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ABSTRACT: Specifically adsorbed bottlebrush coatings are found in nature
as brush-like glycoproteins that decorate biointerfaces and provide
antifouling, lubrication, or wear-protection. Although various synthetic
strategies have been developed to mimic glycoprotein structure and function,
the use of these mimics is still limited because of the current lack of
understanding of their adsorption behavior and surface conformation. In this
paper, we examine the adsorption behavior of PEG-based, biotinylated
bottlebrushes with different backbone and bristle lengths to streptavidin
model surfaces in phosphate-buffered saline. By using quartz crystal
microbalance, localized surface plasmon resonance, and atomic force
microscopy, we learn how bottlebrush dimensions impact their adsorption
kinetics, surface conformation, mechanical properties, and antifouling
properties. Our bottlebrushes qualitatively mirror the adsorption behavior
of linear polymers and exhibit three kinetic regimes of adsorption: (I) a
transport-limited regime, (II) a pause, and (III) a penetration-limited regime. Furthermore, we find that the bristle length more
dramatically affects brush properties than the backbone length. Generally, larger bottlebrush dimensions lead to reduced molar
adsorption, retarded kinetics, weaker antifouling, and softer brush coatings. Longer bristles also lead to less mass adsorption, while
the opposite trend is observed for increasing backbone length. In summary, our findings aid the rational design of new bottlebrush
coatings by elucidating how their dimensions impact adsorption, surface conformation, and the properties of the final coating.

■ INTRODUCTION

Polymer brushes are tethered macromolecular coatings that are
used to stabilize colloids1,2 or endow surfaces with protein
resistance,3,4 biocompatibility,5,6 or boundary lubrication.7,8

Brushes are often prepared by grafting from surfaces because
this strategy produces high grafting densities desired for many
applications.9 The main alternative to grafting from is grafting
to, where pre-assembled macromolecules adsorb to an
interface. At the cost of lower grafting density,10 grafting to
can produce brush coatings for many applications where
grafting from is infeasible, such as in vivo coating of
biosurfaces. Many highly functional coatings are produced in
nature by grafting to or adsorption of bottlebrush-like
glycoproteins,11 such as lubricin12−14 and aggrecan.15 While
these naturally occurring bottlebrushes inspire the design of
novel, biomimetic surface coatings,16−20 the optimization of
these surface coatings is currently limited by a poor
understanding of polymer surface conformation and adsorp-
tion kinetics.
Here, we limit our discussion to polymers bearing a single,

high surface-affinity headgroup because of their structural
similarity to the biological systems that inspired us. While we
are primarily interested in bottlebrush end-grafting, we draw
comparisons to the more extensively studied system of end-
grafted linear polymers.21−33 In these studies, nonspecific
physisorption is countered by using highly specific and strong

surface coupling chemistry, such as gold−thiol23−29 or amine−
epoxide.30−33 Linear polymers generally have three main
regimes of adsorption kinetics: a transport-limited regime (I), a
pause (II), and a penetration-limited regime (III). At low
grafting densities, high surface affinity polymers adopt pancake-
like conformations, while low surface affinity polymers adopt
mushroom-like conformations.25 The onset of the pause
regime is typically attributed to a mushroom-to-pancake34−37

or pancake-to-mushroom38−41 transition. These coatings
typically end in the brush regime, where polymer chains
overlap.
While there is a wealth of information on grafting to of linear

polymers, we could not find comparable work on bottle-
brushes. Synthetic bottlebrush architectures uniquely afford a
high degree of control over polymer dimensions without
changing the polymer’s chemical identity. Specifically, the
polymer’s bristle length can be changed to tune the
bottlebrush’s Kuhn length42−45 and excluded volume inter-
actions for specific applications. While bottlebrushes are
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expected to follow qualitatively similar grafting behavior to
linear polymers, we anticipate that their comparatively long
side chains will exaggerate the aspects of the adsorption
process associated with polymer excluded volume.
Bottlebrushes inherently have more structural parameters

than linear polymers. While this makes bottlebrushes more
customizable, it is difficult to exploit their mutability for grafted
surface coatings without knowing how their design parameters
impact their adsorption behavior. Currently, the relationships
between bottlebrush dimensions and grafting behavior are
poorly understood. The closest prior studies prioritized
lubrication16,18,19,46 or antifouling20 over the fundamental
phenomena underlying adsorption.
In this paper, we report on the relationships between

bottlebrush polymer dimensions and the properties of the
coatings they form through specific, end-functional adsorption
to model surfaces. Specifically, we look at the effects of bristle
and backbone lengths on bottlebrush adsorption kinetics,
conformation, and antifouling properties. We find that longer
bristles reduce molar adsorption, adsorption rates, brush
stiffness, and antifouling ability. While increasing backbone
length leads to similar trends, the effects are less dramatic than
changing the bristle length.

■ MATERIALS AND METHODS
Here, we provide information on key procedures. See Supporting
Information for additional details and a comprehensive list of
materials, instrumentation, synthetic procedures, data analysis, and
associated refs.47−49

Materials. Acetone (99.5%, Sigma-Aldrich), biotin (99%, Sigma-
Aldrich), biotin-labeled bovine serum albumin (biotin−BSA, 80%
protein, 8−16 biotin per protein, Sigma-Aldrich), biotin−PEG10−
thiol (788.0 Da, 97%, Polypure), ethanol (EtOH, absolute,
KOPTEC), hydrogen peroxide (35%, BDH Chemicals, for piranha),
poly(ethylene glycol) thiol (PEG7−thiol, has −OH and −SH termini,
386.5 Da, 97%, Polypure), potassium chloride (99.995%, Alfa Aesar),
potassium phosphate monobasic (99.8%, J.T. Baker), sodium chloride
(99%, Macron Chemicals), sodium dodecyl sulfate (SDS, 99%, Sigma-
Aldrich), sodium phosphate dibasic (99%, Sigma-Aldrich), streptavi-
din (from Streptomyces avidinii, 13 U/mg, 65−100% protein, Sigma-
Aldrich), and sulfuric acid (95%, EM Science) were purchased and
used as received. Biotinylated bottlebrushes were produced following
adapted literature procedures50 and characterized by NMR, gel
permeation chromatography (GPC), sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE), and Fourier transform
infrared−attenuated total reflectance (FTIR−ATR) (results in
Supporting Information). We manually prepared phosphate-buffered
saline (PBS) using Milli-Q-grade water (18.2 MΩ·cm). See
Supporting Information for a full listing of materials.
Biotin Self-Assembled Monolayer Preparation. This proce-

dure applies for gold-coated silicon chips for atomic force microscopy
(AFM), 5 MHz gold-coated sensors for quartz crystal microbalance
(QCM), and sensors for localized surface plasmon resonance (LSPR,
50 or 100 nm diameter Au nanoparticles). Sonication was performed
at 50 °C for 5 min and omitted for LSPR sensors. Gold-coated
surfaces were rinsed with water and 1% SDS solution, sonicated in 1%
SDS solution, rinsed with water, sonicated in water, rinsed with water,
rinsed with acetone, rinsed with ethanol, sonicated in ethanol, rinsed
with ethanol, blown dry with nitrogen gas, and placed in a glass dish.
Acidic piranha solution was freshly prepared by adding 1 mL of 35%
H2O2 solution to 3 mL of concentrated sulfuric acid and dropped
onto the polished gold surfaces. After 5 min, the dish was filled with
water to dilute the piranha, and chips were rinsed copiously with
water, rinsed with ethanol, and blown dry with nitrogen gas. Within 5
min, the sensor surfaces were cleaned with O2 plasma at medium
power for 2 min. The sensors were immediately immersed into an
ethanolic solution of HO−PEG7−thiol (0.99 mM, 11.5 mg/30 mL,

99 equiv) and biotin−PEG10−thiol (0.01 mM, 0.236 mg/30 mL, 1
equiv) and incubated at room temperature for 1−4 days. Chips were
then rinsed with ethanol, sonicated in EtOH at 20 °C for 5 min,
rinsed with ethanol, and blown dry with nitrogen gas. Polished gold
surfaces were checked by ellipsometry and contact angle goniometry
against water to ensure consistent and clean surfaces.

Quartz Crystal Microbalance. QCM sensors were rinsed with
ethanol and blown dry with nitrogen before loading into a QCM
chamber. A peristaltic pump flowed solution through the QCM cells
at steady rate (0.1 mL/min ± 10%, measured gravimetrically), while
the temperature was maintained at 25 °C. The frequencies of each
overtone (n = 1, 3, 5, 7, 9, 11, and 13) were found after the chambers
were filled with PBS. For most experiments, the order of fluids over
the QCM sensors were as follows: (1) air, (2) PBS, (3) streptavidin
(25 μg/mL in PBS, 10 min), (4) PBS, (5) bottlebrush polymer
analyte (50 μg/mL in PBS, ∼1 h), (6) PBS, (7) biotin−BSA (100 μg/
mL in PBS, 10 min), (8) PBS, (9) H2O, and (10) air. Exceptions were
made for control experiments. After the experiment, the chips were
rinsed with water and blown dry with nitrogen gas prior to
characterization. For simplicity, data are reported as mass densities
determined by the Sauerbrey equation with a Sauerbrey constant of
approximately 1.064 Da Å−2 Hz−1. We report normalized frequency
shifts as Δf = shift/mode number.

Localized Surface Plasmon Resonance. Our LSPR system
maintained a constant flow of PBS over sensors at 20 μL/min. The
flow of buffer was interrupted with various injections that each
exposed the sensor surface to an injected solution for exactly 4 min. In
order, the following solutions were added across several injections:
(3−10 injections) 80% isopropyl alcohol, (2 injections) streptavidin
(25 μg/mL in PBS), (3−11 injections) bottlebrush analyte (50 μg/
mL in PBS), (1 injection) biotin−BSA (100 μg/mL in PBS), and (1
injection) water. For clarity, times between polymer injections are
omitted (see Figure S54). Polymer injections were continued until the
increase of polymer mass from an injection was indistinguishable from
drift. Experiments with the same polymer used the same number of
injections.

Atomic Force Microscopy. Briefly, we used a micromanipulator
to adhere microspheres (5 μm radius, borosilicate) to the ends of
triangular, tipless AFM cantilevers (NP-OW, Veeco, cantilever B,
listed spring constant 0.06−0.12 N/m). The microsphere’s working
side was coated with 2 nm of chromium (adhesive layer), 10 nm of
gold, and a biotin self assembled monolayer (SAM). Immediately
before use, biotinylated probes were rinsed with ethanol, incubated in
streptavidin solution, rinsed with PBS, and incubated with a biotin−
BSA solution. AFM was performed in 1% PBS solution. The probe’s
invOLS and spring constant were calibrated by force curves against a
plain biotin−SAM surface and thermal tune. Then, force curves were
acquired in 1% PBS solution at various speeds on biotinylated gold
chips with streptavidin exposed to either biotin, bottlebrush, or
nothing. We estimate the contact radius as the geometric mean of
probe radius and double the streptavidin height.

■ RESULTS AND DISCUSSION
Experimental Design. For this study, we chose an

experimental design to isolate the effect of bottlebrush
dimensions on adsorption. We selected streptavidin−biotin
chemistry to mediate grafting to because streptavidin−biotin
coupling is strong, specific, and fast.53 This speed ensures that
our adsorption kinetics is dominated by the bottlebrush.
Additionally, streptavidin has a 5.5 nm diameter,51 making it
far smaller than our bottlebrushes (Rg > 40 nm by SLS). We
chose to use poly(oligoethylene glycol methacrylate) (PO-
EGMA) as bristles in our bottlebrushes because POEGMA is
antifouling,54 hydrophilic, uncharged, chemically inert, and
easily prepared. Most importantly, our initial experiments
showed POEGMA-based bottlebrushes have negligible non-
specific adsorption to streptavidin-modified surfaces (Figure
1B). This ensures that we only measure specific bottlebrush
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adsorption. Together, these features allow us to attribute
differences in adsorbed layer properties to bottlebrush
dimensions, making our findings more generally applicable to
bottlebrush polymers.
We used our previously reported synthetic methods to

prepare biotin-modified bottlebrushes by click chemistry.50

Specifically, we used poly(2-aminoethyl methacrylate-co-
hydroxyethyl methacrylate) (P(AMA-co-HEMA)) as a back-
bone scaffold to which we coupled a single biotin headgroup
and grafted many POEGMA bristles (Scheme 1A). Our
grafting to approach of bottlebrush synthesis enables us to
produce a library of bottlebrushes that contains pairs of entries
that differ in either backbone or bristle molecular weight.
Coupled with a consistent grafting efficiency (Table S6),
differences between samples are entirely attributable to
backbone and bristle lengths with minimal influence from
molecular weight inaccuracies or bristle spacing. Throughout
this paper, we will refer to our biotinylated bottlebrushes with
the abbreviation XXk-g-YYk, where XX and YY are the number
average molecular weights in kDa of the backbone (by GPC)
and bristle (by NMR), respectively. Negative control brushes
with a triisopropyl-silyl (TIPS) protecting groups instead of
biotin are abbreviated as TIPS-XXk-g-YYk.
Using gold−thiol chemistry, we prepared mixed biotin−

SAMs with PEG−thiol filler using a feed ratio optimized for
streptavidin binding.55 In our experiments, we then generated a
streptavidin monolayer by exposing a biotinylated surface to
streptavidin solution in PBS (Figure 1A,B). Next, we grafted

bottlebrushes to the streptavidin by flowing a biotin-
bottlebrush solution (in PBS) over the surface. Lastly, we
tested the antifouling properties of the coating by challenging
with biotin−BSA, which has a very high affinity for
streptavidin. We confirmed the chemical identity of our
surface coatings by FTIR−ATR (Figure S33). Particularly, the
CO ester peak is specific to our synthetic polymer, where
proteins (streptavidin and biotin−BSA) show amide I and
amide II peaks at 1650 and 1550 cm−1.56

These processes were monitored in real time by LSPR with
50 and 100 nm diameter gold nanoparticles and by QCM. This
combination has various advantages. First, QCM and LSPR are
based on different physical principles (by acoustics and optics
respectively), allowing us to validate our results through the
use of these orthogonal methods. Furthermore, this combina-
tion of techniques allows us to investigate the nature of the
adsorbed bottlebrushes at various length scales. Specifically, 50
and 100 nm gold particles have EM decay lengths of
approximately 9 and 20 nm, respectively. In contrast, QCM
acoustic waves penetrate 200 nm into aqueous solution.57

Thus, LSPR with 50 nm Au primarily shows signals for
polymer immediately near the surface, LSPR with 100 nm Au
will be medium range, and QCM will show the whole brush.
Lastly, in contrast to planar QCM sensors, LSPR can also
reveal curvature effects. This combination of methods allows
us to both validate our findings and further investigate the
structure of the bottlebrush layer.

Scheme 1. Chemical Structures (A) and Dimensions (B) of Macromolecules and Surface Structures Employed in This Studya

aStreptavidin and BSA dimensions were determined from crystal structures (1VWA51 and 3V0352).

Figure 1. General experimental design (A) and representative QCM data (B,C). (B) A biotinylated sensor is exposed to 25 μg/mL streptavidin in
PBS to form a streptavidin monolayer. A bottlebrush coating is then formed by exposure to 50 μg/mL biotin-bottlebrush (black) or biotin-free
bottlebrush (red) by biotin−streptavidin coupling. The antifouling properties of the coating are then tested with a 100 μg/mL biotin−BSA
solution. PBS (buffer) is flowed between solutions. Arrows indicate times when the solutions are changed. For simplicity, QCM mass density is
calculated by the Sauerbrey equation. The shaded region is expanded in C with time measured from the beginning of brush adsorption. (C)
Biotinylated bottlebrushes show three adsorption regimes: a transport-limited (I), a pause (II), and penetration-limited regime (III).
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Bottlebrush Adsorption. In most of our experiments,
biotinylated bottlebrushes show three adsorption regimes: (1)
a transport-limited regime, (2) a short pause, and (3) a
penetration-limited regime (see Figures 1C, 2, 3). This
observation is consistent with previous theoretical21 and
experimental22,23,25,30−33 works on grafting kinetics for linear
polymers. For our system, this behavior is absent in linear
polymer controls, which quickly saturate the surface (Figures
S43 and S56). Here, we will qualitatively discuss several
aspects of the adsorption process of our bottlebrushes: (1)
specificity, (2) kinetics, (3) conformation, and (4) mechanical
properties.
Specificity. Our experiments show that our bottlebrush

adsorption is extremely specific (Figure 1B). Across all
experiments, only biotinylated macromolecules showed sub-
stantial adsorption, including biotinylated bottlebrushes, linear
biotin−POEGMA, and biotin−BSA. In contrast, biotin-free
macromolecules all showed negligible adsorption (within

noise), including control bottlebrushes and BSA. This indicates
nonspecific adsorption is mostly absent in our system.
Additionally, we found that the presence of streptavidin aids
in blocking nonspecific adsorption beyond that provided by
the PEG-rich SAM (Figure S45).

Adsorption Kinetics. The different regimes of bottlebrush
adsorption kinetics mirror those of linear polymers. In the
earliest stages of adsorption, surface-bound polymers adopt
mostly noninteracting, mushroom-like conformations.58 For
linear polymers, this first regime is limited by mass transport of
polymer to the surface. Under flow, transport-limited kinetics
follow21

t
L

D t( )
c

ρ ϕ≈
(1)

where ρ is the areal mass density of polymer, t is the time, φ is
bulk solution volume fraction, D is diffusivity, and Lc is contour
length. This relationship means that adsorption data are

Figure 2. Effect of concentration on adsorption of 101k-g-10k onto streptavidin in PBS measured by QCM. (A) Adsorbed areal mass density (ρ) vs
time calculated by the Sauerbrey equation. Zero elapsed time is defined as the time at which each polymer solution first reaches the sensor. (B)
Log-transformed fractional areal mass density (ln(1 − ρ/ρmax)) plotted vs time. (C) QCM dissipation versus frequency plot showing the evolution
of viscoelastic properties throughout adsorption. Curves are shown for adsorption with a constant flow of polymer solution (solid) and
intermittently paused flow (dash). A dotted guideline is shown for the theoretical slope corresponding solely to a shift in fluid density and viscosity.

Figure 3. Representative adsorption curves of biotinylated bottlebrushes (50 μg/mL in PBS) of different dimensions using LSPR with gold
nanoparticles of 50 nm (A,D) or 100 nm diameter (B,E) and QCM (C,F). Full adsorption curves (A−C) are accompanied with a zoom-in of the
first minutes of adsorption (D−F), shaded in gray. LSPR shifts (Δλ) are normalized to the bulk refractive index sensitivity (m) of each sensor. Data
for replicates are available in Supporting Information (Figure S38).
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linearized when plotted as ρ2 versus t, which we observed for
our bottlebrushes in regime I (Figure 4A,B). Therefore, the
first kinetic regime for bottlebrush adsorption primarily follows
transport-limited kinetics. When applicable, we report the root
of the slope (proportional to D1/2φ/Lc) as the transport rate.
To ensure that differences between slopes solely reflect
changes in polymer dimensions, we kept φ constant across
adsorption experiments. We found that heavier polymers
exhibited smaller transport rates, which we attribute to slower
diffusion.
For linear polymers, the transport-limited regime is typically

followed by a latent period (pause) characterized by minimal
adsorption. The adsorption kinetics of these polymers are
generally modeled as a combination of Brownian diffusion and
reptation-based penetration.21 As these mechanisms alone do
not produce a pause, the pause is instead attributed to a
conformational change in the brush layer.22,23,25 By the same
logic, we reason that the pause observed during the adsorption
of our bottlebrushes also originates from a conformational
change. As the kinetics of the conformational change are likely
specific to the polymer−surface combination, we instead focus
our efforts on elucidating the nature of the conformations that
define the pause, which is more generally applicable (see the
Pause Conformation Section).
For linear polymers, the third regime follows penetration-

limited kinetics of the form

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
ktln 1

max

ρ
ρ

− =
(2)

where ρmax is the maximal areal mass density and k is the rate
constant. After the pause regime, our bottlebrushes closely
follow this linear relationship (Figure 4C,D) and yield similar
slopes (rate constants) across experiments with the same
bottlebrush (Figure 2B). Whereas the model predicts a zero
time intercept, our data show time offsets that directly

correlate with the variable amount of polymer present at the
pause (Figure 2B). We conclude that adsorption in the late
stages is penetration-limited, but simply delayed depending on
the amount of mass adsorbed during the transport-limited
stage.
Penetration-limited rate constants are generally smaller for

bottlebrushes with longer bristles and/or backbones (Figure
5). However, increasing polymer dimensions has the biggest

impact on rate when all of the dimensions are small. For
example, increasing bristle length decreases penetration rates in
polymers with 31 kDa backbones more than those with 92 kDa
backbones. In contrast, the penetration rates of the
bottlebrushes with the biggest backbones (101 kDa) are
insensitive to the bristle length. These observations are in line
with Ligoure’s predictions, where penetration rate scales

roughly as L b
L b

exp( const )c
3

c

−
ν . We thus confirm that our bottle-

brushes follow penetration-limited kinetics in the third regime
consistent with the reptation-based mechanism.

Figure 4. Adsorption kinetics of biotinylated bottlebrushes of various dimensions by LSPR (A−C) and QCM (D). 50 μg/mL polymer solutions
reach the sensors at zero elapsed time. (A,B) For times before the pause, data are linear in Δλ2 vs time. These plots are normalized to shifts at 60 s
for clarity. (C,D) The transformation of the y-axis linearizes data at times after the pause. These transformations correspond to eqs 1 and 2 for
transport-limited and penetration-limited kinetics, respectively. See Figure S47 for sample fits.

Figure 5. Rate constants of different biotinylated bottlebrushes
adsorbing to streptavidin in the penetration-limited regime from 50
μg/mL solution in PBS.
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Steady State Polymer Conformation. Here, we examine
three features of the conformation of the polymer layer at
steady state: (1) chain overlap, (2) the relationship between
excluded volume interactions and bottlebrush dimensions, and
(3) the occupation of space at the surface of the substrate.
We found that higher solution concentrations of biotinylated

bottlebrush led to higher surface densities at steady state
(Figure 2A). As higher chemical potentials can drive higher
adsorption, streptavidin sites are still available at saturation. We
observed that the surface density of streptavidin varies between
experiments (relative deviation: QCM = 21.7%, LSPR 50 nm =
15.3%, LSPR 100 nm = 19.7%). Despite this, the final amount
of adsorbed bottlebrush varied by far less across duplicate
experiments (∼6%). This implies that the grafting process is
ultimately limited by excluded volume interactions that lead to
a fixed surface concentration independent of the streptavidin
surface density. This suggests that our bottlebrush layers are in
a brush regime, even if the chains are not fully extended.
We tested the effects of the bottlebrush dimensions on the

packing in the polymer layers by varying the molecular weights
of the backbone and bristles, respectively (Figure 3). To isolate
the effects of polymer dimensions, we maintained the same
polymer chemical potentials across samples by maintaining
polymer mass concentration in solution constant. Increasing
any bottlebrush dimension increases molar mass and decreases
surface molar grafting density, typically attributed to excluded
volume interactions.59,60 Adsorbed mass is the product of
molar mass and molar grafting density. We observe that longer
backbones give higher adsorbed masses because the increase in
each polymer’s molecular weight exceeds the ensuing
reduction in molar grafting density. In contrast, longer bristles
lead to lower total mass because the excluded volume
interactions scale more strongly with bristle molecular weight.
Furthermore, the longer a bottlebrush’s bristles were, the more
sensitive was its molar grafting density to changes in backbone
length. These observations are all consistent with a steric
gating of the grafting process during the penetration-limited
regime. In this regime, adsorption is limited by a polymer’s
pervaded volume, which scales more heavily with Kuhn length
than with contour length.1 While there is a debate on how
intensely bristle length increases Kuhn length,42−45,61 our
system clearly shows that an increase in bristle length leads to
more volume exclusion than it leads to molar mass
amplification. This is in contrast to the effects of backbone
length, which has a greater impact on molar mass than on
volume exclusion.
To interrogate the brush at the interface, we probed the

distribution of mass at the base of the layer by using LSPR
sensors of different decay lengths (see Supporting Information
for details). As a proof of concept, we determined the thickness
of streptavidin coatings by their relative sensor ratio responses.
We modeled the streptavidin layer as a collection of cylinders
of height H to simulate each protein’s pervaded volume. In this
model, the ratio between the LSPR sensor responses is given
by
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where subscripts denote each sensor’s decay length in nm, Δλ
is the LSPR shift, m is the sensor sensitivity, and l is the decay
length. We measured Δλ9m20/Δλ20m9 = 1.69 ± 7.7% (SE) for
streptavidin layers. This yields a calculated streptavidin layer

thickness of 5.3 ± 1.6 nm, which is close to the expected 5.5
nm (crystal structure 1VWA51). This gives us confidence to
analyze the bottlebrush−substrate interface with this techni-
que.
We calculate that 86.8 ± 0.65% (relative SE) of the

streptavidin layer’s volume is unoccupied. Thus, we have two
hypotheses about how the brush occupies this free space.
Bottlebrushes either fill the volume between surface-bound
streptavidin or they do not. We calculated Δλ9m20/Δλ20m9 =
1.03−1.31 from measurements of our six biotinylated
bottlebrushes at equilibrium. We interpreted this result by
modeling the system as a polymer brush layer with a parabolic
segment density profile.62 For the case where the bottlebrush
does not fill the volume between surface-bound streptavidin,
this density profile is separated from the surface by an empty
5.5 nm layer (see Figure S4). This model leads to brush
heights of 19−70 nm if bottlebrushes fill the space between
streptavidin or heights of −2.9 to 2.2 nm if they do not. As
individual macromolecules are larger than 10 nm, we conclude
that our bottlebrushes occupy the space between streptavidin
regardless of bottlebrush dimension.

Pause Conformation. To understand the polymer
conformation during the pause, we examine three aspects of
the adsorption process during the pause: (1) molecular weight
dependence, (2) polymer mass redistribution, and (3)
variability in the pause onset. The pause in the adsorption
process is extremely sensitive to polymer dimensions (Figure
3D−F). Generally, larger bottlebrushes exhibit more pro-
nounced pauses that occur at lower adsorption relative to
steady state. Surprisingly, the pauses for the lowest aspect ratio
(backbone/bristle) bottlebrush (31k-g-10k) were the least
pronounced (or totally absent) across techniques. However,
polymers sharing a common length (31k backbone or 10k
bristle) show strong pauses in medium-long decay length
techniques (100 nm Au LSPR and QCM) that more accurately
measure the total adsorbed amount. As bristle length increases
Kuhn length, this observation implies that the behavior
characterizing the pause regime involves backbone rearrange-
ment because a pause is only observed for higher aspect ratio
bottlebrushes.
We find that the smallest bottlebrush (31k-g-1.7k) shows a

strong pause in adsorption when observed in medium-long
decay length techniques, but this pause is surprisingly absent in
our short decay length technique (LSPR with 50 nm Au). If
this observation were simply caused by a curvature effect (50
vs 100 nm Au nanoparticles), then all the other bottlebrushes
would have been even more sensitive to curvature because they
are larger (lower Rparticle/Rpolym).

63 We thus attribute this
observation to the difference in decay lengths of the sensors (9
vs 20 nm EM decay length). Because the medium-long decay
length techniques observe the brush layer more completely, the
pause in these techniques is indeed a pause in the total
adsorbed mass. However, the short decay length sensor mostly
sees the base of the brush, and it registers a constantly
increasing signal. Taken together, we conclude that polymer
mass generally stays constant during the pause, but
redistributes itself closer to the substrate (see Extended
Discussion in Supporting Information for discussion on other
polymers).
While polymer adsorption ultimately ends with a consistent

steady state surface density, the amount of polymer present at
the pause regime is quite variable across duplicate experiments
(Figures 2A and S38). However, the amount present at the
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pause positively correlates with the mass transport rate across
many experiments (Figure 6, see eq 1) and occurs whether the
solution flows or stagnates (Figures S50 and S51). In the
limiting case of high transport-limited rates (achievable with
high polymer concentrations), we expect the pause to
disappear, which is consistent with literature reports.23 Prior
works on linear polymer adsorption have attributed the pause
to a mushroom-to-brush22,23,26,30,32 or pancake-to-brush25,64,65

transition, occurring at the overlap concentration. If the surface
conformation were solely a state function of areal mass density,
then overlap would be observed at the same areal mass density
every time the experiment is run. However, because our
bottlebrushes have variable mass densities at the pause, we
conclude that the polymer conformation is not a state function
of areal mass density in our system.
Thus, we attribute the variability in the onset of the pause

regime across duplicate experiments to differences in
streptavidin binding capacity and minor differences in the
polymer concentration near the surface. Specifically, the
amount of polymer present during the pause is proportional
to the variable rate of polymer transport to the surface during
the first regime. This suggests that the polymers in the layer
require a fixed amount of time to rearrange to a surface-
induced conformation that blocks access to streptavidin. This
rearrangement defines the onset of the pause, which is
governed by a characteristic time and not a characteristic
areal mass density, as observed experimentally. From experi-
ments where we varied bottlebrush dimensions, we have
already concluded that polymer segment density shifts closer
to the surface during the pause. Based on this evidence, we

infer that the pause regime likely originates from a mushroom-
to-pancake transition caused by a weak interaction between the
polymer and the SAM on the substrate surface. This notion of
a weak interaction is consistent with our bottlebrushes pausing
for less than 5 min while more surface-adhesive brushes can
stay paused for over a day25 because in the latter case, the
polymer segments take more time to dissociate from the
substrate.
In conclusion, the pause regime of our bottlebrushes is

characterized by a surface-induced rearrangement of polymer
toward the surface that is independent of grafting density and
requires backbone reorganization. We attribute this rearrange-
ment to a mushroom-to-pancake transition.

Mechanical Damping Properties of the Bottlebrush
Coating. In addition to measuring mass, QCM can also
measure the dissipation of acoustic energy of an adsorbed
layer. In Figure 7, we plot the ratio between dissipation (ΔD)
and normalized frequency response (Δf = frequency shift/
mode number) scaled by the fundamental resonant frequency
( f 0). This enables us to monitor a polymer layer’s specific
dissipation (−ΔD f 0/2Δf, dissipation per mass) as it forms. In
a dissipation versus frequency plot, a Newtonian fluid with
changing density or viscosity produces a slope of one.
Furthermore, the growth of a thin, homogeneous film will
produce a straight line with a slope that is characteristic of the
material’s mechanical damping properties. Specifically, smaller
slopes indicate materials with less mechanical loss (i.e., they are
less viscoelastic).
We find that biotinylated bottlebrushes produce extremely

reproducible dissipation versus frequency responses despite the

Figure 6. Relationship between the adsorbed mass at the pause and the transport-limited rate for biotinylated bottlebrush coatings of various molar
masses in (A) QCM and (B) LSPR. This includes all samples from Figures 2A, 3, S38 and S57 with clear pause regimes.

Figure 7. Dissipation vs frequency data for the adsorption of biotinylated bottlebrushes by QCM (9th overtone). (A) 101k-g-10k adsorbed at
various concentrations under a constant flow (flow) or intermittently paused flow (pause). (B) Different bottlebrushes adsorbed from 50 μg/mL
solutions. For reference, a dotted guideline shows the response expected for a Newtonian fluid. (C) Each analyte showed a different initial slope in
its dissipation vs frequency plot. Data for linear biotin−POEGMA (“linear 20k”) is shown for comparison. Each sample has at least two data points.
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different concentrations or intentionally paused flow rates
(Figure 7A). Additionally, there is no discernable kink in the
plot that could be associated with the pause regime. This is in
contrast to PNIPAM brushes grafted to gold, which have a
clear change of slope (0.075−0.325) at their pancake-to-brush
transitions.25 Thus, our observations indicate that the
dissipative properties of our bottlebrush layers are mostly
independent of polymer conformation. Additionally, each
sample shows a decreasing slope in its D/f response as more
bottlebrushes fill the layer (Figure 7B). This mild downward
concavity indicates a stiffening of the brush layer, which we
attribute to denser brush packing. This is in contrast to
nonspecific adsorbers, which generally show D/f responses
with upward concavities66,67 as adsorbers bind to the surface
more loosely late into the adsorption process.
Our data also show that longer bristles dramatically increase

a brush layer’s specific dissipation (Figure 7B,C). While
increasing backbone length also increases specific dissipation,
the magnitude of this effect is much weaker than that for
bristles. Interestingly, backbone length has a bigger impact on
brush mechanical properties for bottlebrushes with longer
bristles than those with shorter bristles (Figure 7C). We
explain this result by the differences in flexibility of these
polymers. As the number of Kuhn segments in the bottlebrush
scales with its aspect ratio, we hypothesize that having more
Kuhn segments increases the specific dissipation of the
polymer layer up to a point. Specifically, the flexibility of the
backbone contributes to the specific dissipation of the layer as
a whole.
Our brush layers have high specific dissipations (−ΔD f 0/

2Δf = 0.3−0.6). To put this into context, POEGMA brushes
grown by SI-ATRP give −ΔD f 0/2Δf = 0.16 for dense
brushes68 and −ΔD f 0/2Δf = 0.62 for more swollen brushes69

(5% polymer by volume). Thus, our bottlebrush coatings are
mechanically much closer to highly swollen brushes than
densely packed brushes, which is consistent with our graf ting to
method.
Antifouling Properties of the Bottlebrush Coating. By

testing the antifouling properties of our bottlebrush coatings,
we investigated the effects of bottlebrush structure on both the
coating’s antifouling ability and its permeability to macro-
molecules. Specifically, we challenged our bottlebrush coatings
with biotin−BSA, which has high affinity for the streptavidin
base layer but empirically no affinity for POEGMA.69 As a
result, our measurements lack nonspecific interactions that are
unique to a particular combination of adsorber, substrate, and
polymer. Therefore, by measuring the amount of biotin−BSA
that can reach the surface, we can probe the ability of
bottlebrushes to exclude other macromolecules from entering
the brush layer solely as a function of polymer dimension. We
conservatively estimate that <50% of streptavidin sites are
occupied by bottlebrushes (Figure S52), which means that
most sites remain available for biotin−BSA adsorption in all
experiments.
QCM and LSPR measurements showed that every

biotinylated bottlebrush coating either reduced or totally
blocked biotin−BSA adsorption (Figure S60, Table S9). Here,
we focus on LSPR results because the LSPR signal is strongest
near the surface where biotin−BSA would bind streptavidin,
thus yielding more sensitive measurements of fouling. Our data
showed that bottlebrush coatings with short bristles completely
repel biotin−BSA, while longer bristles led to substantial
fouling (Figure 8). Furthermore, among the long-bristle

bottlebrushes, a longer backbone led to increased fouling.
Based on our steady state adsorbed quantities, we find that
antifouling very strongly correlates with polymer grafting
density, which controls excluded volume interactions. The
similarity of our results across orthogonal techniques and
geometries indicates that the antifouling properties of these
coatings are mostly independent of the substrate’s curvature.
To further test the permeability of our coatings, we prepared

a coating with 92k-g-10k, then exposed it to a 50 μg/mL
solution of either linear biotin−POEGMA (“linear 20 kDa”) or
92k-g-1.7k (Figures S48 and S49). In both cases, the new
polymer adsorbed through the pre-existing layer without a
pause regime. This adsorption shows that the bottlebrush
coatings are permeable to macromolecules that are smaller
than the constituent polymer. This is consistent with the
findings of previous studies on linear polymers.70

We then investigated how the coatings prevent fouling under
pressure. Briefly, we measured adhesion forces between a
biotin−BSA-modified colloidal probe and streptavidin surfaces
decorated with bottlebrush coatings (Figure 9). These AFM
measurements complement our antifouling measurements in
solution because both methods probe protein adhesion
through the brush layer. However, AFM probes the adhesion
after forcefully pressing biotin−BSA into the surface. This
compression more accurately reflects the condition under
which natural glycoprotein coatings function at biointerfaces,
such as in articular cartilage. While we expect anti-adhesive
properties to correlate with antifouling in solution, the addition
of pressure introduces differences because of brush collapse
and nonspecific interactions.
As the contact radius easily exceeds 200 nm, each pull

measures multiple biotin−BSA-mediated surface interactions.
This ensemble measurement allows us to probe the layer’s anti-
adhesive properties instead of single BSA extension profiles.
Our control experiments showed that the pull-off forces
between biotin−BSA probes and streptavidin surfaces were
much larger than the literature value of ∼200 pN for a single
streptavidin−biotin rupture.71 In contrast, streptavidin surfaces
blocked with biotin showed greatly reduced pull-off forces
(Figure 9C). Therefore, this technique is sensitive to specific
binding while showing a small contribution from nonspecific
interactions. The thin bottlebrush (101k-g-1.7k) that repelled
biotin−BSA in solution also reduced biotin−BSA adhesion
after applying ∼30 kPa of pressure, roughly matching results

Figure 8. Biotin−BSA fouling onto bottlebrush coatings grafted to
streptavidin measured by LSPR with 50 nm gold (O) and 100 nm
gold (*). Fouling is normalized to the LSPR shift of streptavidin on
the same sensor. Bottlebrush coatings were prepared from 50 μg/mL
PBS solutions.
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with the blocked streptavidin. Surprisingly, the thick bottle-
brush (101k-g-10k) that allowed substantial adsorption of
biotin−BSA in QCM and LSPR experiments completely
repelled biotin−BSA after applying pressure. Specifically,
most force curves had no observable adhesion (Figure S65),
reducing adhesion more than biotin blocking or short-bristle
bottlebrushes. We speculate that this behavior stems from the
bottlebrush blocking access to both the underlying surface and
streptavidin sites more effectively when it has long bristles.

■ CONCLUSIONS

Guided bottlebrush adsorption (graf ting to) makes it possible
to form functional brush coatings on target surfaces for which
graf ting f rom strategies are infeasible. The modular design of
our bottlebrushes allowed us to tune their dimensions and
readily incorporate functional headgroups to specifically adhere
to a target surface. We tailored our bottlebrushes to adsorb to
streptavidin surfaces through biotin−streptavidin coupling.
Historically, changing contour length has been the only route
to change a polymer’s adsorption behavior without altering its
chemical composition or adsorption conditions. Bottlebrush
polymers additionally allow the polymer’s Kuhn length to be
tuned by altering the side chain length. In this study, we aimed
to elucidate the effects of bottlebrush dimensions on the
properties of their layers, specifically formation kinetics,
conformation, mechanical loss, antifouling ability, and anti-
adhesive properties. The dimensions of our bottlebrushes
profoundly affected every aspect of the resulting brush layers.
Generally, bristle size impacts bottlebrush adsorption proper-
ties much more than backbone length. More specifically, bristle
lengths strongly influence the excluded volume interactions
that govern the graf ting to process. As a result, longer bristles
lead to lower grafting densities (molar and mass), softer
brushes, and reduced antifouling properties. In contrast, longer
backbones lead to slight reductions in molar grafting density,
brush stiffness, and antifouling properties, but lead to higher
areal mass density. We found that bottlebrush coatings with
short bristles effectively blocked fouling by biotin−BSA in
solution. However, longer bristle lengths lead to greater anti-
adhesive properties after applying pressure. Furthermore, long
bristle bottlebrushes produced coatings that were substantially
more viscoelastic than those of the equivalent linear polymer.

This implies that the brush architecture substantially increases
mechanical loss.
Just like linear polymers, our bottlebrush adsorption showed

3 kinetic regimes: a transport-limited regime, a pause, and a
penetration-limited regime. Adsorption rate during the trans-
port-limited regime is directly tied to polymer diffusion, which
has substantial contribution from both bristle and backbone
lengths. Surprisingly, this process ends after a certain amount
of time and not by reaching a critical mass density. This
implies that the pause regime is triggered by a conformational
rearrangement of the bottlebrush that blocks surface access
wherein the polymer moves closer to the surface. As a result,
the variable amount of polymer present at the pause is
determined by the amount of the polymer that can be
transported to the surface during the preceding transport-
limited regime, which depends on solution concentration, flow
rates, and polymer diffusivity. The pause ends after a fixed
amount of time spent with constant exposure to the polymer in
solution. This indicates that the penetration-limited regime is
not solely triggered by a conformational waiting period.
Penetration-limited kinetics are substantially retarded if either
the backbone or the bristles are long. This finding is consistent
with reptation-based penetration observed in linear polymers.
The penetration-limited regime is only affected by the amount
of the polymer at the pause, which simply delays adsorption by
a fixed time.
We found that the basic physics of bottlebrushes in graf ting

to is analogous to that of linear polymers. Furthermore, our
observed structure−function relationships empower chemists
with a better understanding of how structural parameters will
influence the properties of new bottlebrush coatings. Addi-
tionally, our work helps to understand how the dimensions of
biological bottlebrushes are optimized to serve specific
functions. For example, lubricin is a brush-like glycoprotein
that adsorbs to cartilage with its C-terminal domain.12,72

Lubricin’s brush has a relatively long backbone (91 kDa,72,73

Genebank: NM_005807.5) and short bristles (3−6 sugar
rings74). Based on our findings, we conjecture that lubricin’s
dimensions are optimized for a high antifouling ability, low
energy dissipation, and high mass adsorption at the cost of
slightly slower adsorption. However, one must consider such
conclusions cautiously because glycoproteins are typically

Figure 9. AFM peak pull-off forces between biotin−BSA-coated colloidal probes (8−16 biotin/BSA) and modified streptavidin surfaces. (A) In the
experiment, a biotin−BSA-coated colloidal probe links to available streptavidin in the sample. Pulling away leads to tension as the BSA is pulled
apart. (B) Samples for this experiment include a streptavidin surface exposed to nothing (positive control), free biotin (negative control), or biotin-
bottlebrush. (C) Cumulative density functions show the distributions of peak pull-off forces measured across the experimental conditions, pooled
across various probes, zones, and samples. Forces are normalized to the radius of each probe (measured by SEM). For original force curves, see
Figures S62−S65.
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charged, which complicates predictions even in high ionic
strength media. In summary, our findings elucidate the
adsorption behavior of uncharged bottlebrushes and inform
design parameters for new bottlebrush coatings.
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