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Enzyme-loaded vesicles on a polymer brush by acetal bond formation

ABSTRACT: Compared to lipids, block copolymer vesicles are potentially

. . . . FITC-GO,gHs0q vesicles [FITC-GO.y-Hy,,@PAGEOSNA
robust nanocontainers for enzymes owing to their enhanced chemical Encyme { ,
a1a q q a q . . Bi oade:
stability, particularly in challenging environments. Herein we report that cis- _FEo Mo*\f% vesicles
. . o . . )\ 5
diol-functional diblock copolymer vesicles can be chemically adsorbed onto a Jo "

HRP-GO,,H,  @PAGEOSMA

hydrophilic aldehyde-functional polymer brush via acetal bond formation

under mild conditions (pH 5.5, 20 °C). Quartz crystal microbalance studies o
indicated an adsorbed amount, I', of 158 mg m™ for vesicle adsorption onto NH
such brushes, whereas negligible adsorption (I' = 0.1 mg m™>) was observed
for a control experiment conducted using a cis-diol-functionalized brush.
Scanning electron microscopy and ellipsometry studies indicated a mean
surface coverage of around 30% at the brush surface, which suggests
reasonably efficient chemical adsorption. Importantly, such vesicles can be conveniently loaded with a model enzyme (horseradish
peroxidase, HRP) using an aqueous polymerization-induced self-assembly formulation. Moreover, the immobilized vesicles remained
permeable toward small molecules while retaining their enzyme payload. The enzymatic activity of such HRP-loaded vesicles was
demonstrated using a well-established colorimetric assay. In principle, this efficient vesicle-on-brush strategy can be applied to a wide
range of enzymes and functional proteins for the design of next-generation immobilized nanoreactors for enzyme-mediated catalysis.
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Bl INTRODUCTION

Following seminal studies by Discher, Bates, and Eisenberg,
block copolymer vesicles have become widely recognized as
versatile synthetic delivery vehicles for potential biomedical
applications.'~® Their membranes are thicker and much more
durable than those of lipid-based liposomes”: active vesicle
payloads include anticancer dlrugs,7 DNA,® RNA,’ magnetite
. 10 . 11 12
nanoparticles, ~ near-IR emitters, lectins, ~ and en-

of diblock copolymer vesicles.”””” For aqueous PISA
syntheses, this approach usually involves chain extension of a
water-soluble precursor with a suitable vinyl monomer to
produce a water-insoluble block.”®*” If the target degree of
polymerization (DP) for the hydrophobic block is relatively
high and the precursor block is sufficiently short, then well-
defined vesicles can be obtained at a relatively high copolymer
concentration (>20% w/w solids). During such PISA
syntheses, a hydrophilic payload can be incorporated within

zymes.">~'° Autonomous motion of platinum-loaded vesicles
has also been demonstrated using H,0, as a fuel,'* while
adsorption of vesicles onto a planar glass substrate has been
achieved using Schiff base chemistry."’

In principle, diblock copolymer vesicles offer many potential
applications in drug delivery, cell/organelle-mimicry, and for
the design of enzymatic nanoreactors.'*"** Typically, such
vesicles are prepared using traditional self-assembly techniques
such as a solvent switch,' temperature modulation,””** or thin
film rehydration.”> However, these post-polymerization pro-
cessing methods are normally restricted to dilute solution
(<1% w/w) and hence are not suitable for industrial scale-up.
Moreover, an organic cosolvent is often required for self-
assembly, which may compromise the activity of payloads
comprising delicate biological (macro)molecules.

Over the past decade or so, polymerization-induced self-
assembly (PISA) has become widely recognized as a highly
convenient route for the efficient preparation of various types

© 2024 The Authors. Published by
American Chemical Society

- ACS Publications

the vesicles, which can be subsequently released on application
of an appropriate stimulus.'*'® In principle, diblock copolymer
vesicles prepared via aqueous PISA offer significant advantages
for biomedical applications and catalysis. However, such
polymerizations are typically conducted at around 70 °C
using a thermal initiator, which can lead to denaturation of
most proteins and enzymes.”® To avoid this problem, Armes
and coworkers reported the in situ encapsulation of either silica
nanoparticles or a model protein within diblock copolymer
vesicles prepared via aqueous PISA.">*' Such syntheses were
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conducted via reversible addition-fragmentation chain transfer
(RAFT) aqueous dispersion polymerization at 40 °C using a
low-temperature initiator, with essentially full monomer
conversion being achieved within 8 h. Moreover, subsequent
release of the encapsulated silica nanoparticles was achieved on
cooling to 0—5 °C, which induced vesicle dissociation.
Alternatively, Tan and coworkers reported the encapsulation
of a model protein within vesicles via visible light-initiated
RAFT aqueous dispersion polymerization conducted at 20
°C.'"#3%3% Subsequently, O’Reilly, Gibson, and coworkers
utilized the same approach to prepare protein- and enzyme-
loaded nanoreactors.' > #*%%

Herein we revisit a well-established aqueous PISA
formulation®® to prepare cis-diol-functionalized diblock co-
polymer vesicles (see Scheme 1). Conducting such syntheses

Scheme 1. Synthetic Route for the Preparation of HRP-
Loaded cis-Diol-Functional PGEOSMA, ,-PHPMA,
(GO,9-Hggp) Vesicles via RAFT Aqueous Dispersion
Polymerization of HPMA at 37 °C Targeting 10% w/w
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“An identical protocol was used to produce empty (enzyme-free)
vesicles.

at 37 °C enables in situ encapsulation of a model enzyme
(horse radish peroxidase, HRP). Recently, we reported the
synthesis of an aldehyde-functionalized hydrophilic brush
grafted from a planar silicon wafer.”” Such brushes can be
decorated with cis-diol-functionalized vesicles via acetal bond
formation in a mildly acidic aqueous solution. Adsorption of
synthetic block copolymer nanoparticles (e.g, spheres or
vesicles) onto polymer brushes have been reported by various
mechanisms.>*~* However, to the best of our knowledge, this
is the first example of vesicle adsorption via acetal chemistry,
which is amenable to both mild reaction conditions and pH
modulation. The extent of vesicle adsorption is monitored
using scanning electron microscopy (SEM) and quartz crystal
microbalance (QCM). Finally, a colorimetric assay is
employed to assess whether the encapsulated enzyme remains

catalytically active after chemical adsorption of the vesicles at
the brush surface.

B EXPERIMENTAL

Materials. All chemicals were used without further purification,
unless otherwise stated. 4-Cyano-4-(ethylsulfanylthiocarbonyl)-
sulfanylpentanoic acid (CEPA) was prepared according to a literature
protocol.* 4-(Dimethylamino)pyridine (DMAP, 99%) was purchased
from Alfa Aesar (UK). Ethyl acetate (>99.0%), N,N,N',N”,N"-
pentamethyldiethylenetriamine (PMDETA, >99.0%), hydrogen per-
oxide (35% v/v), and sodium hydroxide were purchased from Fisher
Scientific, UK. Dichloromethane (DCM, 99.8%), N,N’-dicyclohex-
ylcarbodiimide (DCC, >99.0%), benzyl amine (>99.5%), sodium
periodate (NalO,, >99.8%), (3-aminopropyl)triethoxysilane
(APTES, >99%), triethylamine (TEA, 99%), 2-bromoisobutyryl
bromide (BiBB, >99%), copper(Il) chloride (CuCl, 99.999%),
ascorbic acid (AscAc, >98%), 4-4'-azobis(4-cyanovaleric acid
(ACVA, >98.0%), 3,3'-dimethoxybenzidine (DMB, >98%), and d4-
methanol (CD30D, >99.8%) were purchased from Sigma-Aldrich
Ltd. (UK). 2-Hydroxypropyl methacrylate (HPMA; mixture of 75
mol% 2-hydroxypropyl methacrylate and 25 mol% 2-hydroxyisopropyl
methacrylate, >99%) was kindly donated by GEO Specialty
Chemicals (Hythe, UK). GEOSMA monomer was prepared
according to our recently reported experimental protocol.’” 2,2'-
Azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-044, 97%)
was purchased from Wako Chemicals (Japan). Horseradish
peroxidase (HRP) derived from Amoracia rusticana (type VI,
essentially salt-free) was purchased from Sigma-Aldrich Ltd. (UK),
divided into aliquots at 200 U mL™" in deionized water, and stored at
—20 °C prior to use. Deionized water (pH 6.8) was obtained using an
Elga Elgastat Oprion 3A water purification system. Native oxide-
coated silicon wafers were purchased from Pi-KEM, Tamworth, UK.
Fluorescein S5(6)-isothiocyanate (>90%) and sodium phosphate
dibasic salt (>99.5%) were purchased from Sigma-Aldrich and used
as received.

Synthetic Protocols. Synthesis of Bz-CEPA RAFT Agent. CEPA
was reacted with benzyl amine using a DCC/DMAP catalyst.*® All
glassware used for this amidation was dried overnight in a 200 °C
oven. DMAP (32.5 mg, 0.27 mmol), DCC (098 g, 4.75 mmol),
benzyl amine (0.15 g, 1.40 mmol), and CEPA (0.63 g 2.38 mmol)
were weighed into dry glass vials, which were sealed with rubber septa.
A minimal amount (0.5—-3.0 mL) of anhydrous DCM was used to
dissolve each reagent. A two-necked 100 mL round-bottomed flask
fitted with a condenser was sealed with a rubber septum and
immersed in an ice bath. DMAP, benzyl amine, and CEPA were
introduced into the flask in turn via syringe, and then, the DCC was
slowly added dropwise with continuous stirring. The reaction mixture
was allowed to warm up to 20 °C, while being maintained under a dry
nitrogen atmosphere. Then, the reaction mixture was heated to reflux
for 48 h and allowed to cool before removing the insoluble N,N’-
dicyclohexylurea byproduct by filtration. Solvent was removed under
vacuum, and the crude product was purified by column chromatog-
raphy using a silica stationary phase and a mobile phase comprising
60:40 ethyl acetate/hexane for the first fraction, followed by ethyl
acetate for the second fraction. The mean degree of amidation was
calculated to be 103 + 3% by end-group analysis using '"H NMR
spectroscopy (the integrated CEPA signals at 3.40, 2.52, 1.92, and
1.39 ppm were compared to the five aromatic benzyl protons at 7.23—
747 ppm).

Synthesis of PGEO5MA;, Precursor via RAFT Solution Polymer-
ization of GEO5MA. The RAFT solution polymerization of
GEOSMA was conducted according to a literature protocol.’® A
solution of Bz-CEPA (0.200 g, 0.57 mmol, 1.0 eq) in anhydrous
ethanol (10.0 g S0% w/w solids) was added to a round bottom flask
containing GEOSMA monomer (4.35 g, 11.4 mmol, 20 eq) and
ACVA (32.0 mg, 0.11 mmol, 0.20 eq). This reaction mixture was
purged with dry nitrogen gas for 20 min, and the flask was then
immersed in an oil bath set at 70 °C for 3 h. To quench the
polymerization, the flask was removed from the oil bath and its
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contents were exposed to air while cooling to 20 °C. The crude
precursor was precipitated into excess diethyl ether, isolated by
filtration, and redissolved in methanol. This purification step was
repeated, and the resulting homopolymer was dried overnight in a
vacuum oven at 25 °C to produce a yellow viscous liquid. End-group
analysis by 'H NMR spectroscopy (400 MHz, CD30D) indicated a
mean DP of 19 for this precursor, which is denoted hereafter as either
PGEOSMA,y or GO

Synthesis of PGEO5MA ;o-PHPMA 5o, (GO;9-Hs,0) Diblock Copoly-
mer Vesicles via RAFT Aqueous Dispersion Polymerization. The
synthesis of GO,o-Hgy, vesicles via RAFT aqueous dispersion
polymerization of HPMA was conducted using the above GO,
precursor.">** More specifically, HPMA (0.180 g, 1.25 mmol, 500
eq), GOy, precursor (19.0 mg, 2.51 umol, 1.0 eq), VA-044 initiator
(0.27 mg, 0.83 umol, 0.33 eq; [GO,o)/[VA-044] molar ratio = 3.0),
and deionized water (1.79 mL, 10% w/w solids) were placed in a glass
vial equipped with a magnetic stirrer bar. Once this aqueous solution
was purged with a stream of N, gas for 20 min, the vial was immersed
in an oil bath set at 37 °C. After 7 h, the polymerization was quenched
by removing the vial from the oil bath and cooling to 20 °C while
exposing the reaction solution to air. The final HPMA conversion
exceeded 99%, as judged by "H NMR spectroscopy (the integrated
vinyl signals at 3.4—4.2 ppm were compared to the integrated
methacrylic backbone proton signals at 0.97—2.19 ppm).

Synthesis of HRP-Loaded PGEO5MA;s-PHPMAsy, (GO;9-Hsyg)
Diblock Copolymer Vesicles via RAFT Aqueous Dispersion
Polymerization. The synthesis of GO,o-Hgy vesicles via RAFT
aqueous dispersion polymerization of HPMA was conducted using
the above protocol in the presence of HRP.'*** HPMA (0.180 g, 1.25
mmol, 500 eq), GO, precursor (19.0 mg, 2.51 umol, 1.0 eq), VA-044
initiator (0.27 mg, 0.83 ymol, 0.33 eq; [GO,,]/[VA-044] molar ratio
= 3.0), 200 uL of a 200 U mL™' aqueous solution of HRP, and
deionized water (1.59 mL, 10% w/w solids, pH 6) were placed in a
glass vial equipped with a magnetic stirrer bar. After this aqueous
solution was purged with dry N, for 20 min, the vial was immersed in
an oil bath set at 37 °C. After 7 h, the polymerization was quenched
by removing the vial from the oil bath and cooling to 20 °C while
exposing the reaction solution to air. The milky white dispersion was
diluted to 1.0% w/w using 100 mM phosphate buffer solution
solution (PB, pH S.5), and non-encapsulated enzyme was removed by
three successive centrifugation-redispersion cycles in which each
supernatant was replaced with fresh PB solution. The final HPMA
conversion exceeded 99%, as judged by "H NMR spectroscopy (the
integrated vinyl signals at 3.4—4.2 ppm were compared to the
integrated methacrylic backbone protons at 0.97—2.19 ppm).

Labeling of Empty GO,4-Hsy Diblock Copolymer Vesicles with
Fluorescein Isothiocyanate (FITC). Empty GO,o-Hs, vesicles were
labeled with fluorescein isothiocyanate (FITC). A 1.0% w/w aqueous
dispersion of GO,4-Hyy, vesicles [30.0 mg (0.38 umol) copolymer in
3.0 mL PB at pH 5.5] and FITC [0.30 mg (0.7S umol), ie,
[HPMA]/[FITC] molar ratio = 250] was stirred in a glass vial at 23
°C for 72 h. The FITC-labeled vesicles were subsequently purified by
two centrifugation/resuspension cycles to remove any unreacted dye,
with each supernatant being replaced with fresh PB solution (pH S.5)
prior to further analysis.

Surface Functionalization of Substrates with ATRP Initiator
Groups. ATRP initiator-functionalized silicon wafers (or glass
coverslips) were prepared using a modified literature protocol.’”*’
Briefly, ~1 X 1 cm pieces of wafer were subjected to UV-ozone
cleaning for 30 min using a Bioforce Nanosciences ProCleaner
(BioForce Nanosciences, USA). The resulting wafers were immersed
in 0.5 M NaOH and rinsed with deionized water and ethanol. The
chemical vapor deposition of APTES onto clean wafers was
conducted for 30 min at 22 °C. Then, the APTES-coated wafers
were removed and dried in a 110 °C oven for 30 min, prior to
immersion in a solution of 2-bromoisobutyryl bromide (BiBB) in
dichloromethane in the presence of triethylamine (conditions: DCM/
TEA/BiBB = 400:1:1 by volume) and the amidation reaction was
allowed to proceed for 1 h at 22 °C. Finally, the resulting ATRP

initiator-functionalized substrates were rinsed with (i) ethanol and (ii)
deionized water before drying using a stream of compressed air.

Preparation of Patterned Initiator Surfaces for the Synthesis of
Patterned Brushes for Brush Growth Kinetics. A Coherent Innova
300C FreD frequency-doubled argon ion laser (Coherent UK, Ely,
UK) with an emission wavelength of 244 nm was used for the UV
photodegradation experiments. The energy density was measured
prior to each experiment, and the dose was calculated accordingly.
Micropatterned brushes were obtained by irradiating uniform BiBB
layers on either silicon or glass wafers using a copper mesh electron
microscopy grid (Agar, Cambridge, UK) as a photomask. 2-
Bromoisobutyryl initiator groups were photocleaved by irradiation
to a total dose of 35 J em™2 This protocol is a modified version of
previously reported protocols.*’

Preparation of Patterned Initiator Surfaces for the Synthesis of
Patterned Brushes for Adsorption Studies. A UV lamp (Analytik
Jena US, UVP 3UV, 8 W) with an emission wavelength of 254 nm
was used to pattern ATRP initiator-functionalized silicon wafers for
vesicle adsorption studies. Micropatterned surfaces were obtained
with a similar copper mesh grid mask as above. Substrates were
exposed to UV irradiation for 32 h.

Synthesis and Functionalization of PGEO5MA Brushes and
Oxidation to PAGEO5MA. PGEOSMA brushes were grown from
either silicon wafers or glass coverslips using surface-initiated ARGET
ATRP (SI-ARGET ATRP).*”** In a typical experiment, the desired
initiator-functionalized substrate was placed in an aqueous solution
comprising GEOSMA (6.48 g, 1.4 M), copper(1I) chloride (2.3 mg,
1.4 mM), PMDETA (14.8 mg, 7.1 mM), and deionized water (6.60
g) to afford a final GEOSMA concentration of 45% v/v. Ascorbic acid
(30 mg, 14.2 mM) was then added to this aqueous solution, which
was stirred for 10 min at 22 °C. The ensuing surface-initiated
polymerization was allowed to proceed for 2 h at 22 °C. Each wafer
was then removed from the reaction solution, rinsed thoroughly with
ethanol and deionized water, and dried using a stream of compressed
air.

Selective Oxidation of a PGEO5MA Brush to Produce a
PAGEO5MA Brush. Selective oxidation of a cis-diol-functional
PGEOSMA brush to obtain an aldehyde-functionalized PAGEOSMA
brush was conducted using an optimized literature protocol.””*°
PGEOSMA brush-decorated wafers (or glass coverslips) were
immersed in an aqueous solution of NalO, (3.0 g dm™) for 30
min at 22 °C. Then, these planar substrates were removed and rinsed
thoroughly with ethanol and deionized water, followed by drying
using a stream of compressed air.

Adsorption of GO;g-Hsyy FITC-GO;4-Hspg, or HRP-Loaded GO, o
Hsgo Vesicles onto a PAGEO5SMA Brush. A PAGEOSMA-function-
alized silicon wafer (or glass coverslip) was immersed into a 1.0% w/w
aqueous dispersion containing either empty GO,o-Hyo, vesicles or
HRP-loaded GO y-Hy vesicles in 100 mM PB solution at pH S.5,
and vesicle adsorption was allowed to proceed overnight for a
minimum of 16 h at 22 °C. Then, the planar substrate was removed
from the aqueous dispersion, rinsed with 100 mM PB solution (pH
5.5), and dried using a stream of compressed air.

Characterization Techniques. Nuclear Magnetic Resonance
Spectroscopy (NMR). '"H NMR spectra were recorded at 400 MHz
using a Bruker Ascend 400 spectrometer. Chemical proton shifts are
reported as & in parts per million (ppm) and are expressed relative the
residual solvent peak at 3.31 ppm when using CD;OD or 5.29 ppm
when using CD,Cl,.

Size Exclusion Chromatography (SEC). Polymer molecular
weights and dispersities were determined using an Agilent 1260
Infinity GPC system equipped with an Agilent guard column and two
Agilent PLgel S pum Mixed-C columns connected in series, a
differential refractive index (RI) detector, and a UV—visible detector
set to 305 nm, which is the wavelength for maximum absorption by
the trithiocarbonate-based RAFT agent. The SEC eluent was HPLC
grade DMF containing 10 mM LiBr at 60 °C at a flow rate of 1.0 mL
min~". The number-average molecular weight (M, ), weight-average
molecular weight (M,), and dispersity (B = M,,/M,) were calculated
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using a series of near-monodisperse poly(methyl methacrylate)
(PMMA) calibration standards.

Dynamic Light Scattering (DLS). Particle size distributions were
determined using a Malvern Zetasizer Nano ZS instrument equipped
with a 4 mW He—Ne 633 nm laser and an avalanche photodiode
detector. Dilute aqueous vesicle dispersions (0.1% w/w) were
analyzed at 22 °C via back-scattered light detection at 173°. Malvern
Zetasizer software was used to calculate the hydrodynamic z-average
diameter (D;,) via the Stokes—Einstein equation, which assumes
perfectly monodisperse, non-interacting spherical particles. Data were
averaged over at least three consecutive runs with at least ten
measurements being recorded for each run.

Transmission Electron Microscopy (TEM). Conventional TEM
images were recorded at an acceleration voltage of 100 kV using a
Philips CM100 microscope equipped with a Gatan 1k CCD camera.
As-synthesized aqueous vesicle dispersions were diluted at 22 °C to
generate 0.1% w/w dispersions, which were then deposited onto
freshly glow-discharged carbon-coated copper/palladium grids via
micropipette at 25 °C for approximately 60 s. Finally, 8 uL of a 0.75%
w/v aqueous solution of uranyl formate was deposited onto each
sample-loaded grid for 60 s and then carefully blotted to remove
excess stain prior to drying under vacuum.

Cryogenic Transmission Electron Microscopy (Cryo-TEM). Cryo-
TEM images were recorded using an FEI Tecnai Arctica microscope
operating at an acceleration voltage of 200 kV. Samples were prepared
by depositing S uL of a 0.5% w/w aqueous dispersion comprising
either empty or purified HRP-loaded vesicles onto a plasma-treated
Quantifoil carbon-coated holey copper grid, followed by blotting for
approximately 4 s and then plunging into a pool of liquid ethane to
rapidly vitrify the sample using a Leica EM GP automatic plunge
freezer (25 °C, 99% humidity). Transfer of the vitrified grids into a
precooled cryo-TEM holder was performed at —196 °C prior to
analysis.

Scanning Electron Microscopy (SEM). SEM images were acquired
using an FEI Inspect F field emission scanning electron microscope
operating at an acceleration voltage of 5—15 kV. Samples comprising
either empty or HRP-loaded vesicles were prepared by drying the
desired 0.1% w/w aqueous dispersion onto a silicon wafer at 25 °C.
Brush-coated silicon wafers were imaged directly after their
purification. The sample-loaded silicon wafers were mounted on
aluminum stubs using adhesive carbon tabs. Silver paint was applied
to two edges of the mounted silicon wafers prior to sputter coating
with a thin gold overlayer to prevent charge build-up. Surface
coverages were estimated for vesicle-decorated brushes using Image]
software by averaging across multiple images recorded for each
sample.

Atomic Force Microscopy (AFM). AFM imaging was performed
using a Bruker Nanoscope VIII Multimode Atomic Force Microscope
equipped with a T scanner. Silicon cantilevers (OTESTPA-R3,
Bruker, UK) with a nominal spring constant of 26 N-m™" and a tip
radius of 9 nm were used for tapping mode imaging. AFM images
were recorded at 22 °C for dried PGEOSMA and PAGEOSMA
brushes (both patterned and unpatterned) plus a PAGEOSMA brush
decorated with HRP-loaded GO,4-Hjg, vesicles.

Fluorescence Microscopy. Fluorescence microscopy images were
recorded for (i) a 1.0% w/w aqueous dispersion of FITC-labeled
GO,4-Hyy, vesicles and (ii) vesicles adsorbed onto an aldehyde-
functionalized brush grown from a glass coverslip using a Zeiss Axio
Scope Al microscope equipped with a Zeiss Axio ICml camera.
Fluorescence images were obtained using an LED radiation source
combined with filter set 38 (excitation A = 470 nm, emission 4 > 525
nm).

Ellipsometry Studies of Dry and Solvated Polymer Brushes. Dry
and solvated thicknesses for each brush and selected vesicles-on-brush
systems were measured via spectroscopic ellipsometry using a J. A.
Woollam M2000 V ellipsometer at a fixed angle of incidence of 75°
normal to the sample surface. A wavelength range of 370—1000 nm
was used to obtain two ellipsometric parameters (¥ and A).
Measurements were only performed for brushes grown from planar
silicon wafers. Dry measurements were performed in air at 20 °C.

Solvated brush measurements were made using a large volume, open-
top liquid cell with optical glass windows fixed at 75°. Each substrate
was positioned within the cell before filling with water at 20 °C. The
ellipsometer setup provided a relatively large sampling area of
approximately 0.5 cm X 1 cm, which corresponds to around 75% of
the total area of each sample. Thus, such measurements expected to
be representative of the whole sample.

Data analysis and modeling were performed using Woollam
CompleteEase software, which fits the ¥ and A values. Each system
(i.e., dry brush, solvated brush, solvated vesicles-on-brush, or dried
vesicles-on-brush) required a unique model to obtain satisfactory data
fits. For dry brush measurements, the interfacial structure consisted of
polymer and silica slabs, each describing their respective refractive
index and thickness, plus a silicon backing layer. The polymer layer
was treated as a Cauchy layer with the following parameters: A, =
14615, B, = 0.00514 ym™2 and C, = 0 pm™™. The silica layer
thickness was allowed to vary between 1 and 3 nm, with a typical
value being ~1.5 nm. Solvated brushes were analyzed using a similar
model. However, in this case, the fronting medium was water, whereas
air was used for the dry measurements. The hydrated brush layer was
modeled using an effective medium approximation (EMA) where
optical properties are calculated as a weighted average according to
the relative volume fractions of the polymer plus water (assuming a
Cauchy layer with the above parameters). The thickness and polymer
volume fraction were allowed to vary during data fitting.

For the dry vesicles-on-brush systems, a single Cauchy layer
produced a satisfactory data fit. However, for the hydrated vesicles-on-
brush systems, a more complex model was required. Two almost
identical EMAs comprising water and polymer were required. These
two EMAs varied in terms of their composition (i.e., water volume
fraction and solvated brush thickness). A schematic cartoon of each
interfacial model and a typical data fit is shown in Figure 1.

QCM Measurements. Quartz crystal microbalance sensors coated
with a S0 nm silica overlayer (QSX 303, ~5 MHz fundamental
frequency) were purchased from Q-Sense (Sweden). Each sensor was
cleaned according to the manufacturer’s instructions. This protocol
involved (i) UV/Oj; treatment for 15 min (Bioforce UV/Oj cleaner,
~9 mW em™ A = 254 nm), (i) exposure to 2% w/w sodium
dodecylsulfate solution for 30 min, (iii) copious rinsing with
deionized water and drying under N,, and (iv) a final UV/O,
treatment for 15 min. The resulting substrates were functionalized
with initiator prior to surface-initiated polymerization to produce
brush-coated substrates using the protocols given below.

QCM measurements were performed using an openQCM NEXT
instrument (Novatech S.rl, Italy) equipped with a temperature-
controlled cell connected to a Masterflex Digital Miniflex peristaltic
pump (Cole-Parmer Instrument Company, UK). A rapid flow of
ethanol (2.0 mL min™") was used to wet the sensor surface.

Once all bubbles had been removed, water and then PB solution
were flown through the cell until the sensor frequency exhibited a drift
of less than 1 Hz min~". This typically occurred within 1 h. Once a
stable signal was obtained, a 1% w/w aqueous dispersion of vesicles
was passed through the cell at a flow rate of 0.1 mL min™' (minimum
flow volume = 3 mL). Once any signal drift had abated, PB solution
was passed through the cell at the same flow rate. Al QCM
experiments were performed at 25 °C. The adsorbed amount can be
calculated using the Sauerbrey equation, which relates the change in
resonant frequency, Af (Hz), to the change in adsorbed mass per unit
area, m.

A
m=CX —

fn
where C is a sensitivity constant —0.177 mg m™> Hz™" and n is the
overtone number. The third harmonic (n = 3) was used to calculate
the adsorbed amount to avoid experimental artifacts associated with
the fundamental harmonic.

Enzymatic Activity Assay for Either Empty or HRP-Loaded GO, o
Hspo Vesicles. After purification via dialysis to remove non-
encapsulated enzyme, either empty or HRP-loaded GO,4-Hjg,
vesicles were diluted to 0.5% w/w using 100 mM PB solution (pH
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Figure 1. Representative ellipsometry data (solid lines) and fits
(dashed) with schematic cartoons for the four interfacial structures
and their corresponding ellipsometry models. Psi values are shown in
blue, while delta values are shown in red. (A) Dry PAGEOSMA brush
represented in the ellipsometry model by a single Cauchy layer with
variable thickness (Cauchy parameters in the main text). (B)
Hydrated PAGEOSMA brush represented by a single effective
medium approximation (EMA) layer with a variable thickness and
water content. (C) Dry vesicle-on-brush represented in the
ellipsometry model by a single Cauchy layer with variable thickness
(same Cauchy parameters as used for panel A). (D) Solvated vesicle-
on-brush system, which required two EMA layers to adequately fit the
data. Each layer comprised a mixture of polymer and water and the
thickness and composition was allowed to vary in both layers.

5.5) and 120 pL aliquots of this dilute vesicle dispersion were added
to individual wells of a 96-well plate. Then 20 uL of 100 mM PB
solution (pH S.5) and 40 uL of a 2 mM aqueous solution of DMB
were added to each well, followed by addition of 20 L of a 35% w/w
aqueous hydrogen peroxide solution. The resulting change in
absorbance at 492 nm was monitored over 30 min using a microplate
reader (Accuris Instruments SmartReader MR9600)."**° The enzyme
activity for both free and encapsulated HRP was determined by
monitoring the oxidation of DMB at 22 °C. In the presence of H,0,,
HRP produces a highly reactive iron-oxygen complex. This species
oxidizes DMB, generating radicals which then couple to form a red
dimer product.”® This colorimetric reaction enables the enzyme
activity to be assessed for each sample.

A similar protocol was adapted to evaluate the activity of the free
enzyme. Various concentrations of HRP in 100 mM PB solution $.5
(120 uL) were mixed with 20 uL of 100 mM PB solution 5.5 using a
96-well plate. Subsequently, 40 L of a 2 mM aqueous solution of
DMB was introduced, followed by addition of 20 uL of a 35% w/v
aqueous solution of H,0,. All measurements were conducted four
times, and average values are presented.

Enzymatic activity assay for GOy-Hsy, vesicles adsorbed onto a
PAGEOSMA brush: A spectrophotometric microplate reader (Accuris
Instruments SmartReader MR9600) was used to evaluate the
enzymatic activity of either empty or HRP-loaded vesicles
immobilized on PAGEOSMA-coated glass coverslips. After washing
the vesicle-functionalized coverslips with 100 mM PB solution to
remove any non-adsorbed vesicles, each coverslip was placed parallel
to the light beam in a 96-well plate and immersed in 105 uL of 100
mM PB solution (pH $.5) and 30 pL of a 2 mM aqueous solution of
DMB, followed by 15 uL of a 35% w/v aqueous solution of H,0,.
The resulting change in absorbance at 492 nm for the aqueous
solution within the well was monitored for 30 min using the
microplate reader.'*

B RESULTS AND DISCUSSION

Synthesis of the RAFT Agent and Water-Soluble Non-
ionic Precursor. To prevent in situ denaturation, mild
reaction conditions are essential for the encapsulation of
enzymes within diblock copolymer vesicles during aqueous
PISA. First, a benzyl-capped trithiocarbonate-based RAFT
agent was prepared for the synthesis of a suitable non-ionic
water-soluble precursor. This is important to ensure that the
target vesicles do not exhibit any unwanted pH-responsive
behavior owing to end-group ionization.”" Accordingly, benzyl
amine was reacted with 4-cyano-4-(((ethylthio)-
carbonothioyl)thio)pentanoic acid (CEPA) via DCC/
DMAP-catalyzed amidation. Figure S1 shows the 'H NMR
spectra recorded for the CEPA RAFT agent, benzyl amine, and
the final Bz-CEPA RAFT agent used in this study. Essentially,
full amidation was confirmed by comparing the integrated
CEPA-related signals at 3.3—3.42 ppm (CH;CH,S), 2.42—
2.60 ppm (C(CH,)(C=N)CH,CH,(C=0)), 1.92 ppm (see
methyl signal ¢ in Figure S1), and 1.33—1.41 ppm (see methyl
signal a in Figure S1) to the five aromatic protons at 7.27—7.43
ppm assigned to the benzyl end-group.

Following a modified literature protocol,®® a cis-diol-
functional PGEOSMA,, (GO,y) precursor was prepared via
RAFT solution polymerization of GEOSMA in ethanol at 70
°C using the Bz-CEPA RAFT agent (Scheme 1). Compared to
our prior study,’® a relatively low DP was targeted for the
PGEOSMA precursor because this is known to favor vesicle
formation.”> A final GEOSMA conversion of 95% (corre-
sponding to a mean DP of 19) was achieved within 3 h, as
determined by '"H NMR analysis in CD30D (Figure S2). SEC
analysis of the GOy precursor indicated an apparent number-
average molecular weight (M,) of 12.6 kg mol™' and a
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relatively low dispersity (M,,/M,, = 1.18) (see Figure 2A). This
suggests a well-controlled RAFT polymerization.
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Figure 2. (A) Normalized SEC data recorded for the GO, precursor
(black curve), GO,9-Hggo diblock copolymer (red curve), and the
GO,y-Hy, diblock copolymer prepared in the presence of HRP
(green curve). (B) DLS data obtained for empty (red curve) and
HRP-loaded (green curve) GO,4-Hgy, vesicles. (C) Representative
TEM images (uranyl formate stain) recorded for GO,g-Hjg vesicles
(red border image—left) and HRP-loaded GO ,4-Hjqq vesicles (green
border image—right).

Synthesis of Diblock Copolymer Vesicles and Enzyme
Encapsulation. The water-soluble non-ionic GO, precursor
was chain-extended via RAFT aqueous dispersion polymer-
ization of HPMA at 37 °C using a low-temperature azo
initiator at pH 6 to obtain GO y-Hyy, diblock copolymer
vesicles at 10% w/w solids. As expected, the rate of HPMA
polymerization was relatively slow under these mild con-
ditions."> Nevertheless, more than 99% was achieved within 7
h, as judged by the substantial attenuation in the vinyl
monomer proton signals at § 6.2—6.6 ppm in an 'H NMR
spectrum recorded for the final reaction mixture (Figure S2).
Size exclusion chromatography (SEC) studies indicated a high
chain extension efficiency (i.e, minimal GO,y precursor
contamination) and a relatively low dispersity (M,,/M, =
1.29) for the diblock copolymer chains (Figure 2A), while
dynamic light scattering (DLS) analysis revealed a narrow
particle size distribution with a hydrodynamic diameter of 280
nm and a DLS polydispersity (PDI) of 0.03 (Figure 2B).
Furthermore, transmission electron microscopy (TEM) studies
confirmed the formation of a pure vesicular morphology
(Figure 2C).

Since the HPMA polymerization is conducted under mild
conditions, it should be feasible to encapsulate relatively
delicate payloads such as enzymes into vesicles during PISA
without inducing any denaturation. In the present study, this
approach is exemplified using HRP. Importantly, the presence
of this enzyme had no discernible impact on the polymer-
ization, with full HPMA conversion, a high chain extension
efficiency, and a similarly low dispersity being observed
(Figures 2A and S2). The resulting HRP-loaded vesicles
were purified via multiple centrifugation/redispersion cycles
(13,000 rpm for 10 min per cycle) to remove non-
encapsulated enzyme. Each successive aqueous supernatant
was replaced with a 100 mM PB solution at pH 5.5. DLS
studies confirmed that the particle size distribution obtained
for the HRP-loaded GO,4-Hgy vesicles was comparable to that
obtained for the corresponding empty GO g-Hjqyy vesicles
(Figure 2B), while TEM studies indicated a well-defined
vesicular morphology in the presence of the enzyme (Figure
2C). In addition, cryo-TEM studies were undertaken to
examine the vesicles in their hydrated form in the absence of
any heavy metal stain (Figure S3). Cryo-TEM images were in
good agreement with conventional TEM images and digital
image analysis of the former indicated mean membrane
thicknesses of 30 + 1 and 31 + 1 nm for the empty and HRP-
loaded vesicles, respectively. In summary, the presence of the
enzyme has no discernible effect on the formation of GO,,-
Hyqo vesicles via aqueous PISA under the stated reaction
conditions.

Synthesis of Vesicles-On-Brush Systems. Having
demonstrated the successful encapsulation of HRP within
PGEOSMA ,-PHPMA,,, vesicles, we then examined their
chemical adsorption at a model soft interface. More
specifically, we utilized the cis-diol functionality of the
PGEOSMA steric stabilizer chains expressed at the outer
surface of the vesicles to form acetal bonds with an aldehyde-
functionalized hydrophilic polymer brush (Scheme 2).>” Such
chemistry is well-established and is known to proceed under
mild conditions in aqueous media.””** In view of the enzyme-
loaded vesicles described herein, this new vesicles-on-brush
system is expected to offer potential biotechnology applications
in the context of microfluidics and flow chemistry.’*>*
Accordingly, a hydrophilic PGEOSMA brush was first grown
from a 2-bromoisobutyryl bromide (BiBB)-functionalized
silicon wafer (or glass coverslip) via SLARGET-ATRP. This
surface polymerization of GEOSMA was conducted under
ambient conditions without any degassing step to remove
dissolved oxygen. A mean dry brush thickness of approximately
120 nm was determined by ellipsometry. Subsequently,
selective oxidation of this precursor using NalO, produced
an aldehyde-functionalized PAGEOSMA brush with a
relatively high degree of functionalization.””*” This model
reactive brush was then exposed to either empty or HRP-
loaded vesicles to produce the corresponding vesicles-on-brush
systems, as shown in Scheme 2.

We briefly compared the kinetics of PGEOSMA brush
growth from a glass slide and a planar silicon wafer,
respectively. Unfortunately, modeling ellipsometry data from
glass substrates can be problematic owing to the low
reflectivity of the glass substrate plus backside reflections.
Instead, dry brush thicknesses of PGEOSMA brushes grown
from glass slides were determined from atomic force
microscopy (AFM) height images recorded for surface-
patterned brushes. Patterned initiator layers were prepared
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Scheme 2. (i) Preparation of a cis-Diol-Functional
PGEOSMA Precursor Brush via SILARGET ATRP Using
Either a Planar Silicon Wafer or a Glass Slide, (ii) Selective
Oxidation to Produce the Corresponding Aldehyde-
Functional PAGEOSMA Brush, and (iii) Its Subsequent
Exposure to Either GO,4-Hgy, or HRP-GO,4-H;,, Vesicles
to Produce Vesicle-On-Brush Systems
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by UV-induced cleavage of the C—Br bond using a TEM grid
as a mask. Surface-initiated polymerization was then performed
using the resulting patterned initiator layers to produce the
corresponding patterned brushes (see Figure 3A). A
representative step height profile is provided in Figure 3B.
As expected, the mean brush thickness increases linearly with
polymerization time (Figure 3C). Importantly, PGEOSMA
brushes grown from silicon wafers and glass slides exhibit very
similar dry brush thicknesses for reaction times of at least 2 h
(Figure 3C). Hence essentially the same mean brush thickness
is produced within a given reaction time when using either
substrate. Ellipsometry was also used to monitor the degree of
swelling of PGEOSMA brushes immersed in water. Hydration
of a dry brush (initial thickness = 120 nm) produced a final
hydrated brush thickness of approximately 190 nm (Table S1).
This corresponds to a swelling ratio of ~1.6, which is

comparable to that reported for other well-known hydrophilic
polymer brushes.”>™>° An excellent fit to the corresponding
ellipsometric data is shown in Figure 1. It is well-known that
the solvated brush/dry brush swelling ratio in a good solvent is
proportional to the brush grafting density.””*” We have used
an approach reported by Jordan et al.’’ to estimate a mean DP
of 2600 and a brush grafting density of 0.5 chains nm™2, which
is comparable to that obtained for other brush systems.’>**
This analysis assumes a monotonic, parabolic brush profile and
a Kuhn length of 7 A.

Selective NalO, oxidation of this hydrated PGEOSMA
brush for 30 min at 22 °C groduced an aldehyde-function-
alized PAGEOSMA brush.*”*”*” The dry brush thickness was
determined for each sample following NalO, treatment. A
mean reduction in brush thickness of ~ 8% was observed,
which corresponds to the mass loss expected for full oxidation
of PGEOSMA to PAEGOSMA (Figure S1).*7**%%% SEM
studies indicated a smooth featureless surface morphology with
no significant topographical features other than those
introduced by gold sputter coating, which is essential to
minimize sample charging.

We have recently reported the chemical adsorption of
aldehyde-functionalized spherical nanoparticles onto an amine-
functionalized planar polymer brush.*’ This was achieved via
imine bond formation, which is an example of dynamic
covalent chemistry.°~® Initially, we explored this approach
for the design of vesicles-on-brush systems. Unfortunately, the
NalO, reagent required to introduce aldehyde functionality
proved to be incompatible with the HRP-loaded vesicles,
which suffered oxidative degradation and partial loss of their
morphology. Hence an alternative strategy was adopted based
on acetal bond formation (Scheme 2). In this case, NalO, is
solely used to oxidize the brush chains, so chemical
degradation of the HRP-loaded vesicles is avoided.

First, empty GO ,9-Hy vesicles were labeled with FITC to
enable characterization of the putative vesicles-on-brush
system via fluorescence microscopy. FITC labeling was
achieved in aqueous media. Two fluorescein labels were
targeted per copolymer chain under mild conditions, which has
a negligible impact on the copolymer molecular weight (see
GPC data in Figure S4) and vesicle dimensions (see DLS data
in Figure $4). The FITC reagent reacted with pendent cis-diol
groups within the GO,y steric stabilizer chains and excess
FITC was removed by multiple centrifugation/redispersion
cycles, as confirmed by subsequent UV GPC analysis (see
Figure S4). FITC-labeled GO,o-Hgy, vesicles were imaged
using fluorescence microscopy prior to adsorption studies.
Although individual vesicles were too small to be resolved,
strong fluorescence was observed for a 1.0% w/w aqueous
dispersion (Figure 4A).

In a control experiment, no fluorescence was observed for a
bare PAGEOSMA brush (Figure SSA). Chemical adsorption of
the FITC-labeled vesicles was achieved by simply immersing
the patterned brush-coated silicon wafers into a 1.0% w/w
aqueous dispersion of the FITC-labeled GO,oHj, vesicles at
22 °C for 16 h at pH 5.5 (Figure 4B). Non-specific adsorption
of these vesicles to the underlying silicon wafer resulted in a
weakly fluorescent background signal. However, a much
stronger fluorescence signal was observed for the ~3 pm
patterned lines from which a 109 nm aldehyde-functionalized
PAGEOSMA brush had been grown. Thus this experiment
confirms the successful preparation of the desired vesicles-on-
brush system at pH S5.5. A similar vesicle adsorption
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Figure 3. (A) Representative AFM images recorded for PGEOSMA brushes grown from patterned initiator films on planar glass slides for various
polymerization times. (B) Line sections through AFM images of patterned brushes. (C) Increase in the dry brush thickness with polymerization
time for PGEOSMA brushes grown from a planar silicon wafer and a glass slide. Dry brush thicknesses were determined by ellipsometry analysis for
planar silicon wafers and from AFM images for glass slides (ellipsometry thickness data reproduced from Brotherton et al.*’).

experiment was performed at pH 10 (Figure S4B) with no
fluorescence being detected in this case. In summary, these
observations (and literature precedent) indicate that the
chemical adsorption of hydroxy-functional diblock copolymer
vesicles at the surface of an aldehyde-functional polymer brush
proceeds via acid-catalyzed acetal bond formation.***? It is also
worth emphasizing that the vesicles are not simply grafted to
the terminal repeat unit on each brush chain. Instead, acetal
bond formation most likely involves the reaction of multiple
repeat units located within the upper surface of the brush.”
SEM analysis of the unpatterned HRP-loaded vesicles-on-
brush system confirmed the presence of adsorbed vesicles
(compare Figure SA with SB). Digital image analysis of such
SEM images using Image] software indicated a surface
coverage of approximately 30%. This is comparable to that
observed for the adsorption of aldehyde-functional spherical
nanoparticles on brushes via dynamic covalent chemistry."’
Furthermore, the surface topography of the dried vesicles-on-
brush system was analyzed using AFM (Figure S6). Intact
vesicles were observed at the brush surface, and their
dimensions were comparable to that of the free vesicles
(Figure 2). A control experiment was also conducted to
demonstrate that vesicle adsorption involves acetal bond
formation, rather than merely physical adsorption onto the
brush surface. Accordingly, HRP-loaded GO,o-Hjq, vesicles
were exposed to a PGEOSMA precursor brush prior to its
NalO, treatment. In this case, SEM studies indicated negligible
nanoparticle adsorption onto this cis-diol-functional brush
(Figure SC). This confirms that the presence of aldehyde
groups is essential to facilitate the chemical adsorption of

vesicles at the brush surface via acetal bond formation under
mildly acidic conditions.

Ellipsometry data obtained for the dried HRP-loaded
vesicles-on-brush system were satisfactorily fitted using a single
Cauchy parameter. This analysis indicated a mean increase in
the dry brush thickness of 23 nm after vesicle adsorption.
Bearing in mind the fractional surface coverage of approx-
imately 30% indicated by SEM studies and the mean vesicle
membrane thickness of approximately 31 nm estimated from
cryo-TEM studies, this suggests that the dried vesicles collapse
to form a planar bilayer on the upper brush surface. Similar
observations have been reported for lipid adsorption on
polymer brushes.”"

However, the SEM and AFM images shown in Figures 4B
and S6C provide no evidence for vesicle rupture. On the other
hand, full collapse of the adsorbed vesicles during drying
should produce an increase in the mean brush layer thickness
of approximately twice the membrane thickness (i.e., 62 nm) if
full surface coverage had been achieved. Hence the
ellipsometry data suggest a mean surface coverage of (23—
62) X 100% = 37%, which is in reasonable agreement with that
estimated by digital image analysis of the SEM images.

Ellipsometry studies of the solvated HRP-loaded vesicles-on-
brush system indicated an increase in the mean hydrated brush
thickness from 190 to 320 nm. In this case, a model comprising
two hydrated polymer layers was required to provide a
satisfactory fit to the ellipsometric data. To a first
approximation, these two layers represent the underlying
brush and the adsorbed vesicles, respectively; they are defined
by EMAs that differ only in the water volume fraction and the
mean layer thickness. However, the vesicle/brush boundary
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FITC-GO,gH5,, vesicles

FITC-GO,4-H;0@PAGEO5MA

Figure 4. Fluorescence microscopy images recorded for (A) a 1.0%
w/w aqueous dispersion of FITC-labeled GO gHjy vesicles in
solution and (B) the vesicle-on-brush system: FITC-labeled
GO, gH;q vesicles adsorbed at pH 5.5 on a 116 nm PAGEOSMA
brush grown from a patterned initiator film on a planar silicon wafer.

may not be well-defined, so only the combined layer thickness
is considered here. The substantial increase in overall thickness
noted above is consistent with strong vesicle adsorption. If it is
assumed that both the vesicle diameter and the mean brush
layer thickness remain unchanged after adsorption, then the
observed increase in layer thickness of 130 nm suggests a
vesicle surface coverage of around 45%. Clearly, this value lies
closer to that indicated by ellipsometry measurements on the
dry brush than that suggested by SEM analysis. Given that the
ellipsometry data were acquired over a macroscopic area that is
a substantial fraction of the entire substrate, the surface
coverage indicated by SEM analysis is likely to be an
underestimate owing to inferior statistics.

QCM was used to monitor the mass of adsorbed HRP-
loaded vesicles onto PAGEOSMA brushes (Figure 6). QCM
monitors the change in the resonant frequency of a quartz
sensor and is sensitive to any change in its coupled mass.
Brush-coated sensors were prepared using an identical protocol
as that employed for planar silicon wafers and then mounted

PAGEOS5MA brush

HRP-GO,4-H5,@PAGEO5MA

HRP-GO4-Hs0(@PGEO5MA
C

Figure S. (A) Representative SEM images recorded for PAGEOSMA
brush (A) prior to vesicle adsorption and (B) after chemical
adsorption via acetal chemistry. (C) SEM image recorded for a
non-reactive cis-diol-functionalized PGEOSMA brush after exposure
to HRP-loaded GO ,4-Hjy, vesicles (control experiment).

into the QCM instrument prior to exposure to the buffer
solution. A change in the frequency for the third overtone, Af;,
was monitored as PAGEOSMA, and PGEOSMA brushes were
exposed in turn to HRP-loaded vesicles. The adsorbed amount,
I', was calculated from the final change in frequency and
indicates strong adsorption of vesicles onto the aldehyde-
functional PAGEOSMA brushes (I' = 158 mg m™2).
Conversely, the PGEOSMA brush exhibits antifouling behavior
(i.e., minimal vesicle adsorption), which is consistent with the
SEM image shown in Figure SC and our prior study of BSA
adsorption.”” Tt is worth noting that the Sauerbrey equation
assumes a rigid film, and its use here does not account for the
associated water of the hydrated polymer vesicles. Never-
theless, there is clearly a substantial difference in adsorbed
mass when exposing the HRP-loaded vesicles to the cis-diol-
and aldehyde-functional brushes, respectively, which illustrates
that the presence of aldehyde groups promotes vesicle
adsorption.

Assessment of Enzymatic Activity for HRP-Loaded
Vesicles-On-Brush. A well-established colorimetric assay was
used to assess the enzymatic activity of HRP after each
synthesis step, as shown in Scheme 2.'****° HRP catalyzes
oxidation of a colorless substrate, 3,3’-dimethoxybenzidine
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Figure 6. Change in frequency of the third overtone, Af;, over time at 3 0.14 02umL?
25 °C for a QCM silica sensor coated with either a 43 nm cis-diol-
functionalized PGEOSMA brush (blue) or a 41 nm aldehyde- 0.0 0.0U mL?
functionalized PAGEOSMA brush (green) after exposure to an o 10 20 30
aqueous dispersion of HRP-loaded vesicles (1.0 wt %) in PB solution Time (min)
at pH S.S. Using the Sauerbrey equation, the corresponding adsorbed C os —HRP-loaded GO y-Hyy vesicles
amount, I', was calculated to be 0.1 mg m™ for the cis-diol- 0.5 ——Empty GO Hyy, vesicles
functionalized PGEOSMA brush and 158 mg m™ for the aldehyde- E
functionalized PAGEOSMA brush. 8 041
1 03
. 28 0.2
(DMB), to form a red dimer product (4,,,, = 492 nm), see 5
Figure 7A. Hence HRP activity can be determined by 0.11
monitoring the absorbance over time. Initially, enzyme activity 0.0 - -
was assessed for native HRP (i.e, in the absence of any o LN R 30
vesicles) at concentrations ranging from zero up to that B e Time (min)
corresponding to the maxirnlim theoretical vesicle loading o I sl - B
efficiency ((HRP] = 1 U mL™"). As anticipated, higher HRP T | hesomingh
concentrations led to stronger absorbance within a given time £ 044
frame (Figure 7B). This assay was then used to assess the fr'l’ 03]
activity of aqueous dispersions of the empty and HRP-loaded =
vesicles after purification to remove excess non-encapsulated é 021
enzyme (see Figure 7C). Notably, HRP encapsulation within 0.1
the PGEOSMA -PHPMA, vesicles did not lead to any 5.6 : :
0 10 20 30

significant reduction in enzyme activity. This suggests that the
PHPMA membranes are highly permeable with respect to
small molecules (e.g., DMB and its corresponding red dimer)
and offer minimal barrier to their diffusion. On the other hand,
such membranes are impermeable with respect to the much
larger HRP (ca. 40,000 g mol™}; particle diameter = 6 nm),
which is therefore retained within the vesicles. Similar findings
were reported b¥ Blackman et al. for enzyme-loaded PHPMA-
based vesicles."”'*** Moreover, a control experiment con-
ducted using empty vesicles exhibited a much lower (close to
background) absorbance.

Finally, the enzyme activity of HRP-loaded vesicles adsorbed
onto a PAGEOSMA brush (dry brush thickness = 120 nm)
was examined (Figure 7D). In control experiments, the bare
glass substrate, the aldehyde-functional PAGEOSMA brush,
and the empty PGEOSMA,,-PHPMA;,, vesicles adsorbed
onto this brush exhibited no significant increase in absorbance
at 492 nm over time. In contrast, the HRP-loaded vesicles-on-
brush system exhibited enzymatic activity that was comparable
to that of the free (non-adsorbed) vesicles in solution. This
indicates that the enzyme within the adsorbed vesicles retains
its activity after acetal bond formation at pH 5.5 for 16 h at 22
°C. Notably, these mild reaction conditions are close to the
optimum conditions required for maximum HRP activ-

Time (min)

Figure 7. (A) HRP-catalyzed oxidation of DMB generates a red dimer
product inside HRP-loaded GO,o-Hgy, vesicles. (B) Enzymatic
activity of free HRP diluted in 100 mM PB solution at pH S.5 at
various enzyme concentrations. (C) Enzymatic activity of purified
HRP-loaded GO,o-Hggo vesicles (green curve) compared to that
observed for empty GO,9-Hyg vesicles (red curve). (D) Enzymatic
activity of HRP-loaded GO,4-Hjy, vesicles chemically adsorbed onto
an aldehyde-functional PAGEOSMA brush (blue curve) relative to
that observed for three control experiments (red, green, and black
curves).

ity.">'*** Given that the vesicles should prevent enzyme

deactivation with respect to both denaturation and the
presence of proteases, such vesicles-on-brush systems are
expected to offer new opportunities as immobilized nano-
reactors for microfluidic devices and more generally for flow
chemistry applications.

B CONCLUSIONS

Well-defined horse radish peroxidase-loaded diblock copoly-
mer vesicles prepared via aqueous PISA can be immobilized at
the surface of a reactive aldehyde-functional polymer brush.
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Vesicle adsorption is achieved via acetal bond formation under
mild conditions (pH $.5, 20 °C, 16 h), which ensures that the
activity of the encapsulated enzyme is retained. Moreover, a
mean vesicle surface coverage of at least 30% is achieved at the
brush surface, which indicates reasonably efficient chemical
adsorption. Importantly, the immobilized vesicles remain
permeable toward small molecules while retaining their
enzyme payload. Such enzyme-loaded vesicles proved to be
stable under ambient conditions and their enzymatic activity
was demonstrated using a well-established colorimetric assay.
In principle, enzyme encapsulation within vesicles should
prevent enzyme deactivation on exposure to proteases, which
are too large to traverse the vesicle membrane. Moreover, this
efficient strategy should be applicable to a wide range of
enzymes and functional proteins for the design of next-
generation surface-immobilized nanoreactors for enzyme-
mediated catalysis.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.Jangmuir.4c01561.

"H NMR spectrum for Bz-CEPA RAFT agent; '"H NMR
spectra for the GO,4 precursor, GO,o-Hy, vesicles, and
HRP-loaded GO,9-Hyo, vesicles; AFM image for a
PGEOSMA brush grown from a planar silicon wafer;
and ellipsometry data for a PAGEOSMA brush grown
from a planar silicon wafer plus the corresponding HRP-
loaded vesicle-decorated PAGEOSMA brush (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Edwin C. Johnson — Dainton Building, Department of
Chemistry, The University of Sheffield, Sheffield, South
Yorkshire S3 7HF, UK,; © orcid.org/0000-0002-0092-
1008; Email: e.c.johnson@shefheld.ac.uk

Steven P. Armes — Dainton Building, Department of
Chemistry, The University of Sheffield, Sheffield, South
Yorkshire S3 7HF, UK,; © orcid.org/0000-0002-8289-
6351; Email: s.p.armes@shefhield.ac.uk

Authors

Georgios Karchilakis — Dainton Building, Department of
Chemistry, The University of Sheffield, Sheffield, South
Yorkshire S3 7HF, U.K.

Spyridon Varlas — Dainton Building, Department of
Chemistry, The University of Sheffield, Sheffield, South
Yorkshire S3 7HF, U.K.

Oleta Norvilaite — Dainton Building, Department of
Chemistry, The University of Sheffield, Sheffield, South
Yorkshire S3 7HF, U.K.

Matthew A. H. Farmer — Dainton Building, Department of
Chemistry, The University of Sheffield, Sheffield, South
Yorkshire S3 7HF, UK,; ® orcid.org/0009-0008-9645-
6921

George Sanderson — GEO Specialty Chemicals, Southampton,
Hampshire SO4S 3ZG, UK.

Graham J. Leggett — Dainton Building, Department of
Chemistry, The University of Sheffield, Sheffield, South
Yorkshire S3 7HF, UK,; ® orcid.org/0000-0002-4315-
9076

Complete contact information is available at:

https://pubs.acs.org/10.1021/acs.langmuir.4c01561

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

GJ.L. and S.P.A. acknowledge an EPSRC Programme Grant
(EP/T012455/1) for postdoctoral support of E.CJ. and S.P.A.
also acknowledges an EPSRC responsive mode grant (EP/
W022214/01). We thank GEO Specialty Chemicals (Hythe,
UK) for the synthesis of the GEOSMA monomer utilized in
this study. Dr. Raffaele Battaglia and Marco Mauro at
Novaetech S.r.l. (Pompeii, Italy) are thanked for their excellent
technical support regarding the QCM studies.

B REFERENCES

(1) Zhang, L.; Eisenberg, A. Multiple Morphologies of “Crew-Cut”
Aggregates of Polystyrene-b-poly(acrylic acid) Block Copolymers.
Science 1995, 268, 1728—1731.

(2) Discher, B. M.; Won, Y.-Y.; Ege, D. S; Lee, J. C.-M,; Bates, F. S.;
Discher, D. E.; Hammer, D. A. Polymersomes: Tough Vesicles Made
from Diblock Copolymers. Science 1999, 284, 1143—1146.

(3) Luo, L,; Eisenberg, A. Thermodynamic Stabilization Mechanism
of Block Copolymer Vesicles. J. Am. Chem. Soc. 2001, 123, 1012—
1013.

(4) Discher, D. E.; Eisenberg, A. Polymer Vesicles. Science 2002,
297, 967-973.

(5) Discher, B. M.; Bermudez, H.; Hammer, D. A; Discher, D. E.;
Won, Y.-Y,; Bates, F. S. Cross-linked Polymersome Membranes:
Vesicles with Broadly Adjustable Properties. The Journal of Physical
Chemistry B 2002, 106, 2848—2854.

(6) Bermudez, H.; Brannan, A. K;; Hammer, D. A; Bates, F. S.;
Discher, D. E. Molecular Weight Dependence of Polymersome
Membrane Structure, Elasticity, and Stability. Macromolecules 2002,
35, 8203—8208.

(7) Dy, J; Tang, Y.; Lewis, A. L.; Armes, S. P. pH-Sensitive Vesicles
Based on a Biocompatible Zwitterionic Diblock Copolymer. J. Am.
Chem. Soc. 2008, 127, 17982—17983.

(8) Lomas, H.; Canton, 1; MacNeil, S.; Du, J.; Armes, S. P.; Ryan, A.
J.; Lewis, A. L.; Battaglia, G. Biomimetic pH Sensitive Polymersomes
for Efficient DNA Encapsulation and Delivery. Adv. Mater. 2007, 19,
4238—4243.

(9) Wang, L; Chierico, L.; Little, D.; Patikarnmonthon, N.; Yang,
Z.; Azzouz, M.; Madsen, J.; Armes, S. P.; Battaglia, G. Encapsulation
of Biomacromolecules within Polymersomes by Electroporation.
Angewandte Chemie International Edition 2012, S1, 11122—11125.

(10) Oliveira, H.; Pérez-Andrés, E.; Thevenot, J.; Sandre, O.; Berra,
E.; Lecommandoux, S. Magnetic field triggered drug release from
polymersomes for cancer therapeutics. J. Controlled Release 2013, 169,
165—170.

(11) Ghoroghchian, P. P.; Frail, P. R;; Susumu, K.; Park, T.-H.; Wu,
S. P; Uyeda, H. T.; Hammer, D. A,; Therien, M. J. Broad Spectral
Domain Fluorescence Wavelength Modulation of Visible and Near-
Infrared Emissive Polymersomes. J. Am. Chem. Soc. 200S, 127,
15388—15390.

(12) Xiao, Y.; Sun, H; Du, J. Sugar-Breathing Glycopolymersomes
for Regulating Glucose Level. . Am. Chem. Soc. 2017, 139, 7640—
7647.

(13) Blackman, L. D.; Varlas, S.; Arno, M. C.; Fayter, A.; Gibson, M.
L; O'Reilly, R. K. Permeable Protein-Loaded Polymersome Cascade
Nanoreactors by Polymerization-Induced Self-Assembly. ACS Macro
Lett. 2017, 6, 1263—1267.

https://doi.org/10.1021/acs.langmuir.4c01561
Langmuir 2024, 40, 14086—14098


https://pubs.acs.org/doi/10.1021/acs.langmuir.4c01561?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.4c01561/suppl_file/la4c01561_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Edwin+C.+Johnson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0092-1008
https://orcid.org/0000-0002-0092-1008
mailto:e.c.johnson@sheffield.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Steven+P.+Armes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8289-6351
https://orcid.org/0000-0002-8289-6351
mailto:s.p.armes@sheffield.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Georgios+Karchilakis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Spyridon+Varlas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oleta+Norvilaite"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+A.+H.+Farmer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0008-9645-6921
https://orcid.org/0009-0008-9645-6921
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="George+Sanderson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Graham+J.+Leggett"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4315-9076
https://orcid.org/0000-0002-4315-9076
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c01561?ref=pdf
https://doi.org/10.1126/science.268.5218.1728
https://doi.org/10.1126/science.268.5218.1728
https://doi.org/10.1126/science.284.5417.1143
https://doi.org/10.1126/science.284.5417.1143
https://doi.org/10.1021/ja005824v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja005824v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1074972
https://doi.org/10.1021/jp011958z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp011958z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma020669l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma020669l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja056514l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja056514l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.200700941
https://doi.org/10.1002/adma.200700941
https://doi.org/10.1002/anie.201204169
https://doi.org/10.1002/anie.201204169
https://doi.org/10.1016/j.jconrel.2013.01.013
https://doi.org/10.1016/j.jconrel.2013.01.013
https://doi.org/10.1021/ja055571b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja055571b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja055571b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b03219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b03219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.7b00725?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.7b00725?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.4c01561?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

(14) Blackman, L. D.; Varlas, S.; Arno, M. C.; Houston, Z. H.;
Fletcher, N. L.; Thurecht, K. J.; Hasan, M.; Gibson, M. L; O’Reilly, R.
K. Confinement of Therapeutic Enzymes in Selectively Permeable
Polymer Vesicles by Polymerization-Induced Self-Assembly (PISA)
Reduces Antibody Binding and Proteolytic Susceptibility. ACS Central
Science 2018, 4, 718—723.

(15) Mable, C. J; Gibson, R. R; Prevost, S; McKenzie, B. E.;
Mykhaylyk, O. O.; Armes, S. P. Loading of Silica Nanoparticles in
Block Copolymer Vesicles during Polymerization-Induced Self-
Assembly: Encapsulation Efficiency and Thermally Triggered Release.
J. Am. Chem. Soc. 2015, 137, 16098—16108.

(16) Peters, R.J. R. W; Marguet, M.; Marais, S.; Fraaije, M. W.; van
Hest, J. C. M,; Lecommandoux, S. Cascade Reactions in Multi-
compartmentalized Polymersomes. Angewandte Chemie International
Edition 2014, 53, 146—150.

(17) Domes, S.; Filiz, V.; Nitsche, J.; Fromsdorf, A.; Forster, S.
Covalent Attachment of Polymersomes to Surfaces. Langmuir 2010,
26, 6927—6931.

(18) Tan, J.; Sun, H.; Yu, M.; Sumerlin, B. S.; Zhang, L. Photo-PISA:
Shedding Light on Polymerization-Induced Self-Assembly. ACS
Macro Lett. 2015, 4, 1249—1253.

(19) Cabral, H,; Miyata, K; Osada, K; Kataoka, K. Block
Copolymer Micelles in Nanomedicine Applications. Chemical Reviews
2018, 118, 6844—6892.

(20) Lee, J. S.; Feijen, J. Polymersomes for drug delivery: Design,
formation and characterization. J. Controlled Release 2012, 161, 473—
483.

(21) Peters, R. J. R. W.; Louzao, L; Van Hest, J. C. M. From
polymeric nanoreactors to artificial organelles. Chemical Science 2012,
3, 335—342.

(22) Wang, Z.; Van Oers, M. C. M.; Rutjes, F. P. ]. T.; Van Hest, J.
C. M. Polymersome Colloidosomes for Enzyme Catalysis in a
Biphasic System. Angewandte Chemie International Edition 2012, S1,
10746—10750.

(23) Qin, S; Geng, Y.,; Discher, D. E; Yang, S. Temperature-
Controlled Assembly and Release from Polymer Vesicles of
Poly(ethylene oxide)-block-poly(N-isopropylacrylamide). Adv.
Mater. 2006, 18, 2905—2909.

(24) Czajka, A.; Byard, S. J.; Armes, S. P. Silica nanoparticle-loaded
thermoresponsive block copolymer vesicles: a new post-polymer-
ization encapsulation strategy and thermally triggered release.
Chemical Science 2022, 13, 9569—9579.

(25) Howse, J. R; Jones, R. A. L.; Battaglia, G.; Ducker, R. E;
Leggett, G. J.; Ryan, A. J. Templated formation of giant polymer
vesicles with controlled size distributions. Nat. Mater. 2009, 8, 507—
S11.

(26) Sun, J. T; Hong, C. Y,; Pan, C. Y. Recent advances in RAFT
dispersion polymerization for preparation of block copolymer
aggregates. Polymer Chemistry 2013, 4, 873—881.

(27) Warren, N. J.; Mykhaylyk, O. O.; Ryan, A. J.; Williams, M.;
Doussineau, T.; Dugourd, P.; Antoine, R.; Portale, G.; Armes, S. P.
Testing the Vesicular Morphology to Destruction: Birth and Death of
Diblock Copolymer Vesicles Prepared via Polymerization-Induced
Self-Assembly. J. Am. Chem. Soc. 2015, 137, 1929—1937.

(28) Li, Y.; Armes, S. P. RAFT Synthesis of Sterically Stabilized
Methacrylic Nanolatexes and Vesicles by Aqueous Dispersion
Polymerization. Angewandte Chemie International Edition 2010, 49,
4042—4046.

(29) Blanazs, A; Ryan, A. J.; Armes, S. P. Predictive Phase Diagrams
for RAFT Aqueous Dispersion Polymerization: Effect of Block
Copolymer Composition, Molecular Weight, and Copolymer
Concentration. Macromolecules 2012, 45, 5099—5107.

(30) Yeow, J.; Boyer, C. Photoinitiated Polymerization-Induced Self-
Assembly (Photo-PISA): New Insights and Opportunities. Adv. Sci.
2017, 4, No. 1700137.

(31) Deng, R; Derry, M. J.; Mable, C. J; Ning, Y.; Armes, S. P.
Using Dynamic Covalent Chemistry To Drive Morphological
Transitions: Controlled Release of Encapsulated Nanoparticles from
Block Copolymer Vesicles. J. Am. Chem. Soc. 2017, 139, 7616—7623.

(32) Tan, J,; Liu, D.; Bai, Y.; Huang, C,; Li, X;; He, J,; Xu, Q;
Zhang, L. Enzyme-Assisted Photoinitiated Polymerization-Induced
Self-Assembly: An Oxygen-Tolerant Method for Preparing Block
Copolymer Nano-Objects in Open Vessels and Multiwell Plates.
Macromolecules 2017, 50, 5798—5806.

(33) He, J; Cao, J.; Chen, Y.; Zhang, L.; Tan, J. Thermoresponsive
Block Copolymer Vesicles by Visible Light-Initiated Seeded Polymer-
ization-Induced Self-Assembly for Temperature-Regulated Enzymatic
Nanoreactors. ACS Macro Letters 2020, 9, 533—539.

(34) Varlas, S.; Blackman, L. D.; Findlay, H. E; Reading, E.; Booth,
P. J.; Gibson, M. L; O’Reilly, R. K. Photoinitiated Polymerization-
Induced Self-Assembly in the Presence of Surfactants Enables
Membrane Protein Incorporation into Vesicles. Macromolecules
2018, 51, 6190—6201.

(35) Varlas, S.; Foster, J. C.; Georgiou, P. G.; Keogh, R.; Husband, J.
T.; Williams, D. S.; O'Reilly, R. K. Tuning the membrane permeability
of polymersome nanoreactors developed by aqueous emulsion
polymerization-induced self-assembly. Nanoscale 2019, 11, 12643—
12654.

(36) Brotherton, E. E.; Smallridge, M. J.; Armes, S. P. Aldehyde-
Functional Diblock Copolymer Nano-objects via RAFT Aqueous
Dispersion Polymerization. Biomacromolecules 2021, 22, 5382—5389.

(37) Brotherton, E. E.; Johnson, E. C.; Smallridge, M. J.; Hammond,
D. B,; Leggett, G. J.; Armes, S. P. Hydrophilic Aldehyde-Functional
Polymer Brushes: Synthesis, Characterization, and Potential Bio-
applications. Macromolecules 2023, 56, 2070—2080.

(38) Bhat, R. R.; Chaney, B. N; Rowley, J.; Liebmann-Vinson, A.;
Genzer, J. Tailoring Cell Adhesion Using Surface-Grafted Polymer
Gradient Assemblies. Adv. Mater. 20085, 17, 2802—2807.

(39) Astier, S.; Johnson, E. C.; Norvilaite, O.; Varlas, S.; Brotherton,
E. E; Sanderson, G.; Leggett, G. J; Armes, S. P. Controlling
Adsorption of Diblock Copolymer Nanoparticles onto an Aldehyde-
Functionalized Hydrophilic Polymer Brush via pH Modulation.
Langmuir 2024, 40, 3667—3676.

(40) Johnson, E. C.; Varlas, S.; Norvilaite, O.; Neal, T. J.;
Brotherton, E. E.; Sanderson, G.; Leggett, G. J; Armes, S. P.
Adsorption of Aldehyde-Functional Diblock Copolymer Spheres onto
Surface-Grafted Polymer Brushes via Dynamic Covalent Chemistry
Enables Friction Modification. Chem. Mater. 2023, 35, 6109—6122.

(41) Galvin, C. J; Genzer, J. Applications of surface-grafted
macromolecules derived from post-polymerization modification
reactions. Prog. Polym. Sci. 2012, 37, 871—906.

(42) Chen, W. L, Cordero, R; Tran, H; Ober, C. K. 50th
Anniversary Perspective: Polymer Brushes: Novel Surfaces for Future
Materials. Macromolecules 2017, 50, 4089—4113.

(43) Dong, R; Krishnan, S;; Baird, B. A.; Lindau, M.; Ober, C. K.
Patterned biofunctional poly(acrylic acid) brushes on silicon surfaces.
Biomacromolecules 2007, 8, 3082—3092.

(44) Senaratne, W.; Andruzzi, L; Ober, C. K. Self-assembled
monolayers and polymer brushes in biotechnology: current
applications and future perspectives. Biomacromolecules 2005, 6,
2427-2448.

(45) Belegrinou, S.; Menon, S.; Dobrunz, D.; Meier, W. Solid-
supported polymeric membranes. Soft Matter 2011, 7, 2202—2210.

(46) Danial, M.; Telwatte, S.; Tyssen, D.; Cosson, S.; Tachedjian,
G.; Moad, G.; Postma, A. Combination anti-HIV therapy via tandem
release of prodrugs from macromolecular carriers. Polymer Chemistry
2016, 7, 7477—7487.

(47) Brotherton, E. E.; Jesson, C. P.; Warren, N. J.; Smallridge, M. J.;
Armes, S. P. New Aldehyde-Functional Methacrylic Water-Soluble
Polymers. Angewandte Chemie International Edition 2021, 60, 12032—
12037.

(48) Neises, B.; Steglich, W. Simple Method for the Esterification of
Carboxylic Acids. Angewandte Chemie International Edition 1978, 17,
522—-524.

(49) Sun, S.; Montague, M.; Critchley, K.; Chen, M.-S.; Dressick, W.
J.; Evans, S. D.; Leggett, G. J. Fabrication of Biological Nanostructures
by Scanning Near-Field Photolithography of Chloromethylphenylsi-
loxane Monolayers. Nano Letters 2006, 6, 29—33.

https://doi.org/10.1021/acs.langmuir.4c01561
Langmuir 2024, 40, 14086—14098


https://doi.org/10.1021/acscentsci.8b00168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.8b00168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.8b00168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b10415?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b10415?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b10415?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201308141
https://doi.org/10.1002/anie.201308141
https://doi.org/10.1021/la904175u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.5b00748?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.5b00748?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jconrel.2011.10.005
https://doi.org/10.1016/j.jconrel.2011.10.005
https://doi.org/10.1039/C2SC00803C
https://doi.org/10.1039/C2SC00803C
https://doi.org/10.1002/anie.201206555
https://doi.org/10.1002/anie.201206555
https://doi.org/10.1002/adma.200601019
https://doi.org/10.1002/adma.200601019
https://doi.org/10.1002/adma.200601019
https://doi.org/10.1039/D2SC02103J
https://doi.org/10.1039/D2SC02103J
https://doi.org/10.1039/D2SC02103J
https://doi.org/10.1038/nmat2446
https://doi.org/10.1038/nmat2446
https://doi.org/10.1039/C2PY20612A
https://doi.org/10.1039/C2PY20612A
https://doi.org/10.1039/C2PY20612A
https://doi.org/10.1021/ja511423m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja511423m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja511423m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201001461
https://doi.org/10.1002/anie.201001461
https://doi.org/10.1002/anie.201001461
https://doi.org/10.1021/ma301059r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma301059r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma301059r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma301059r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ADVS.201700137
https://doi.org/10.1002/ADVS.201700137
https://doi.org/10.1021/jacs.7b02642?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b02642?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b02642?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.7b01219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.7b01219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.7b01219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.0c00151?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.0c00151?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.0c00151?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.0c00151?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b00994?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b00994?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b00994?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9NR02507C
https://doi.org/10.1039/C9NR02507C
https://doi.org/10.1039/C9NR02507C
https://doi.org/10.1021/acs.biomac.1c01327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.1c01327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.1c01327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c02471?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c02471?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c02471?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.200500858
https://doi.org/10.1002/adma.200500858
https://doi.org/10.1021/acs.langmuir.3c03392?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.3c03392?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.3c03392?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.3c01227?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.3c01227?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.3c01227?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.progpolymsci.2011.12.001
https://doi.org/10.1016/j.progpolymsci.2011.12.001
https://doi.org/10.1016/j.progpolymsci.2011.12.001
https://doi.org/10.1021/acs.macromol.7b00450?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.7b00450?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.7b00450?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm700493v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm050180a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm050180a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm050180a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C0SM01163K
https://doi.org/10.1039/C0SM01163K
https://doi.org/10.1039/C6PY01882C
https://doi.org/10.1039/C6PY01882C
https://doi.org/10.1002/anie.202015298
https://doi.org/10.1002/anie.202015298
https://doi.org/10.1002/anie.197805221
https://doi.org/10.1002/anie.197805221
https://doi.org/10.1021/nl051804l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl051804l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl051804l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.4c01561?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

(50) Rodriguez-Lépez, J. N.; Lowe, D. J.; Hernindez-Ruiz, J.; Hiner,
AN. P; Garcia-Cdnovas, F; Thorneley, RN. F. Mechanism of
Reaction of Hydrogen Peroxide with Horseradish Peroxidase:
Identification of Intermediates in the Catalytic Cycle. . Am. Chem.
Soc. 2001, 123, 11838—11847.

(51) Lovett, J. R;; Warren, N. J; Ratcliffe, L. P. D.; Kocik, M. K;
Armes, S. P. pH-Responsive Non-Ionic Diblock Copolymers:
Ionization of Carboxylic Acid End-Groups Induces an Order—
Order Morphological Transition. Angewandte Chemie International
Edition 2018, 54, 1279—1283.

(52) Warren, N. J.; Mykhaylyk, O. O.; Mahmood, D.; Ryan, A. J.;
Armes, S. P. RAFT Aqueous Dispersion Polymerization Yields
Poly(ethylene glycol)-Based Diblock Copolymer Nano-Objects with
Predictable Single Phase Morphologies. J. Am. Chem. Soc. 2014, 136,
1023—1033.

(53) Showler, A. J.; Darley, P. A. Condensation Products of Glycerol
with Aldehydes and Ketones. 2-Substituted m-Dioxan-5-ols and 1,3-
Dioxolane-4-methanols. Chemical Reviews 1967, 67, 427—440.

(54) Stuart, M. A. C.; Huck, W. T. S.; Genzer, J.; Miiller, M.; Ober,
C.; Stamm, M.; Sukhorukov, G. B.; Szleifer, I.; Tsukruk, V. V.; Urban,
M.,; Winnik, F; Zauscher, S; Luzinov, I; Minko, S. Emerging
applications of stimuli-responsive polymer materials. Nat. Mater.
2010, 9, 101—113.

(55) Jonas, A. M.; Glinel, K; Oren, R.; Nysten, B.; Huck, W. T. S.
Thermo-responsive polymer brushes with tunable collapse temper-
atures in the physiological range. Macromolecules 2007, 40, 4403—
4408S.

(56) Xue, C.; Yonet-Tanyeri, N.; Brouette, N.; Sferrazza, M.; Braun,
P. V.; Leckband, D. E. Protein Adsorption on Poly(N-isopropylacry-
lamide) Brushes: Dependence on Grafting Density and Chain
Collapse. Langmuir 2011, 27, 8810—8818.

(57) Plunkett, K. N.; Zhu, X; Moore, J. S.; Leckband, D. E.
PNIPAM chain collapse depends on the molecular weight and
grafting density. Langmuir 2006, 22, 4259—4266.

(58) Teunissen, L. W.; Kuzmyn, A. R;; Ruggeri, F. S.; Smulders, M.
M. J.; Zuilhof, H. Thermoresponsive, Pyrrolidone-Based Antifouling
Polymer Brushes. Advanced Materials Interfaces 2022, 9, No. 2101717.

(59) Wu, T.; Efimenko, K; Genzer, J. Combinatorial study of the
mushroom-to-brush crossover in surface anchored polyacrylamide. J.
Am. Chem. Soc. 2002, 124, 9394—9395.

(60) Milner, S. T.; Witten, T. A.; Cates, M. E. Theory of the Grafted
Polymer Brush. Macromolecules 1988, 21, 2610—2619.

(61) Jordan, R.; Ulman, A; Kang, J. F.; Rafailovich, M. H.; Sokolov,
J. Surface-initiated anionic polymerization of styrene by means of self
assembled monolayers. J. Am. Chem. Soc. 1999, 121, 1016—1022.

(62) Johnson, E. C.; Willott, J. D.; Gresham, 1. J.; Murdoch, T. J.;
Humphreys, B. A.; Prescott, S. W.; Nelson, A; de Vos, W. M,;
Webber, G. B.; Wanless, E. J. Enrichment of charged monomers
explains non-monotonic polymer volume fraction profiles of multi-
stimulus responsive copolymer brushes. Langmuir 2020, 36, 12460—
12472.

(63) Murdoch, T. J.; Humphreys, B. A.; Willott, J. D.; Prescott, S.
W.; Nelson, A.; Webber, G. B.; Wanless, E. J. Enhanced specific ion
effects in ethylene glycol-based thermoresponsive polymer brushes. J.
Colloid Interface Sci. 2017, 490, 869—878.

(64) Brittain, W. J.; Minko, S. A structural definition of polymer
brushes. Journal of Polymer Science Part A: Polymer Chemistry 2007,
4S5, 3505-3512.

(65) Edmondson, S.; Huck, W. T. S. Controlled growth and
subsequent chemical modification of poly(glycidyl methacrylate)
brushes on silicon wafers. Journal of Materials Chemistry 2004, 14,
730—734.

(66) Lehn, J.-M. Dynamic Combinatorial Chemistry and Virtual
Combinatorial Libraries. Chem.-Eur. J. 1999, 5, 2455—2463.

(67) Rowan, S. J.; Cantrill, S. J.; Cousins, G. R. L.; Sanders, J. K. M.;
Stoddart, J. F. Dynamic Covalent Chemistry. Angewandte Chemie
International Edition 2002, 41, 898—952.

14098

(68) Corbett, P. T.; Leclaire, J.; Vial, L.; West, K. R.; Wietor, J.-L.;
Sanders, J. K. M,; Otto, S. Dynamic Combinatorial Chemistry.
Chemical Reviews 2006, 106, 3652—3711.

(69) Jin, Y,; Yu, C.; Denman, R. J.; Zhang, W. Recent advances in
dynamic covalent chemistry. Chemical Society Reviews 2013, 42,
6634—6654.

(70) Lange, S. C.; van Andel, E.; Smulders, M. M. J.; Zuilhof, H.
Efficient and Tunable Three-Dimensional Functionalization of Fully
Zwitterionic Antifouling Surface Coatings. Langmuir 2016, 32,
10199-1020S.

(71) Cheng, N.; Bao, P.; Evans, S. D.; Leggett, G. J.; Armes, S. P.
Facile formation of highly mobile supported lipid bilayers on surface-
quaternized pH-responsive polymer brushes. Macromolecules 20185,
48, 3095—3103.

https://doi.org/10.1021/acs.langmuir.4c01561
Langmuir 2024, 40, 14086—14098


https://doi.org/10.1021/ja011853+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja011853+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja011853+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201409799
https://doi.org/10.1002/anie.201409799
https://doi.org/10.1002/anie.201409799
https://doi.org/10.1021/ja410593n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja410593n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja410593n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr60248a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr60248a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr60248a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmat2614
https://doi.org/10.1038/nmat2614
https://doi.org/10.1021/ma070897l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma070897l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la2001909?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la2001909?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la2001909?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la0531502?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la0531502?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/admi.202101717
https://doi.org/10.1002/admi.202101717
https://doi.org/10.1021/ja027412n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja027412n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma00186a051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma00186a051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja981348l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja981348l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.0c01502?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.0c01502?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.0c01502?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jcis.2016.11.044
https://doi.org/10.1016/j.jcis.2016.11.044
https://doi.org/10.1002/pola.22180
https://doi.org/10.1002/pola.22180
https://doi.org/10.1039/b312513k
https://doi.org/10.1039/b312513k
https://doi.org/10.1039/b312513k
https://doi.org/10.1002/(SICI)1521-3765(19990903)5:9<2455::AID-CHEM2455>3.0.CO;2-H
https://doi.org/10.1002/(SICI)1521-3765(19990903)5:9<2455::AID-CHEM2455>3.0.CO;2-H
https://doi.org/10.1002/1521-3773(20020315)41:6<898::AID-ANIE898>3.0.CO;2-E
https://doi.org/10.1021/cr020452p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c3cs60044k
https://doi.org/10.1039/c3cs60044k
https://doi.org/10.1021/acs.langmuir.6b02622?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.6b02622?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5b00435?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5b00435?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.4c01561?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

