreases
considerably to ~42 nm, while the Sauerbrey height only
decreases down to about 40 nm. The Voight height thus shows
a higher change in thickness compared to SPR, while the
Sauerbrey model shows a much smaller change. Both models
give a good agreement with the SPR height after complexation,
but Sauerbrey is again closer. However, viscoelastic models
that account for the variation in response with overtone
number”"”*® are needed to obtain information about the
complex modulus of the brush. Figure 2C shows the elastic
shear modulus and viscosity for the pure PEG brush, after
PMAA binding and after rinsing with increased pH. The initial
viscosity is 4 X 107> Pa-s, which is in good agreement with that
for a diluted PEG solution.*” Upon PMAA complexation, the
elastic modulus changes by orders of magnitude from 50 kPa
to 1.3 MPa, which is comparable to a rubber band. The
viscosity increases almost an order of magnitude to ~0.03 Pa-s,
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similar to a 40% (by weight) PEG solution.” To the best of
our knowledge, this is the first study showing how a
hydrophilic polymer brush undergoes quite large rheology
changes due to molecular binding by multivalent interactions.
Previously, hydrogen bond complexation on surfaces has only
been studied by using other types of thin film coatings.””*'~*’
There are also some similarities to the recently reported strong
change in friction between polyelectrolyte brushes caused by
multivalent cations.**

In order to verify the results from SPR and QCMD, we used
an SFA*>® to further analyze the PEG brush changes upon
complexation. There are some important differences between
SFA measurements and brush compression by an atomic force
microscopy (AFM) probe:'*** First, the absolute distance to
the approaching surface is directly measured with an
interferometric method, rather than using the relative z-
movement from the piezo. Second, in SFA the approaching
surface is compressing the whole brush, while a sharp AFM tip
would penetrate it.” We performed force—distance experiments
with the PEG brush on gold facing a clean mica surface (Figure
3). First, we analyzed surface contact in air in order to estimate
the dry PEG thickness, resulting in a value of 9.75 nm (Figure
S9), which is similar to the higher values obtained from SPR
spectra in air (up to 9.3 nm). The small discrepancy is likely
due to the roughness of the gold film. Afterward, force profiles
of the solvated PEG brush were recorded in PBS with a pH
adjusted to pH 4.5. Next, we exposed the PEG brush to PMAA
solution for 30 min and rinsed with PBS (still at pH 4.5),
followed by another measurement. Finally, we increased the
pH to 7.5 and recorded a further set of force versus distance
data points. The results are presented as a semilog plot in
Figure 3B.

The force curves in aqueous environment featured rather
similar shapes, indicative of a brush compression, although
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with notable differences. The repelling force from the brush
compression starting at the equilibrium height H can be
described by a de Gennes model:*

5/4 7/4
7(5) + s(i) - 12}
z H (1)

Here z < H for the case of brush compression. The terms
containing z represent conformational entropy favoring
compression and osmotic pressure favoring swelling. R is the
radius of the SFA disk, and the additional term containing a
factor 12 comes from integrating the original de Gennes
expression.*® Also, the Derjaguin approximation is used for two
cylinders in the limit z << R."" In our asymmetric geometry of a
polymer brush facing a solid surface, we define the prefactor A
as in the work by Kuhl et al.** but a factor of 2 lower since we
compress only one brush:

F
— =AH
R

8k, T/
A=—"B—
35 (2)

Here I is the grafting density as molecules per area which
we determined by SPR measurements in the dry state* (0.25—
0.3 nm™2). After some compression (z/H < 0.9), all force—
distance curves are expected to approach an exponential
dependence,”” in good agreement with the data (inset in
Figure 3B).

We fitted eq 1 to the initial PEG brush compression in the
range 35 < z < 50 nm, allowing both A and H to vary*® (Figure
3B). This gave a brush thickness of H = 44 nm, in very good
agreement with the SPR exclusion height. Furthermore, we
fitted A = 4.4 X 10° N/m? which indeed lies within the range
predicted by eq 2 ((3.7-4.6) X 10° N/m?) based on the
experimental variation in I'. Next, we consider the force—
distance data with PMAA bound. It is evident that this curve is
significantly shifted compared to the other two. Equation 1 is
not necessarily expected to work well in this case because the
layer is closer to a stiff hydrogel than a brush (consider the
QCMD results). Nevertheless, we still performed a fit and
allowed only H to vary (keeping the prefactor fixed to 4.4 X
10° N/m?). The fit was still fair (R* = 0.987) and resulted in a
small but significant reduction in brush height to 42 nm.
Although this decrease is smaller than the change in height
measured by SPR (Figure 1D) and QCMD (Figure 2B), there
is qualitative agreement. Treating the film as a Hookean solid
led to a much poorer fit (not shown). Finally, we performed a
fit for the compression of the same PEG brush after raising the
pH. This led to an almost full recovery of the initial value of H
(Figure 3B). Thus, the SFA results confirm that the remaining
primary adsorbed PMAA has no significant effect on the height
or the repelling properties of the brush. Note that it is highly
unlikely that PMAA is causing degrafting of the PEG chains
since all methods (SPR, QCMD, and SFA) confirm that the
brush regains its initial properties after the pH is increased.

A summary of all brush heights obtained by the different
methods is given in Table 1. Clearly, there is fair agreement for
the methods, even though they probe the brush height in very
different ways. The most notable deviation is the QCMD
Voight model, which predicts a thicker PEG brush before
PMAA complexation. Also, the SPR exclusion height under-
goes stronger changes than the acoustic (QCMD) and contact
(SFA) heights. This is likely illustrating that the latter two
methods are more sensitive to a few chains (PEG or PMAA)
extending a bit further from the surface than the rest.
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Table 1. Summary of Brush Heights Obtained by Different
Methods

after
PEG PMAA after
method brush binding raising pH comments
SPR exclusion 40 nm 28 nm 40 nm similar to previously
height reported value
(38 nm) with
protein probes4
QCMD Sauerbrey 45 nm 40 nm 44 nm assumes rigid film
(third overtone)

QCMD Voight 64 nm 43 nm 62 nm fully models
viscoelastic
properties

SEA 44 nm 42 nm 43 nm by fitting to
de Gennes model

AFM 42 nm  not not from previous report4

measured measured

Finally, we investigated how the protein repelling ability of
the PEG brush was altered upon hydrogen bond complexation.
In recent work, we showed that PMAA also hydrogen bonds
very efficiently with proteins in its protonated state.'> This
raises the question of whether the PEG brush still repels
proteins after complexation with PMAA. In order to find out,
we tested if a model protein (avidin) would adsorb to the
brush. An example is shown in Figure 4, which first shows once
more the PMAA binding and subsequent rinsing steps by high
pH. Afterward, upon the first injection of avidin, no binding is
detected, confirming that the protein repelling ability of the
PEG brush is not influenced by the remaining PMAA. This
further strengthens the view of PEG brushes as strong kinetic
barriers preventing protein adsorption.””*” If a protein finds its
way down to the gold surface, it should adsorb, but this does
not occur (at least not on the time scale of the experiment).
Next, we performed very brief injections of PMAA to bind only
a small amount at a time and measured the response from
avidin after each step (Figure 4A). Examples of responses from
avidin injections with different amounts of PMAA bound are
shown in Figure 4B.

Figure 4C summarizes the irreversible signals from avidin
(after rinsing) as a function of the signal from PMAA,
excluding the signal corresponding to the amount adsorbed
directly to gold. A threshold behavior is observed where a
certain amount of PMAA (corresponding to ~0.2°) needs to
be bound before the protein starts to bind. This threshold
value is similar to the PMAA signal at which the exclusion
height starts to decrease significantly (Figure 1E), further
supporting that primary adsorption occurs first. Eventually,
when PMAA is surely binding to PEG, fairly high amounts of
protein can be immobilized. The highest signal of 1.1°
corresponds to at least one dense protein monolayer.”'" When
the pH was raised, all proteins were desorbed together with the
PMAA that bound to PEG as expected. These results suggest
that, at low coverages, very few protonated PMAA monomers
are available to interact with the proteins. As the amount of
PMAA increases, more and longer free dangling ends will
appear, enabling hydrogen bonds to form with proteins as well.
In other words, the PMAA acts as a bridge between PEG and
proteins, similar to layer-by-layer assembly of elastomeric
films.” Qualitatively, we observed the same behavior with
QCMD and also for other proteins such as bovine serum
albumin. However, some large proteins such as p-glucur-
onidase appeared to “extract” PMAA from the brush instead of
binding to it (negative signals were observed). This suggests
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Figure 4. Altering the protein repelling ability of PEG brushes. (A) PMAA binding followed by rinsing steps at pH 7.5 and injection of avidin,
which gives no detectable binding. Subsequently, very brief injections of PMAA and new injections of avidin are performed. (B) Avidin injections
for different amounts of PMAA already bound to the PEG brush (represented by SPR signals). Rinsing is performed as indicated by arrows. (C)
Avidin signal as a function of PMAA signal. The detection limit is indicated. The dashed lines are guides to the eye, showing a threshold behavior.

that the PMAA—protein interactions can sometimes out-
compete the intermolecular polymer complexation, which is
not surprising since the binding strength to the protein
depends on its molecular weight and surface groups.'” Larger
proteins also imé)ose a higher entropic penalty upon insertion
into the brush.'

B CONCLUSION

This work shows that an ordinary PEG brush, a construct
which is widely used to prevent biomolecular adsorption both
in vitro and in vivo, can alter its properties drastically in the
presence of polyacids at low pH due to the formation of
multivalent hydrogen bonds. Importantly, it is sufficient to go
down to a pH of about S, not 3 as in bulk systems used to
study the same interactions. Using multiple techniques, we
have shown that the brush reduces its degree of hydration and
decreases in thickness as a function of the amount of PMAA
bound. Furthermore, the brush becomes much more rigid, as
expected when the chains become locked in a certain
configuration due to the multivalent interaction. In addition,
the protein repelling properties are lost after a certain
threshold in the amount of bound PMAA is reached. The
process can in some ways be regarded as a form of physical
gelation, yet the long PMAA chains are not that similar to
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cross-link connection points. All changes in brush properties
are fully reversible with pH; i.e. after going back to
physiological pH, the PEG brush exhibits its usual barrier
properties once more.

This study is the first to demonstrate how interactions with
solute molecules in the form of hydrogen bond complexation
influence the properties of a PEG brush. We believe the results
are important since PEG brushes are widely used for making
surfaces “nonfouling”. Our study provides awareness of the fact
that they will alter their properties entirely in the presence of
neutral PMAA. Note that our system differs from the use of
“mixed brushes” containing multiple polymers that may
hydrogen bond.” Such brushes are tunable by changing bulk
liquid parameters, not by introducing macromolecular species
in solution while maintaining the same physicochemical
environment. As the protonated weak polyacids also interact
with many other hydrophilic polymers,”” the results are
important for many other brush systems as well. Indeed, we are
currently investigating the hydrogen bond complexation with
polymer brushes prepared by grafting-from methods. Several
applications are possible based on the hydrogen bond
complexation. For instance, one can envision the capture and
subsequent release of molecules carrying a recognition “tag” in
the form of a PMAA chain. The target molecules could
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potentially even be of biological origin, such as proteins with
engineered sequences of repeated aspartic acid or glutamic acid
residues.>’
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