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ABSTRACT: Macromolecular bottlebrushes (MBs) are emerging
as an attractive polymer architecture for biomedical applications.
Herein, synthesis and characterization of sulfoxide-containing
water-soluble MBs with poly(2-(methylsulfinyl)ethyl acrylate)
(PMSEA) side chains with varying grafting densities are reported.
Highly hydrophilic PMSEA side chains were prepared by grafting-
from poly(2-bromoisobutyryloxyethyl methacrylate) (PBiBEM)
using photoATRP with either CuBr,/TPMA (tris(2-
pyridylmethyl)amine), CuBr,/TPMA*® (tris([(4-methoxy-2,5-di-
methyl)-2-pyridyl]methyl)amine), or CuBr,/Me,TREN (tris(2-
dimethylaminoethyl)amine), which were photochemically reduced
to the appropriate amount of activators CuBr/ligand to start atom
transfer radical polymerization (ATRP). Kinetic experiments
showed that the polymerization was the fastest using CuBr,/Me,TREN at 6-fold excess of ligand to Cu. Additionally, the increase
of ligand concentration resulted in a faster reaction with CuBr,/MesTREN. A series of PMSEA MBs with grafting densities of 30%,
50%, and 100% was synthesized. The PMSEA MBs exhibited tunable hydrodynamic lubrication properties and low cytotoxicity
against different types of cells. PMSEA MBs reveal rheological properties characteristic for nonentangled polymer melts. Densely
grafted PMSEA MBs showed a nonlinear relationship between the coeflicient of friction and the applied force.

KEYWORDS: molecular bottlebrushes, controlled radical polymerization, lubrication, thin films, sulfoxides

H INTRODUCTION Because MB length, thickness, and rigidity can be easily
tuned, they found use in a wide range of biomedical
applications.” MBs can serve as effective carriers of therapeutic
cargo,””” scaffolds for injectable hydrogels," ' effective
lubricants,"'™"* and antifouling agents.”'*"> Currently, poly-
ethylene glycol (PEG) and its derivative (meth)acrylates are
the polymers of choice in biomedical applications due to their
biocompatibility and “stealth” properties.'® However, the
recent rise in anti-PEG antibody results in higher than ever
motivation to find alternative polymers.'” Therefore, develop-
ment of new types of hydrophilic and biocompatible polymers
is needed.

Synthetic hydrophilic polymers recently used in MBs for
biomedical research include zwitterionic polymers, polyelec-
trolytes,"® polyethylenimine,"” and poly(dimethylaminoethyl)-
methacrylate.”” We previously reported the preparation of MBs

Molecular bottlebrushes (MBs) consist of densely grafted side
chains along a polymeric backbone. Steric repulsion between
the side chains stretches out the backbone, resulting in the MB
taking up a rodlike conformation. MBs exhibit a tunable
structure, high resistance to compression, and low viscosity in
solution due to a lack of entanglement."” The three main
approaches to synthesis of MBs are grafting-from, grafting-
through, and grafting-onto. In grafting-from, side chains are
polymerized from initiation sites along a premade polymer
backbone. Grafting-through is based on polymerization of
macromonomers. In grafting-onto, premade side chains are
attached to a functionalized backbone via selective coupling
techniques, including “click”, Diels—Alder chemistry, or
disulfide coupling. The effective side chain grafting density
depends on the chosen approach. The grafting-through
approach ensures a side chain on every repeat unit. However,
steric repulsion between large side chains is a significant factor,
and preparation of MBs with long side chains is challenging.
Due to steric effects, grafting density is usually the lowest using
the grafting-onto approach. Grafting-from provides high
grafting density, with a high density of functional groups that

can be used for additional functionalization.
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Figure 1. Synthesis of PMSEA MBs by (A) photoATRP from PBiBEM backbone prepared by ATRP and (B) PBiBEM backbone prepared by

photoiniferter RAFT.

with poly(2-methacryloyloxyethyl phosphorylcholine)
(PMPC) side chains.”’ Monoblock, diblock, and triblock
MBs with PMPC brush block and cationic segments had
excellent lubrication performance with or without surface
modification.' "> PMPC MBs showed nontoxic and antifoul-
ing behavior.”»** There is a growing interest in biocompatible
and hydrophilic polymers containing sulfoxide groups, either in
the main chain or as pendant groups. Attachment of sulfoxide
groups to a polymer aims to overcome the cytotoxicity of small
molecules while taking advantage of the unique interactions of
sulfoxides with water.”> Sulfoxide-containing polymers dem-
onstrated potential as antifouling films,”® agents for nucleotide
delivery,”” and nanogels for skin penetration.”® Poly(ethyl 2-
(methylsulfinyl)acrylate) (PMSEA) is an example of a
sulfoxide-containing polyacrylate. It was first synthesized by
free radical polymerization,” reversible addition—fragmenta-
tion chain transfer (RAFT) polymerization,26 and atom
transfer radical polymerization (ATRP).**~** PMSEA is highly
hydrophilic, exhibits superior low-fouling behavior, and carries
low immunogenic risk.”’ Recently, PMSEA with complex
architecture was reported, including polymer stars,”’ surface
brushes,” and bioconjugates.

Herein, we report the first hydrophilic and biocompatible
MBs with PMSEA side chains with the aim to evaluate their
lubricating and cytotoxic properties. The bottlebrush archi-
tecture was chosen due to tunable structure (length, thickness,
and rigidity), low compressibility, and low viscosity in solution,
which are excellent attributes for lubricating materials.
Copolymers with either methyl methacrylate or butyl
methacrylate were synthesized to control the density of
initiation sites in the polymer backbones and therefore the
density of pendant chains. MBs were synthesized via the
photoATRP technique from a poly(2-bromoisobutyryloxyethyl
methacrylate) (PBiBEM) backbone. Side chains were incorpo-
rated using grafting-from of MSEA (Figure 1). Three catalysts
were employed: CuBr,/tris(2-pyridylmethyl)amine (CuBr,/
TPMA), CuBr,/tris([(4-methoxy-2,5-dimethyl)-2-pyridyl]-
methyl)amine (CuBr,/TPMA*?), and CuBr,/tris(2-
dimethylaminoethyl)amine (Me,TREN), which were photo-
chemically reduced to the appropriate amount of activators
CuBr/ligand to start ATRP. These three catalysts were chosen
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because of large differences in activity. CuBr,/ TPMA*® is 1500
times more active than CuBr,/TPMA and 100X more active
than CuBr,/Me,TREN. PMSEA MBs were synthesized with
varying densities of grafted side chains. The impacts of grafting
density and side chain lengths of PMSEA MBs on their
lubrication properties, rheological behavior, and cytotoxicity
were also investigated.

B MATERIALS AND METHODS

Materials. 2-(Methylthio)ethanol (>99%) was purchased from
Alfa Aesar. Hydrogen peroxide solution (30%) was purchased from
Fisher Scientific. Acrylic acid (>99%), N-(3-(dimethylamino)propyl)-
N'-ethylcarbodiimide hydrochloride (EDC, >99%), N,N-dimethyla-
minopyridine (DMAP, >99%), and copper bromide (>99.99%) were
purchased from Sigma-Aldrich. Acrylic acid was distilled under
vacuum before use. Tris(2-dimethylaminoethyl)amine (Me,TREN,
99%) was purchased from Alfa Aesar and used as received unless
otherwise stated. Tris(2-pyridylmethyl)amine (TPMA), tris([(4-
methoxy-2,5-dimethyl)-2-pyridyl methyl)amine (TPMA*?), and 2-
(methylsulfinyl)ethyl acrylate (MSEA) were synthesized according to
previous procedures.’’ A bifunctional CTA, ethane-1,2-diyl bis(4-
cyano-4-(((dodecylthio)carbonothioyl)thio)pentanoate) (bfCTA),
was synthesized according to a previously reported procedure.” 2-
(Trimethylsilyloxy)ethyl methacrylate (HEMA-TMS, Aldrich, 96%),
n-butyl methacrylate (BMA, Aldrich, >99%), and methyl methacrylate
(MMA, Aldrich, >99%) were passed through a column filled with
basic alumina prior to use to remove any polymerization inhibitor. 2-
Hydroxyethyl methacrylate (HEMA, Aldrich, 98%) was purified using
the following procedure: First, 2-hydroxyethyl acrylate (HEA) was
dissolved in water to form a 33% solution. Then, the solution was
washed five times with hexanes. Next, sodium chloride was added to
the solution until the formation of a separate layer was observed. The
top layer was separated and dried over MgSO, to obtain pure HEA.
All solvents and other chemicals were of reagent quality and were
used as received unless special treatments discussed below were
applied.

Bottlebrush Polymer Synthesis. Synthesis of BiBEM. BiBEM
was synthesized using the following procedure (Scheme 1). HEMA
(64 mL) was dissolved in dichloromethane (DCM) (1400 mL) and
dried over MgSO,. The salts were separated via filtration through a
filter paper, and the solution was added directly to a 2 L three-neck
round-bottom flask (RBF). Pyridine (47 mL) was added to the RBF.
The flask was sealed with two septa and an addition funnel. Nitrogen
was bubbled through the solution for 1 h. The flask was lowered into
an ice bath before BiBBr (69 mL) was added to the addition funnel
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Scheme 1. Synthesis of BiBEM
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and was added dropwise to the solution overnight. The nitrogen
pressure was positive for the duration of the experiment. Most
pyridine salts were removed by filtration through filter paper. The
crude reaction solution was poured into a S L beaker. The mixture
was purified by trituration (stirring at 1400 rpm for 10 min in each
round) against 2 L solutions of 0.05 M HCI, then 3X saturated
sodium bicarbonate, and then 4X deionized water. The aqueous layer
was decanted from the solution after each round. The solution was
dried over MgSO, and passed through a basic alumina plug before
solvent evaporation on the rotary evaporator. Air was blown over the
monomer overnight to remove trace DCM. The concentrated product
was passed through a plug of silica before characterization. The
monomer was stored inside of a freezer at —20 °C. The yield was 92 g
(63%). The purity of the monomer was confirmed by '"H NMR and
GC-MS (99.2% purity by abundance)

Step 1a: Synthesis of Poly(HEMA-TMS-co-PMMA) by PhotoATRP.
In a typical procedure, a dry 25 mL Schlenk flask was charged with
ethyl a-bromoisobutyrate (EBiB, 6 mg, 0.031 mmol), Cu"'Cl, (6 mg,
0.006 mmol), TPMA (10 mg, 0.012 mmol), HEMA-TMS (5.0 g, 5.4
mL, 25 mmol), MMA (2 g, 2.2 mL, 20 mmol), and dimethylforma-
mide (DMF) (1 mL). The solution was degassed by three freeze—
pump—thaw cycles. The flask was sealed, evacuated, and backfilled
with nitrogen five times and then placed under UV light. The reaction
was stopped when the monomer conversion reached 48.9%. The
monomer consumption was calculated by the integration of MMA
and HEMA-TMS vinyl groups signal (CHH=C—CHj, 6.11 or 5.56
ppm) against the internal standard (anisole, o,p-Ar-H, 6.91 ppm). The
A block was purified by three precipitations from hexane and then
dried under vacuum for 16 h at room temperature.

Step 1b: Synthesis of Poly(HEMA-TMS) by PhotoATRP. In a
typical procedure, a dry 25 mL Schlenk flask was charged with ethyl
a-bromoisobutyrate (EBiB, 12 mg, 0.062 mmol), Cu"Cl, (1.22 mg,
0.012 mmol), TPMA (10 mg, 0.025 mmol), HEMA-TMS (5.0 g, 5.4
mL, 25 mmol), and DMF (1 mL). The solution was degassed by three
freeze—pump—thaw cycles. The flask was sealed, evacuated, and
backfilled with nitrogen five times and then placed under UV light.
The reaction was stopped when the monomer conversion reached
27.8%. The monomer consumption was calculated by the integration
of MMA and HEMA-TMS vinyl groups signal (CHH=C—CHj, 6.11
or 5.56 ppm) against the internal standard (anisole, o,p-Ar-H, 6.91
ppm). Poly(HEMA-TMS) was purified by three precipitations from
hexane and dried under vacuum for 16 h at room temperature.

Step 2a: Synthesis of Poly(BiBEM-co-MMA). The polymer from
step la (2 g containing 10 mmol of HEMA-TMS units), potassium
fluoride (0.689 g, 12 mmol), and 2,6-di-tert-butylphenol (204 mg, 1
mmol) were placed in a SO mL round-bottom flask. The flask was
sealed and flushed with nitrogen, and dry tetrahydrofuran (THF) (30
mL) was added. The mixture was cooled in an ice bath to 0 °C,
tetrabutylammonium fluoride solution in THF (1 M, 0.10S mL, 0.04
mmol) was injected to the flask, and this was followed by the
dropwise addition of 2-bromoisobutyryl bromide (1.47 mL, 12.0
mmol) to form the macroinitiator. After the addition the reaction
mixture was allowed to reach room temperature, and stirring was
continued for 24 h. The solids were filtered off, and the solution was
precipitated into methanol/water (70:30, v/v %). The precipitated
macroinitiator was redissolved in chloroform and passed through a
short column filled with basic alumina. The filtrate was reprecipitated
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three times from chloroform into hexanes and dried under vacuum
overnight at room temperature.

Step 2b: Synthesis of Poly(BiBEM-co-BMA) by RAFT. BiBEM (1.8
mL, 8.4 mmol), bifunctional CTA, ethane-1,2-diyl bis(4- 123 cyano-4-
(((dodecylthio)carbonothioyl)thio)pentanoate) (bfCTA) (0.31 mL
of 2 0.226 g/mL stock solution in DMF, 84 pmol), BMA (2.68 mL,
16.8 mmol), MeCN (4.5 mL), and a magnetic stir bar were added to a
25 mL Schlenk flask. The flask was wrapped with aluminum foil and
sealed with a glass stopper. It was sparged with nitrogen for 30 min.
The first aliquot was removed for '"H NMR analysis after degassing
the syringe headspace. The reaction was lowered into the photo-
reactor and was started by turning on the green light. Aliquots were
taken to determine the monomer conversion by 'H NMR using the
—CH,— methylene protons for the monomer and polymer within a
range of 3.8—4.6 ppm at the internal standard. The conversion of
BiBEM and BMA were tracked by their respective vinyl protons.
BiBEM conversion was taken as the disappearance of vinyl peak A
(6.14 ppm, singlet), and BMA conversion was taken as the
disappearance of vinyl peak C (6.09 ppm, singlet). The number-
average molecular weight (M, gpc) and dispersity (D) of each kinetic
point were determined by THF GPC relative to linear PMMA
standards. BiBEM reached 96% conversion, and BMA reached 98%
conversion. GPC analysis of the crude backbone gave M, gpc = 36 350
and P 1.32. The polymer macroinitiator was purified by
precipitation into hexane once before it was dialyzed against acetone.
The polymer was isolated as a film under vacuum. The final
composition was confirmed by 'H NMR.

Step 2c: Synthesis of polyBiBEM. The polymer from step 1b (0.84
g, containing 4.15 mmol of HEMA-TMS units), potassium fluoride
(0.289 g, 4.98 mmol), and 2,6-di-tert-butylphenol (86 mg, 0.690
mmol) were placed in a SO mL round-bottom flask. The flask was
sealed and flushed with nitrogen, and dry THF (30 mL) was added.
The mixture was cooled in an ice bath to 0 °C, tetrabutylammonium
fluoride solution in THF (1 M, 0.042 mL, 0.04 mmol) was injected to
the flask, and this was followed by the dropwise addition of 2-
bromoisobutyryl bromide (0.616 mL, 5.0 mmol) to form the
macroinitiator. After the addition the reaction mixture was allowed
to reach room temperature, and stirring was continued for 24 h. The
solids were filtered off, and the solution was precipitated into
methanol/water (70:30, v/v %). The precipitated macroinitiator was
redissolved in chloroform and passed through a short column filled
with basic alumina. The filtrate was reprecipitated three times from
chloroform into hexanes and dried under vacuum overnight at room
temperature.

Step 3: Synthesis of PMSEA Bottlebrush by Grafting-from via
PhotoATRP in DMSO. In a typical procedure, a dry 5 mL Schlenk
flask was charged with macroinitiator (from step 2a or 2c) (4.3 mg,
0.04 pmol of PBiBEM), MSEA (500 mg, 3.1 mmol), TPMA (0.8 mg,
0.003 mmol), Cu"Br, (as a stock solution, 0.1 mg, 0.000S mmol),
DMF (0.3 mL), and dimethylsulfoxidle DMSO (2.0 mL). The
solution was degassed by three freeze—pump—thaw cycles. The flask
was sealed, evacuated, and backfilled with nitrogen five times and then
placed under UV light. The first kinetic aliquot was taken using an air-
free syringe after starting the reaction upon exposure to UV light.
After various reaction times, kinetic samples were taken and quenched
by exposure to air. The bottlebrush polymer was purified by dialysis
against MeOH for 48 h using tubes with a pore size molar mass cutoff
of 10 000 kDa.

Step 4: Synthesis of PMSEA Bottlebrush by Grafting-from via
PhotoATRP in Acetonitrile. In a typical procedure, a dry 5 mL
Schlenk flask was charged with macroinitiator (from step 2b) (9.0 mg,
0.05 pmol of 2b), MSEA (500 mg, 3.1 mmol), TPMA** (0.4 mg,
0.001 mmol), Cu"Br, (as a stock solution, 0.2 mg, 0.002 mmol),
DMF (0.3 mL), and acetonitrile (2.0 mL). The solution was degassed
by three freeze—pump—thaw cycles. The flask was sealed, evacuated,
and backfilled with nitrogen five times and then placed under UV
light. The first kinetic aliquot was taken using an air-free syringe after
starting the reaction upon exposure to UV light. After various reaction
times, kinetic samples were taken and quenched by exposure to air.
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Figure 2. Author: GPC traces of elution during the synthesis of P(BiBEM-g-PMSEA) with (a) 1:6 ratio of CuBr,/TPMA, (b) 1:2 ratio of CuBr,/
TPMA*3, and (c) 1:2 ratio CuBr,/Me¢Tren. (d) Pseudo-first-order kinetic plots for the polymerization of poly(n-butyl acrylate) (PBA) molecular
bottlebrushes. Irradiation by 360 nm at 4.9 mW/cm? at room temperature 25 °C, 75 vol % DMSO, $% DMF. [MSEA]/[EBiB]/[CuBr2]/[L] =

200:1:0.03:0.18, x = 0.03.

The bottlebrush polymer was purified by dialysis against MeOH for
48 h using tubes with a pore size molar mass cutoff of 10 000 kDa.

Equipment and Analysis. Proton nuclear magnetic resonance
("H NMR) spectroscopy was performed using a Bruker 300 MHz
spectrometer. In all cases deuterated chloroform (CDCl;) was used as
a solvent, except for the bottlebrush polymer, which was analyzed
using deuterated DMSO (DMSO-dg). 'H chemical shifts are reported
in parts per million (ppm) downfield from tetramethylsilane (TMS).
Apparent molecular weights and molecular weight distribution
measurements of polymers except for the bottlebrush polymer were
measured by size exclusion chromatography (SEC) using Polymer
Standards Services (PSS) columns (guard, 10°, 10°, and 500 A), with
THEF or DMF as the eluent at 35 °C at a constant flow rate of 1.00
mL/min, and a differential refractive index (RI) detector (Waters).
The apparent number-average molecular weights (M,,) and molecular
weight distributions (M,,/M,) were determined with a calibration
based on linear poly(methyl methacrylate) (PMMA) standards and
toluene as an internal standard.

Cell Cytotoxicity Experiments. Polymer Stock Solution and
Dilution Preparation. Each MB polymer (250 pL) in methanol
stocked at —80 °C (concentrations: 2—4 mg/mL) were sterile-
transferred to autoclaved Eppendorf tubes. After drying, polymers 1
and 2 were resuspended in 250 uL of sterile DPBS, and polymers 3
and 4 were resuspended in 500 uL of sterile DPBS to a final
concentration of 10 mg/mL. A serial dilution in sterile DPBS was
performed to obtain solutions with final concentrations at 1000, 100,
10, 1, and 0.1 pg/mL (tests with HeLa, MCF-7, and U87 cells); 1000,
500, 100, 10, and 1 pug/mL (tests with Hep G2 and THP-1 cells).

8567

Cell Culture. Dulbecco’s modified Eagle’s medium (DMEM),
RPMI 1640 medium, fetal bovine serum (FBS), penicillin—
streptomycin 100X solution, and Dulbecco’s phosphate-buffered
saline (DPBS) were provided by Wisent, Inc. (Saint-Bruno, QC,
Canada). The MTS assay kit was from Abcam, Inc. (Toronto, ON,
Canada). HeLa (human cervical cancer cells), U87 (human primary
glioblastoma cell line), MCF7 cells (human breast cancer cell line),
and Hep G2 (human hepatocyte cell line) were used for cytotoxicity
evaluation and cultured in DMEM supplemented with 10% FBS and
1% streptomycin/penicillin. THP-1 (human monocyte cell line) was
also used for cytotoxicity assays and cultured in RPMI 1640 medium,
supplemented with 10% FBS, 1% streptomycin/penicillin, and 2-
mercaptoethanol to a final concentration of 0.05 mM. The cells were
maintained in T-75 flasks at 37 °C and 5% CO,. After trypsinization,
the cells were counted and resuspended in complete medium. Seeding
density in 96-well plates was determined for each cell line to optimize
the assays—HeLa, MCF-7, and Hep G2: 10 X 10 cells per well; U87:
5 X 10° cells per well; and THP-1: 15 X 10° cells per well.

Cells were incubated for 24 h to allow attachment or/and growth.
Following attachment, the medium was changed and 10 uL of MB
polymer dilution was added (n = S/concentration), except for THP-1
(nonadherent cell line), for which the medium was not changed. One
positive (treatment with DPBS alone) and negative (no cells) control
were included in each plate (n = 5). Cells were incubated for 24 hin a
cell culture incubator at 37 °C and 5% CO,.

MTS Cell Proliferation Assay. Cell proliferation after polymer
exposure was measured using the MTS Cell Proliferation Colori-
metric assay kit (Abcam, Inc., product no. ab197010), used as
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recommended by the manufacturer. The absorbance was measured at
470 nm using a Tecan Spark microplate reader (Tecan, Austria). The
absorbance was proportional to cell proliferation, and the results were
expressed as the average percentage of cell proliferation + SD.

Surface Forces Experiments. The surface forces apparatus 2000
(SFA 2000, SurForce, LLC, U.S.A.) was used to measure the
interaction forces and the distance between two opposing and
atomically flat mica surfaces covered with MB polymer. The distance
between the surfaces was assessed using the fringes of equal chromatic
order (FECO) via multiple beam interferometry (MBI).** Displace-
ment of the surfaces was controlled by a coarse differential
micrometer manipulated by hand and by a micromotor for the fine
(subnanometer) displacement.*®

Surface Preparation. Back-silvered mica surfaces were prepared by
cutting freshly cleaved mica sheets with a thickness of 1—3 ym using a
hot platinum wire and then coating one face with silver by physical
vapor deposition (Covap, Angstrom Engineering, Canada). Two
back-silvered mica pieces having the same thickness were glued (silver
side down) on cylindrical glass discs with a curvature of 2 cm. The
glass discs carrying the mica sheets were mounted in a cross-
cylindrical geometry in the chamber of an SFA and brought into
contact in dry air to set the reference contact point. FECO were
generated by multiple reflection of a white light beam between the
two back-silvered mica sheets and were recorded using a spectrometer
and a charge-coupled device (CCD) camera (Andor Technology,
U.S.A.). After this calibration, the bottlebrush polymer solution was
inserted in between the mica surfaces at a concentration of 100 ug/
mL™" and left to adsorb for 45 min. Water was also added at the
bottom of the SFA chamber to saturate the chamber and limit the
evaporation of the liquid between mica surfaces.

Friction Force Measurements. For the assessment of friction force,
each MB polymer was tested in at least 3 independent experiments at
2 different contacts in each experiment to ensure reproducibility. The
friction force was measured at different normal loads ranging from 0.1
to S mN. Back and forth shear cycles were applied when the surfaces
were in close contact. For each experiment, 4—10 shearing cycles were
applied at each increasing load to ensure that the lubrication
properties of the MB layer were stable. The surfaces were sheared past
each other using a piezoelectric bimorph designed with a flexure point
in the middle, which caused the surfaces to displace linearly as the
voltage was applied. The bimorph drove the lower surface in a back-
and-forth motion using a triangular wave function with a typical
frequency of SO mHz and an amplitude of S V (equivalent to 3 ym/
s') controlled by a function generator (Agilent 33250A, Agilent
Technologies, Inc., U.S.A.). During sliding, the friction transmitted to
the upper surface was measured by two vertical double-cantilever
springs equipped with four semiconductor strain gauges attached
symmetrically to oppositely bending arms of the springs, thus forming
the four arms of a Wheatstone bridge strain gauge system.*> When a
lateral force was applied to the upper surface, the strain gauges were
used to measure the deflection with a signal conditioning amplifier
(Vishay Measurements, 2310B), which outputs the signal to a
computer data-acquisition system.

B RESULTS

Synthesis of PMSEA MBs. Grafting-from ATRP of MSEA
from a poly(2-bromoisobutyryloxyethyl methacrylate) (PBi-
BEM) polymer with a degree of polymerization (DP) equal to
372 was used to find the optimal catalyst system. The
efficiencies of ATRP catalysts with three different ligands—
TPMA, TPMA*3, and MesTren—were compared. The
reactions were stopped upon observing a significant increase
in solution viscosity, at ~40% monomer conversion for all
samples. Initially, experiments with 2-fold excess of ligand to
CuBr, were performed. The catalyst with TPMA as a ligand
required the longest time to reach a significant monomer
conversion, 2 h (see Figure S1) for ~25% monomer
conversion.. Polymerization was significantly faster with both
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TPMA*® and MeTren. Well-defined MBs with low dispersity
were obtained for all three systems. No significant differences
in dispersity or molecular weight of final brushes were
observed despite different reaction times (Table S1).

Next, a series of experiments were performed using a 6-fold
excess of ligand to CuBr,. The reaction with MesTren was
significantly faster than those with TPMA or TPMA*?. A clear
trend was observed with TPMA*? being slower than Me,Tren
and unmodified TPMA being the slowest (Figure 2).

In ATRP, an increase of polymerization rate with increasing
excess of ligand to Cu is typically observed because the ligand
acts as an electron donor helping the reduction of the Cu(1I)
deactivator to the Cu(I) activator complex.‘%’37 An excess of
MegTren with four tertiary alkyl amine groups, which are more
efficient electron donors than aromatic pyridines, accelerated
polymerization.

Then, a series of PMSEA MBs with different grafting
densities and backbone lengths was synthesized. First, a series
of backbones was prepared, with predetermined densities of
ATRP initiation sites of approximately 30%, 50%, and 100%.
Backbones with different densities of initiation sites were
prepared by adjusting the content of MMA or BMA. A
backbone with 100% grafting density was prepared by
homopolymerization of HEMA-TMS. Backbones with a
lower density of initiators were prepared by copolymerization
of HEMA-TMS or BiBEM with either MMA or BMA,
resulting in polymers where ~30% or ~50% of the repeat
units contain the ATRP initiator functionality. Side chains
were synthesized using grafting-from ATRP of MSEA.
TPMA** was used as the ligand to provide a short reaction
time and greater control over the final side chain DP. Table 1

Table 1. Summary of Characterized PMSEA-MB Samples
(See Figure S2 for Schematic of the Structures)

backbone grafting side chain
entry DP density DP My, X 10° D
MB1 221 ~50% SS 940 1.29
MB2 487 ~50% 54 2290 1.19
MB3 292 ~30% 64 1040 1.25
MB4 372 ~100% SS 3907 1.20

contains detailed information about the structures of the
prepared samples (GPC traces are provided in Figures S3—S6,
and 'H NMR spectra of samples MB1 and MB3 are provided
as examples in Figures S7 and S8).

Cellular Toxicities of the Different PMSEA MBs. To
evaluate the toxicities of the PMSEA MBs, we chose three
epithelial cell lines coming from different organs—cervix,
brain, and breast epithelium—and in addition two more cell
lines, one from the liver (hepatocytes) and another one from
the mononuclear phagocyte system (macrophages). These cell
lines are representative of tissues most likely exposed to
nanomaterials entering the bloodstream. The polymers
dissolved in DPBS did not significantly affect the proliferation
of immortalized cancer cells, as shown in Figure 3. From the
proliferation assay, no lethal concentration (LCS0) could be
extracted in the range of polymer concentration tested;
therefore, PMSEA MBs appeared to be well-tolerated even at
the maximum concentration tested (1 mg/mL). More
variability was observed with the MCF7 cell line, but no
trend or explanation could be identified. No changes of cell
morphology upon MB polymer exposure were detected,
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Figure 3. PMSEA MBs do not impact cell proliferation in several cell lines. (A) HeLa, human cervical cancer cell line; (B) U87, human primary
glioblastoma cell line; (C) MCF-7, human breast cancer cell line; (D) Hep G2, hepatocyte cell line; (E) THP-1 human monocyte cell line. Cells
were exposed for 24 h to different concentrations of PMSEA MBs (n = S) prior to cell-proliferation assays. Results are expressed as a percentage of

proliferation relative to DPBS-treated cells (control).

suggesting that the MB surface groups did not affect the cell
membrane integrity (see Figure S9). These results suggest the
suitability of PMSEA MBs for therapeutic intervention such as
drug delivery, imaging, and lubrication, among others.
Lubrication Properties of the Bottlebrush Polymers.
In a first series of tests, the different PMSEA MBs were
independently evaluated for their tribological properties
against mica surfaces. The mica surface is a good model
surface because it is atomically flat and transparent, which
facilitates the acquisition of the FECO fringes, and it is brittle
and prone to wear. As shown in Figure 4A, the tested polymers
exhibited different tribological behaviors depending on their
architecture. The measured friction force showed a nonlinear
dependence with the applied normal load for all the polymers,
a behavior that will be explained in detail later. An effective
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Figure 4. (A) Tribological testing of the 4 different PMSEA MBs in
water at 100 pg/mL. Evolution of the friction force with the normal
force applied at a constant sliding speed of 3 um/s™". (B) Friction
force vs sliding speed at normal loads of 0.5 mN (filled symbols) and
2.5 mN (open symbols).
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friction coeflicient, y.g was estimated using the relationship
Hefe = dFy/dF,.

Author: As can be seen in Figure 4A, at a normal force Fy <
1 mN, a high friction coefficient was measured with ¢ varying
between 0.28 and 0.45 depending on the polymer, and for Fy >
1 mN, p was found to vary between 0.104 and 0.154. The
coeflicient of friction, g of this load regime was reduced by
~55—70% compared to the low Fy regime. The nonlinear
relationship between Fg and Fy was not clearly observed for
MB3; therefore, its coeflicient of friction remained constant in
the whole range of normal force tested but still similar to the
values obtained for the other polymers in the low-load regime
(¢ = 0.32). The nonlinearity between Fg and Fy observed for
MBs 1, 2, and 4 can be explained by assuming that the shear
stress is independent of the load and that there is a Hertzian
contact between the two surfaces. In that approximation, Fj
and Fy are proportional as

Fy x E*/3 (1)
and the friction coefficient g, defined as y = Fg/Fy, varies as y
o« Fy 1338

As can be seen in Figure SA, fitting the experimental result
with eq 1 was not possible for MB3 but was possible for the
other polymers (only the fitting for MB4 is shown for clarity).
‘When monitoring the film thickness during sliding at constant
speed, v = 3 um/s, it appears that the MB3 lubricating film
reaches values close to 2 nm at the highest applied load (Fy =
S mN), which corresponds to the thickness of a monolayer of
MB polymer (Figure SB). The lubricating film at such a high
load was the thinnest for MB3 and increased in the order MB3
> MB1 > MB4 > MB2. The increase of the film thickness from
MB3 to MBI and to MB4 is correlated to the increase of the
side chain grafting density from 30% to 100% in these
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Figure 5. (A) Representative evolution of the shear force as a function of the applied normal force for two bottlebrush polymers behaving
significantly differently. (B) Thinning of the polymer film during the shear test. (C) Evolution of the shear stress with the sliding speed for all 4
polymers at low applied normal force and (D) comparison of the shear stress at two different loads. (E) Increase of the lubricating film thickness
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polymers. The film thickness of MB2, which has a chain
grafting density of 50%, identical to that for MBI, was the
largest, probably due to the fact that the backbone length of
this polymer was the longest of the series of PMSEA MBs. The
values of the hard wall thickness (measured at the highest
compression) provide some indications of the conformation of
the polymers under confinement. The increase of the hard wall
thickness with the length of the backbone of the polymer
suggests that its conformation is not flat on the surface, even
under high compression, but rather coiled or possibly
entangled with other chains.

The large values of the lubricating film thickness at Fy < 0.5
mN for all of the polymers also suggest that the lubrication
mechanism should be dominated by hydrodynamic lubrication.
This could be corroborated by two independent observations.
First, in Figures 4B and SC, the dependence of Fg or the shear
stress ¢ with the sliding speed shows a logarithmic increase,
which has been reported for several polymeric lubricating
materials exhibiting complex rheological behavior.””* Second,
for all four PMSEA MBs, the shear stress extrapolates to zero
at zero speed, as shown in Figure 5C, and the shear stress was
weakly dependent on the normal force Fy (Figure SD). Third,
we observed a slight increase of the film thickness with the
sliding speed at high and low applied loads (thin and thick
lubricating films, Figure SE), which is also a strong indicator of
hydrodynamic lubrication. These observations point to a
hydrodynamic dissipation mechanism of the friction force, as
already reported for polymeric melts.*'

For a confined fluid, where hydrodynamic dissipation is
expected to dominate, an effective thin film viscosity, #.g can
be defined as 774 = FsD/Av, where A is the contact area and D
is the film thickness. For separation distances that are several
times larger than the characteristic size of the molecules
constituting the lubricating film, 7.4 is expected to equal the
bulk viscosity. In the present case, this situation is expected to
happen when D is superior to a few hundred nanometers based
on the size of the backbone of the polymers, which is larger
than the separation distance measured during the tribological
tests. In Figure SF is shown the dependence of 7.4 with the
shear rate, 7, for the four different polymers. The effective
viscosity is clearly decreasing as ¥ increases and follows a power
law 7.4 o< 7", with n having the experimental value of n = —0.68
+ 0.05 for all of the polymers. This experimental value is close
to the theoretical value of —2/3 expected for nonentangled
polymer melts** and is significantly lower than the value of n =
1 reported for polybutadiene melts with molecular wei§hts
higher than the molecular entanglement weight, M. A
similar value for n was obtained for physisorbed polyethylene
glycol brushes on mica surfaces in water.”* Compared to linear
polymers, bottlebrush polymers have the singular property to
exhibit low entanglement density or high M. The scaling of M,
with the molecular diameter of the bottlebrush chain, A, is
found to scale as M, & A%.* Therefore, it is not surprising that
the rheological behavior of the MB polymers is close to what is
expected for nonentangled polymer melts even when the film
thickness D is far larger than A. Experimental data show that
there are no significant differences in thin film viscosity, 7.g
among the 4 polymers, which is likely due to the fact that all of
their side chains have the same DP, and, therefore, the same
value of A. Data in Figure SF also show that differences in 7.
values between the different polymers are more pronounced at
low applied load (large separation distances) than at high
applied load (small separation distances). Because the 4
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polymers have a backbone DP, ranging from 219 up to 497,
this observation suggests that the thin film viscosity of
bottlebrush polymers under high confinement does not
depend on the polymer backbone length.

B CONCLUSIONS

In this study, a series of molecular bottlebrushes with
sulfoxide-containing side chains was synthesized. Kinetic
experiments on photoATRP of MSEA from polyacrylate
backbones showed significantly faster polymerization with
MegTren compared to TPMA or TPMA*® when a high excess
of ligand was used. PMSEA MBs with theoretical grafting
densities of 30%, 50%, and 100% exhibited excellent toxicity
profiles in vitro. SFA tests were performed to analyze the
lubricative properties of PMSEA MBs. Lubrication perform-
ance depends strongly on the grafting density of pendant
chains and is tunable. Compared to other polyelectrolyte and
zwitterionic hydrophilic MBs, PMSEA MBs exhibited a
relatively high coeflicient of friction. However, no signs of
wear were observed with increasing applied loads, evidencing
promising protective properties of PMSEA MBs. Different
tribological behaviors were shown for PMSEA MBs with
different grafting densities. PMSEA MBs with a grafting density
of >50% exhibited a nonlinear relationship between the
coefficient of friction and the applied force. Additionally, highly
confined PMSEA MBs exhibited a rheological behavior
characteristic for nonentangled polymer melts. Given the
straightforward synthesis, excellent toxicity profile, and unique
lubricating properties with improved wear protection, we
believe that PMSEA MBs are promising candidates for
biomedical applications such as biolubricants for medical
devices such as contact lenses or for topical applications.
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