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ABSTRACT: Surface-initiated controlled radical polymerization is a popular
technique for the modiﬁcation of biomaterials with, for example, antifouling
polymers. Here, we report on the functionalization of a supramolecular
biomaterial with zwitterionic poly(sulfobetaine methacrylate) via atom transfer
radical polymerization from a macroinitiator additive, which is embedded in the
hard phase of the ureido-pyrimidinone-based material. Poly(sulfobetaine
methacrylate) was successfully polymerized from these surfaces, and the
polymerized sulfobetaine content, with corresponding antifouling properties,
depended on both the macroinitiator additive concentration and polymerization time. Furthermore, the polymerization from the macroinitiator additive
was successfully translated to functional electrospun scaﬀolds, showing the
potential for this functionalization strategy in supramolecular material systems.

■

INTRODUCTION

allows for precise control of molecular weight and polymer
morphology, as well as grafting density.12,13
Methods for SI-CRP are commonly developed on model
substrates such as silica or ﬂat and thin polymer layers.14 The
availability of a highly reactive initiating group on the surface of
these materials is a prerequisite. Initiators can be simply
covalently conjugated to a surface15−17 or attached through
catechol-mediated chemistry.18,19 Both these methods can be
applied to functional constructs such as ﬁltration membranes
and biological scaﬀolds,20−25 but they require additional
processing steps after fabrication prior to polymerization.
Alternatively, zwitterionic amphiphilic additives, where a
macromolecular hydrophobic block facilitates anchoring in the
base material through hydrophobic interactions, have been
previously used to directly incorporate zwitterionic functionality.26−31 However, control over the morphology of the
zwitterionic layer is limited using this method.
Inclusion of additives with the initiating groups before
fabrication, in a similar manner to the formulation of everyday
polymeric materials, can overcome the need for extra
postfabrication modiﬁcation of the material. One approach

Antifouling functionalization strategies are of interest for a
variety of applications, ranging from the prevention of
biofouling in marine environments to the restriction of fouling
of blood components in vascular grafts.1,2 Hydrophilic surface
functionalization is a well-established method to decrease
undesired fouling for biomaterials3,4 and is hypothesized to be
eﬀective through the formation of a thin but stable hydrated
layer that serves as a barrier between the material and the
environment.5 In recent years, surface functionalization with
zwitterionic polymers has gained more traction for the purpose
of generating antifouling properties.6 Their ability to repel, for
instance, protein adsorption, exceeds that of classic hydrophilic
polymers such as poly(ethylene glycol) (PEG) through a
stronger interaction between zwitterions and water molecules.7,8 Monomers with intramolecular opposing charges on
which such polymers are based include carboxybetaine,
sulfobetaine, and phosphorylcholine derivatives.6 The antifouling properties of zwitterionic layers depend on the design of
the zwitterionic moiety in terms of distances between the
cations and anions, the overall polymer morphology and
molecular weight, and functionalization density.1,9
Several controlled polymerization strategies can be applied
to functionalize biomaterial surfaces with zwitterionic polymers, among which radical polymerization techniques such as
surface-initiated atom transfer radical polymerization (SIATRP) can yield highly antifouling layers.3,10,11 Furthermore,
surface-initiated controlled radical polymerization (SI-CRP)
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Figure 1. Schematic overview of the approach used in this study. (A) Structural and graphical representations of the UPy-modiﬁed
polycaprolactone (PCLdiUPy) supramolecular base material, the UPy-BiB macroinitiator additive, and the sulfobetaine methacrylate (SBMA)
monomer. (B) Schematic representation of the ﬁbrous hard phase formed through UPy dimerization and assembly. (C) Schematic representation
of SI-ATRP with SBMA from the UPy-BiB initiator additive.

uses a mixture of nonfunctionalized macromolecular building
blocks and macromolecules functionalized with initiating
groups, for the fabrication of, e.g., porous membranes.32−34
From the available initiators at the surface of the membranes
or electrospun scaﬀolds, antifouling polymers were polymerized, thereby retaining the control over the brush properties.35
Similarly, in a peptide-amphiphile (PA)-based system, PAs
with a tertiary bromide (BiB) were blended with regular PAs,
which allowed for ATRP from the self-assembled nanoﬁbers.36
For biomaterial development, we propose that the interactions
between the structural material and the functionalized
component, or additive, should be managed with care.
Additional interactions, such as hydrogen bonding, introduce
a higher degree of speciﬁcity.
A well-known example of a material system that relies on
hydrogen bonding features the self-complementary 2-ureido4[1H]-pyrimidinone (UPy) moiety.37−39 UPy−UPy dimers
can self-assemble into nanoﬁbrous structures through π−π
interactions, which are further stabilized by additional
hydrogen bonds between urea groups (Figure 1B).40,41 In
solid thin ﬁlms, these assemblies can be visualized well with,
e.g., atomic force microscopy (AFM) (Figure 2).40,41
Previously, these supramolecular materials were speciﬁcally
functionalized with additives that contain matching supramolecular hydrogen-bonding motifs, for antifouling properties,42−45 antimicrobial activity,46 additional bioactivity,44,47−50
and postfunctionalization.51,52 The addition of the matching
hydrogen-bonding motif prevents excessive erosion and phase
separation of peptide-functionalized additive from the bulk,
while the activity of the peptides is retained.46,53
Here, we employ the hydrogen-bonding UPy moiety to
speciﬁcally incorporate a UPy macroinitiator for SI-ATRP into
the self-assembled UPy ﬁbers, to increase the functionalization
potential for this class of materials.
A newly synthesized UPy-ATRP macroinitiator additive that
contains a tertiary bromide (UPy-BiB) was mixed with UPymodiﬁed polycaprolactone (PCLdiUPy) (Figure 1). Thin ﬁlms
were cast from these mixtures for initial screening of the
reactivity of the macromolecular initiator at the surface of the

Figure 2. AFM phase micrographs of solution-cast ﬁlms of PCLdiUPy
with 0, 1, 5, and 10% UPy-BiB macroinitiator additive before and after
3, 6, and 24 h of polymerization on the surfaces. The scale bars
indicate 100 nm.

supramolecular material. Sulfobetaine methacrylate (SBMA)
monomers were polymerized by means of SI-ATRP from the
additive that was embedded in the hard phase of the constructs
(Figure 1). The surfaces were characterized with water contact
angle (WCA) measurements, X-ray photoelectron spectroscopy (XPS), and atomic force microscopy (AFM), followed by
functional cell adhesion assays. Furthermore, functional porous
scaﬀolds were fabricated from the material mixtures with the
UPy-BiB additive via electrospinning, to demonstrate the
applicability of the approach described here.
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chromatography (1:1 heptane/ethyl acetate), resulting in a brown
viscous liquid (2.27 g, 6.73 mmol, 63% yield).
1
H NMR (400 MHz, CDCl3) δ 3.56−3.32 (br, m, 7H), 2.90 (br, s,
3H), 1.97 ppm (br, m, 6H), 1.45 (br, s, 9H).
13
C NMR (101 MHz, CDCl3) δ 170.30, 155.81, 77.36, 56.96,
49.11, 48.28, 46.16, 35.14, 32.47.
LC/MS: calcd for C13H25BrN2O3: 336.10 g/mol, found: 127.08 [M
+ H + 2Na]3+, 206.17 [−NCH3COO−tert-butyl], 239.00 [−BOC],
279.17 [−tert-butyl], 361.08 [M + Na]+.
Synthesis of 2-Bromo-N,2-dimethyl-N-(2-(methylamino)ethyl)propanamide (3) (Scheme S3). To a solution of 2 (0.10
g, 0.30 mmol, 1 equiv) in dioxane (0.30 mL), a solution of HCl in
dioxane (0.30 mL) was added and stirred overnight at room
temperature under an argon atmosphere. The product was isolated
by precipitation in cold DEE (5 mL) and collected by centrifugation.
The mixture was redissolved in dioxane (0.5 mL), precipitated in cold
DEE (5 mL), and centrifuged, resulting in faint yellow hygroscopic
solid (0.69 mg, 0.29 mmol, 97% yield).
1
H NMR (400 MHz, CDCl3) δ 3.83 (br, s, 2H), 3.42 (br, s, 3H),
3.24 (t, 2H), 2.78 (s, 3H), 2.01 (s, 6H).
13
C NMR (101 MHz, CDCl3) δ 67.09, 65.86, 56.67, 47.69, 46.98,
33.32, 32.36, 15.28.
LC/MS: calcd for C8H17BrN2O: 236.05 g/mol, found: 127.08 [M
+ H + 2Na]3+ 206.17 [−NCH3COO−tert-butyl], 239.00 [M + H]+.
Due to bromine atom isotopes, mass peak splitting was observed.
Only the highest intensity values of the isotope pattern were reported
here.
Synthesis of UPy-BiB (Scheme S4). HATU (48 mg, 12.6 mmol,
1.5 equiv) and N-methylmorpholine (18.5 mL, 1.68 mmol, 20 equiv)
were added to a solution of UPy−OEG12−COOH (65 mg, 0.08
mmol, 1 equiv) in DMF (4 mL) and allowed to stir for 5 min at room
temperature under an argon atmosphere. Subsequently, a solution of
3 (24 mg, 0.10 mmol, 1.2 equiv) in DMF (0.50 mL) was added to the
preactivated carboxylic acid mixture and stirred overnight. The
product was isolated by precipitation in cold DEE (50 mL) and
collected by centrifugation. The mixture was redissolved in methanol
(5 mL), precipitated in cold DEE (50 mL), and centrifuged (3500
rpm, 10 min), resulting in a faint yellow solid (59 mg, 0.05 mmol,
55% yield).
1
H NMR (400 MHz, D2O) δ 5.98, 4.19, 3.70, 3.36, 3.25, 3.10, 2.97,
2.74, 2.68, 2.26, 1.96, 1.94, 1.92, 1.56, 1.48, 1.36, 1.31, 1.19.
LC/MS: calcd for C55H102BrN9O19: 1271.65 g/mol, found: 637.92
[M + 2H]+, 1274.58 [M + H]+. Due to bromine atom isotopes, mass
peak splitting was observed. Only the highest intensity values of the
isotope pattern were reported here.
Preparation of Polymer Films. PCLdiUPy (molecular weight,
2650 g/mol) and the additive UPy-BiB were dissolved separately in
HFIP at concentrations of 7.55 mM each. The solutions were stirred
overnight at room temperature in the dark. The 1, 5, and 10 mol %
UPy-BiB samples were mixed with PCLdiUPy/UPy-BiB at molar
ratios of 99:1, 95:5, and 90:10, respectively, in separate vials. In a large
glass Petri dish equipped with a cover, the solutions were cast (50 μL)
on ⌀ 14 mm glass coverslips. The ﬁlms were allowed to dry covered in
the Petri dish for 1 h and subsequently air-dried overnight. Prior to
characterization, the ﬁlms were dried in vacuo overnight.
Preparation of Electrospun Scaﬀolds. PCLdiUPy and
PCLdiUPy + 10% UPy-BiB were dissolved in HFIP at a total
concentration of 340 mg mL−1. The solutions were stirred overnight
at room temperature. The electrospun constructs were prepared on a
climate-controlled electrospinning setup by IME Technologies
(Geldrop, the Netherlands). A cylindrical mandrel rotating at 100
rpm with a diameter of 21 mm, covered in aluminum foil was used to
collect the polymer ﬁbers. A voltage of 18 kV, +17 kV on the needle
and −1 kV on the rotating mandrel, was applied over a distance of 12
cm between the needle and collector. The temperature was set at 23
°C, and relative humidity at 30%. The polymer solutions were fed
through a nozzle (⌀ 0.8 mm) at rates of 25 and 15 μL min−1 for
PCLdiUPy and PCLdiUPy + 10% UPy-BiB, respectively. The
aluminum foil, covered with the electrospun scaﬀold was removed
from the mandrel and dried overnight in vacuum. Using a biopsy

EXPERIMENTAL SECTION

Materials. Unless stated otherwise, all reagents were used without
further puriﬁcation. tert-Butyl phenyl carbonate (98%), N,N′dimethyl-1,2-diaminoethane (99%), N,N′-diisopropylethylamine
(DIPEA, 99.5%), α-bromoisobutyryl bromide (98%), N-methylmorpholine (NMM, ≥99.5%), copper(I) chloride (CuCl, ≥99.99%),
copper(II) chloride (CuCl2, 97%), and 2,2′-bipyridyl (bpy, ≥99%)
were obtained from Sigma-Aldrich. Hydrogen chloride (HCl)
solution in dioxane was purchased from Acros Organics. 2-(N-3Sulfopropyl-N,N-dimethyl ammonium)ethyl methacrylate (SBMA,
≥98%) was obtained from Merck. N,N,N′,N′-Tetramethyl-O-(1Hbenzotriazol-1-yl)uronium hexaﬂuorophosphate (HATU) was purchased from Novabiochem. UPy−OEG12−COOH was synthesized
as described previously,54 and UPy-modiﬁed polycaprolactone
(PCLdiUPy) was purchased from SyMo-Chem. Copper(I) chloride
(≥98%) was puriﬁed by vigorous stirring in acetic acid three times,
washed with ethanol multiple times, and dried under vacuum
overnight.55
Chloroform (>99.8%), diethyl ether (DEE, >99.5%), dichloromethane (DCM, >99.9%), N,N-dimethylformamide (DMF, >99.8%),
dioxane (>99.8%), ethanol (EtOH, >99.9%), ethyl acetate (>99.8%),
heptane (>95%), and methanol (>99.8%) were purchased from
Biosolve. 1,1,1,3,3,3-Hexaﬂuoroisopropanol (HFIP, >99%) was
obtained from Sigma-Aldrich. Hydrochloric acid (HCl), sodium
hydroxide (NaOH), and sodium carbonate (Na2SO4) were purchased
from VWR, Acros Organics, and Fischer Scientiﬁc, respectively. Dry
DCM was obtained by drying over a 3 Å molecular sieve overnight.
Instrumentation. NMR measurements for characterization of the
compounds were performed using either a Bruker UltraShield 400
MHz or a Varian Mercury 400 MHz spectrometer using 400 MHz for
1
H and 100 MHz for 13C measurements. Proton and carbon chemical
shifts were documented in parts per million (ppm) downﬁeld from
trimethylsilane (TMS), using the resonance frequency of the
deuterated solvent as the internal standard. Abbreviations reported
for the multiplets are s: singlet; t: triplet; and m: multiplet. Liquid
chromatography/mass spectrometry (LC/MS) measurements were
performed on a system using Shimadzu LC-10AD VP liquid
chromatography pumps equipped with an Alltima C18 3 μm (50
mm × 2.1 mm) reversed-phase column, a diode array detector
(Thermo Finnigan Surveyor PDA Plus detector), and an Ion-Trap
(Thermo Scientiﬁc LCQ Fleet). This system used a water−
acetonitrile mobile phase enriched with 0.1% v/v formic acid.
Synthesis of tert-Butyl Methyl(2-(methylamino)ethyl)carbamate (1) (Scheme S1). In a 250 mL round-bottom ﬂask,
tert-butyl phenyl carbonate (9.52 g, 49 mmol, 1 equiv) and N,N′dimethyl-1,2-diaminoethane (4.32 g, 49 mmol, 1 equiv) were
dissolved in EtOH (150 mL). The mixture was stirred overnight at
95 °C under an argon atmosphere. The reaction mixture was
concentrated under reduced pressure, to aﬀord a faint brown viscous
liquid, and redissolved in water (50 mL). With 1 M aqueous HCl, the
solution was adjusted to pH 2−3 and washed with DCM (4 × 150
mL). The aqueous phase was adjusted to pH 10 with 1 M NaOH and
washed with DCM (4 × 150 mL). The organic phases were combined
and dried with Na2SO4 and concentrated under reduced pressure,
resulting in a faint yellow viscous liquid (5.51 g, 29.3 mmol, 60%
yield).
1
H NMR (400 MHz, CDCl3) δ 3.33 (br, t, 2H), 2.88 (s, 3H), 2.74
(br, t, 2H), 2.45 (s, 3H), 1.46 (s, 9H).
Synthesis of tert-Butyl (2-(2-Bromo-N,2dimethylpropanamido)ethyl)(methyl)carbamate (2) (Scheme
S2). In a 100 mL round-bottom ﬂask, 1 (2.00 g, 10.6 mmol, 1 equiv)
and DIPEA (5.54 g, 31.8 mmol, 3 equiv) were dissolved in dry DCM
(10 mL) under an argon atmosphere at 0 °C. A solution of αbromoisobutyryl bromide (3.66 g, 15.9 mmol, 1.5 equiv) in dry DCM
(10 mL) was added dropwise to the round-bottom ﬂask. The mixture
was stirred overnight at room temperature under an argon
atmosphere. The reaction mixture was concentrated under reduced
pressure, redissolved in chloroform (20 mL), and concentrated under
reduced pressure. The resulting viscous liquid was precipitated with
DEE (100 mL), and the product was isolated by ﬂash column
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Figure 3. (A) Zoomed cutouts of AFM phase micrographs from the 3 h reaction time samples. The scale bars indicate 100 nm. (B) Percentage of
the solution-cast surface covered with SBMA domains, and the height of these domains. Data are represented as mean ± standard deviation (SD),
and relevant signiﬁcant diﬀerences are indicated with an asterisk.
in low vacuum (∼0.6 mbar), with water vapor of samples ﬁxed on
metal stubs with adhesive carbon conductive tape. Secondary and
backscattered electrons were detected with an accelerating voltage of
10 kV and a working distance of 10 mm. Compound images were
constructed by overlaying the resulting images from both detectors.
Fiber diameters were determined from ≥20 ﬁbers from each of at
least three SEM images using ImageJ software (NIH, version 1.48).
Atomic Force Microscopy. Digital Instruments Multimode and
Dimension 3100 with NanoScope III controllers were used to probe
the surfaces of the solution-cast ﬁlms. Silicon cantilever tips with a
typical tip radius of 7 nm were used to record phase and height
images in the tapping mode regime at room temperature (PPPNCHR, 204−497 kHz, 10−130 N/m). Images were processed using
Gwyddion software (version 2.43). The percentage of the surface
covered by poly(sulfobetaine methacrylate) (pSBMA) domains was
determined from two 1 × 1 μm2 phase images, the height of the
domains from 40 measurements per condition, and the ﬁber diameter
of the pristine samples from >30 ﬁbers, using ImageJ software (NIH,
version 1.48).
X-ray Photoelectron Spectroscopy. X-ray photoelectron spectroscopy (XPS) measurements were performed using a Thermo
Scientiﬁc K-Alpha spectrometer equipped with a monochromatic,
small-spot X-ray source and a 180° double-focusing, hemispherical
analyzer with a 128-channel detector. Spectra were obtained using an
aluminum anode (Al Kα, 1486.7 eV, 72 W). Survey scans were
measured at a pass energy of 200 eV, and region scans at a pass energy
of 50 eV. Analysis and quantiﬁcation of the spectra were performed
using CasaXPS software on single representative measurements
(version 2.3.18).
Cell Culture and Adhesion Assay. Human vena saphena cells
(HVSCs), which are vascular-derived contractile and adhesive
myoﬁbroblasts,56 were harvested from the human vena saphena
magna according to the Dutch guidelines for secondary use of
materials. HVSCs were expanded in culture medium, which consisted
of Dulbecco’s modiﬁed Eagle’s medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS), 1% glutamax (Gibco),
and 1% penicillin/streptomycin and used for experiments up to
passage 7.
The solution-cast polymer ﬁlms on glass were secured in adapted
12-well Transwell inserts (Corning), from which the membrane was
removed and custom-made PEEK rings were used to mount the
samples. Samples were sterilized under UV for 15 min. An 8 mm
biopsy punch (Kai Medical) was used to prepare circular samples
from the electrospun constructs. These were mounted in similarly
adapted 24-well Transwell inserts and sterilized under UV on both
sides for 15 min. Cells were harvested from the culture ﬂasks using

punch (Kai Medical), 8 mm circular disks were cut from the scaﬀold
and used for polymerization and further analyses.
Surface-Initiated Atom Transfer Radical Polymerization
(Figure 1C). The polymerization stock solution was prepared as
follows: CuCl (2.60 mg, 0.03 mmol, 1 equiv), CuCl2 (31.78 mg, 0.24
mmol, 9 equiv), and bpy (90.24 mg, 0.58 mmol, 22 equiv) were
weighed in a 10 mL Schlenk ﬂask equipped with a septum and a
magnetic stirring bar. The ﬂask was sealed and deoxygenated by argon
ﬂow for 30 min. Deoxygenated Milli-Q water (2.60 mL) was
transferred to the catalyst/ligand mixture and further deoxygenated by
an argon ﬂow until fully dissolved by stirring. The catalyst/ligand/
solvent mixture was transferred to deoxygenated sulfobetaine
methacrylate (1.47 g, 5.25 mmol, 200 equiv) in a separate 10 mL
Schlenk ﬂask equipped with a septum and a magnetic stirring bar. The
polymerization mixture was further deoxygenated for 15 min and used
for the polymerization immediately.
For each polymerization condition, 10 solution-cast polymer ﬁlms
were immobilized in adapted 12-well Transwell inserts, from which
the membrane was removed and custom-made poly(ether ether
ketone) (PEEK) rings were used to mount the samples. The polymer
ﬁlms were degassed under a funnel with heavy argon ﬂow for 30 min.
The polymerization was initiated by transferring the polymerization
mixture (200 μL) from the stock solution to each Transwell insert
under exclusion of air. The polymerization was carried out at room
temperature, under a moderate argon ﬂow. The polymerization was
stopped by exposing the reaction mixture to air. The polymerization
mixture was removed, and each polymer ﬁlm was washed with Milli-Q
water (0.5 mL) three times. Subsequently, the polymer ﬁlms were
removed from the inserts and thoroughly washed three times with
Milli-Q water (1 mL) and air-dried for several hours. Prior to
characterization, the ﬁlms were dried in vacuo overnight. For the
electrospun scaﬀolds, 10 samples were immobilized in similarly
adapted 24-well Transwell inserts. The same polymerization
conditions were applied as for solution-cast ﬁlms. Post polymerization, the samples were washed by submerging the scaﬀolds in MilliQ water (3 mL) three times or until the strong catalyst color was
imperceptible. Prior to characterization, the scaﬀolds were dried in
vacuo overnight.
Water Contact Angle Measurements. Static water contact
angles were measured using a DataPhysics OCA 30 goniometer at
room temperature. Droplets of 2 μL were applied on the surface, and
the contact angle was measured using SCA20 software (v4.1.13) at
the polymer−air−water interfaces 5 s after depositing the droplet, on
three spots per ﬁlm, for ≥3 ﬁlms per condition.
Scanning Electron Microscopy. Electrospun scaﬀolds were
analyzed using an FEI Quanta 600 scanning electron microscope
(SEM) and xT Microscope Control software. Images were recorded
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Figure 4. (A) Water contact angles measured on solution-cast ﬁlms with 0, 1, 5, and 10% UPy-BiB before and after 3, 6, and 24 h of polymerization
on the surface. Data are represented as mean ± SD. Statistically signiﬁcant diﬀerences are depicted in Figure S4B. Contribution of quaternary
nitrogen and sulfur components, which are unique for the SBMA, are calculated from the XPS spectra of the solution-cast ﬁlms.
trypsin/ethylenediaminetetraacetic acid (EDTA) and seeded at a
concentration of 25 000 cells cm−2 on the solution-cast ﬁlms and
60 000 cells cm−2 on the scaﬀold samples. After 24 h culture,
nonadherent cells were aspirated and the samples were washed twice
with phosphate-buﬀered saline (PBS) prior to ﬁxation in 3.7%
formaldehyde. The actin cytoskeleton was stained with phalloidinATTO488, and nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI). The samples were visualized using either a Zeiss
Axiovert 200M or a Leica DMi8S. Surface coverage (i.e., the
percentage of the sample surface covered by cells) was determined
from a large-ﬁeld-of-view image (for solution-cast ﬁlms) or merged
tile-scan image of the entire sample (for electrospun scaﬀolds) of the
actin staining using ImageJ, for three samples per condition.
Statistical Analyses. Diﬀerences between groups were analyzed
with nonparametric tests since it could not be determined if the
groups belonged to normally distributed data due to small sample
size, or normality was not proven for all groups within an experiment.
Kruskal−Wallis with Dunn’s post-tests, where all groups were
compared, were executed using GraphPad Prism software (v5.01).
P-values <0.05 were considered statistically signiﬁcant.

mixture for 3, 6, and 24 h, after which the surfaces were
thoroughly washed and dried before analysis. A small increase
in the number of brighter domains over the exposure time was
observed on these surfaces (Figures 2 and 3). These are most
likely due to SBMA polymerizing in solution in the reaction
mixture and adsorbing onto the surfaces, which is often
observed at these speciﬁc conditions for this speciﬁc
zwitterionic monomer. To verify this, an aliquot was taken
from the reaction mixture, and polymer backbone peaks
between 0.5 and 1 ppm were evident in the 1H NMR spectrum
(Figure S3). The amount of pSBMA adsorbed onto the
pristine surfaces was consistent over the entire surface (Figures
2 and S2). After 3 h of grafting from the supramolecular UPyBiB additive, brighter domains appeared increasing with UPyBiB concentration indicative of the presence of pSBMA and
therefore successful polymerization (Figures 2 and 3). For 5
and 10 mol % additive, these domains increased in size across
the surface upon further reaction to 6 h, whereas for 1 mol %
additive, a minimal diﬀerence was observed. When the
polymerization was continued for up to 24 h, no further
increase of brighter domains was observed for all UPy-BiB
concentrations compared to 6 h. In the background, the
ﬁbrous morphology of the PCLdiUPy base material was still
clearly visible in all samples. The separated domains of pSBMA
were homogeneously distributed over the surfaces. Remarkably, the brighter pSBMA domains seem to originate from the
hard phase in the base material, as can be observed from the
zoomed-in AFM images (Figure 3). This would conﬁrm that
the initiator additive is indeed incorporated in the UPy-based
assemblies and that the polymerization reaction occurred from
the hard segments of this supramolecular thermoplastic
elastomer.
In previous studies using SI-ATRP for functionalization with
sulfobetaine polymers, a brush thickness of ≥20 nm has been
reported suﬃcient for antifouling properties.17,57,58 From the

■

RESULTS AND DISCUSSION
Surface Characterization. Surfaces were prepared by
casting solutions of mixtures of PCLdiUPy and the UPy-BiB
macroinitiator additive on glass coverslips to investigate the
inﬂuence of the incorporation of the UPy-BiB additive on the
surface properties. The surface morphology of the solution-cast
ﬁlms was investigated with AFM. In the phase images, where
brighter domains indicate a harder phase, the ﬁbrous structure
resulting from the self-assembly of the UPy moieties was
clearly visible (Figures 2 and S2).40,41,50 This ﬁbrous
morphology and ﬁber diameter (Table S1) was not altered
by incorporation of up to 10% UPy-BiB additive, except for
only a few small bright spots, which can be either small
aggregates of UPy-BiB additive or artifacts from incomplete
dissolution of polymer and/or additive. The surfaces without
initiator additive were exposed to the polymerization reaction
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Figure 5. (A) Fluorescence micrographs of HVSCs cultured for 24 h on PCLdiUPy-based solution-cast ﬁlms, with 0, 1, 5, and 10% UPy-BiB,
before and after 3, 6, and 24 h polymerization reaction on the surface. Actin cytoskeleton is depicted in green, and nuclei in blue. The scale bars
represent 100 μm. (B) Quantiﬁed surface coverage for the HVSCs on the solution-cast ﬁlms. Data are represented as mean ± SD. Relevant
signiﬁcant diﬀerences are indicated with an asterisk.

amount of pSBMA (Table S3 and Figure S7). A hypothetical
explanation for the retention of the bromide could be that the
chain-end folds back into the polymer layer, as pSBMA exhibits
thermoresponsive behavior dependent on its molecular
weight,59 where it is less accessible for elimination. It is
worthwhile to note that the presence of the bromide can
facilitate secondary functionalization approaches, provided that
the polymer chains are well solvated.14
The macroscale hydrophilicity of the surface was measured
by means of WCA measurements, where a decrease in contact
angle indicated the presence of hydrophilic pSBMA on the
surface of the ﬁlms. The addition of the UPy-BiB additive had
no signiﬁcant eﬀect on the hydrophilicity of the surfaces
(Figure 4). Exposure to the polymerization reaction mixture
decreased the contact angle only slightly on the ﬁlms without
UPy-BiB, going from 76 ± 1 to 71 ± 1° for subsequent
polymerization reaction times. For ﬁlms modiﬁed with the
UPy-BiB additive, the contact angle decreased both with 3 and
6 h polymerization reaction times and increasing additive
concentration. However, contact angles of below 20°, reported
for completely covered surfaces,60,61 were not reached, which
could result from incomplete SBMA surface coverage. For the
ﬁlms with 1, 5, and 10% UPy-BiB, the contact angles were
again slightly higher after 24 h reaction time compared to 6 h
samples.

height images recorded with AFM, the height of the pSBMA
domains that were observed was quantiﬁed (Figures 3 and S1).
Even though the assessment of the height was relatively
inaccurate due to the inherent roughness of the solution-cast
surfaces (Table S2), the thickness of the pSBMA domains did
not exceed 20 nm in general, for all UPy-BiB concentrations
and polymerization times; here, an average thickness slightly
over 10 nm was achieved for the samples.
The presence of zwitterionic SBMA on the surface of the
biomaterials was evident from an emerging sulfur signal and an
additional quaternary nitrogen signal in the XPS spectra
(Figures 4, S5, S6, S8, and Table S3). For increasing
concentrations and polymerization reaction times, the
contributions of the extra nitrogen and sulfur components
also increased. A surface of pure pSBMA would result in a
theoretical sulfur and quaternary nitrogen concentration of
approximately 5.6%. The concentrations observed on the
pSBMA-grafted biomaterials were signiﬁcantly lower (Table
S3). This could suggest that the surface coverage was indeed
not complete or the thickness of polymerized pSBMA does not
exceed the penetration depth of the radiation in the XPS
measurements. Furthermore, the determined quaternary nitrogen component was generally lower than that for the sulfur
species. Interestingly though, the reactive tertiary bromide is
retained more with increasing polymerization time and thereby
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Figure 6. (A) Scanning electron micrographs of electrospun scaﬀolds of PCLdiUPy with 0 and 10 mol % UPy-BiB, before and after 24 h reaction.
The scale bars indicate 10 μm. (B) XPS spectra focused on nitrogen and sulfur signals. The data are represented in black, the modeled components
by blue lines, and the total ﬁt by the red line. The dashed lines indicate the location of characteristic contributions in the spectra. (C) Fluorescence
micrographs of HVSCs cultured for 24 h on the electrospun scaﬀolds used for the SI-ATRP reaction. Actin cytoskeleton is depicted in green, and
the scale bars indicate 100 μm. (D) Quantiﬁed surface coverage for the HVSCs on the electrospun scaﬀolds. Data are represented as mean ± SD.
Signiﬁcant diﬀerences are indicated with an asterisk.

Cell Adhesion on Surfaces Modiﬁed with Zwitterionic
Polymers. To probe the functionality of the SBMA-functionalized surfaces, cell adhesion was assessed using contractile and
adhesive myoﬁbroblast-like primary human vena saphena cells
(HVSCs). HVSCs were cultured on the pristine solution-cast
surfaces with 0, 1, 5, and 10% UPy-BiB and after 3, 6, and 24 h
of polymerization of SBMA. The presence of 1, 5, and 10%
UPy-BiB alone did not inﬂuence cell adhesion, as the HVSCs
adhered and spread similarly to the PCLdiUPy surface without
additive (Figure 5). The surfaces without the UPy-BiB additive
that were exposed to the SI-ATRP reaction conditions for 3, 6,
and 24 h showed no distinct decrease in cell adhesive
properties, which indicates that neither the exposure to the
polymerization reaction mixture nor the presence of aspeciﬁc
adsorbed pSBMA aﬀects cell adhesion. For the ﬁlms with 1%
UPy-BiB, the SBMA that was reacted to the surface had no
signiﬁcant eﬀect on the adhesion and spreading of the HVSCs.
After 3 h of the SI-ATRP reaction, the presence of pSBMA on
the surface of the ﬁlms with 5% UPy-BiB did not negatively
inﬂuence cell adhesion. However, after 6 h reaction time, a
striking decrease in the adhesion of the HVSCs was observed
here. Patches of cells were interchanged with clusters of
rounded cells on these surfaces. For the surfaces with 10%
UPy-BiB, the cell adhesion decreased signiﬁcantly already at 3
h reaction time, which was ampliﬁed after 6 h. However, the
surfaces that have been used for the polymerization reaction

for 24 h showed an increase in the amount and variability of
cell adhesion.
The observations from AFM, WCA, and XPS measurements
all indicate an increased eﬃcacy in polymerization with
increasing UPy-BiB additive concentrations up to 6 h of
reaction time. However, for 24 h of reaction time, these
measurements show no clear increase in polymerization
eﬃcacy compared to the 6 h time point. Furthermore, these
results show that the pSBMA reacted from the UPy-BiB
additive is functional to the extent where cell adhesion is
signiﬁcantly decreased, despite limited brush thickness and
incomplete surface coverage as measured in dry conditions.
Incomplete surface coverage as measured with AFM could
be due to aggregation of the pSBMA chains during drying.
Additionally, the mismatch of the methacrylate of the SBMA
monomer with our amide-based initiator is a factor. As the
polymerization is initiated from the UPy-BiB, the reactivity of
the growing polymer chain is increased compared to the
initiator, which thereby aﬀects uniform polymer chain growth
from all of the initiating species.62 In addition to the grafting
density aﬀecting the morphology of polymer brushes,
irreversible oxidation of the catalyst over time can result in
incomplete polymerizations and thereby incomplete surface
coverage.63 Furthermore, due to the increased length of the
pSBMA chains with increasing reaction times, the UPy−
pSBMA becomes more water-soluble and may therefore be
more prone to erode from the supramolecular surface during
4460

https://dx.doi.org/10.1021/acs.macromol.0c00160
Macromolecules 2020, 53, 4454−4464

Macromolecules

pubs.acs.org/Macromolecules

the polymerization reaction and the subsequent washing steps.
Additionally, pSBMA exhibits a upper critical solution
temperature (UCST) behavior dependent on the molecular
weight of the polymer chain, as well as the polymer
concentration in aqueous solutions.64,65 Notably, in the work
by O’Reilly and co-workers, a short linear pSBMA of 20 kDa
showed no thermoresponsive behavior, while long pSBMA
chains of 50 and 200 kDa only dissolved at temperatures
higher than 11 and 26 °C, respectively.59 As our reactions are
done at room temperature, possibly long pSBMA chains
aggregate and precipitate out after 6 h of reaction and further
growth of the polymer chains is hindered.
A mechanistic insight into the surface-initiated polymerization is essential for further understanding and improved
future application of the process. The detected amount of
SBMA increased accordingly with the UPy-BiB additive
concentration. Also, the increase in surface area occupied by
pSBMA-associated domains followed this trend. However, it
would be particularly interesting to evaluate the amount of
actual initiation sites for polymerization, to determine grafting
densities, and whether or not those correlate to the UPy-BiB
concentrations and amount of detected pSBMA.
The assessment of the length of the UPy−pSBMA polymers
within these domains would provide important information on
the polymerization eﬃciency and chain length. Data on the
chain length could aid in determining optimal UPy−pSBMA
characteristics for robust brush formation in this material
system. However, quantiﬁcation of the pSBMA size was
practically not feasible because of the small absolute amount of
UPy−pSBMA in these small two-dimensional (2D) samples
and the diﬃcult quantiﬁcation of molecular weight of
zwitterionic polymer brushes on our nonideal biomaterial
surfaces.
Functionality of Postmodiﬁed Electrospun Scaﬀolds.
To further study the applicability of this postfunctionalization
polymerization strategy initiated from the hard phase in a
supramolecular thermoplastic elastomer, the mixture of 10%
UPy-BiB additive and PCLdiUPy was electrospun into ﬁbrous
scaﬀolds. The scaﬀolds with and without 10% UPy-BiB
additive had comparable morphologies and a ﬁber diameter
of 0.36 ± 0.15 and 0.46 ± 0.23 μm, respectively (Figure 6).
The hydrophilicity increased drastically with the incorporation
of 10 mol % UPy-BiB additive, as the sample absorbed the
water droplet within 30 s of droplet deposition (Figure S11).
The SI-ATRP reaction was performed on the electrospun
scaﬀolds for 24 h since the relative surface area of the ﬁbrous
construct is signiﬁcantly higher compared to 2D solution-cast
substrates. After polymerization, the changes in hydrophilicity
of the scaﬀolds were not determinable due to fast wetting of
the water droplet into the microporous samples. The ﬁber
diameter of the reacted samples increased slightly to 0.43 ±
0.15 and 0.58 ± 0.24 μm for the scaﬀolds with and without
UPy-BiB, respectively. However, quantiﬁcation was hampered
by the presence of apparently fused ﬁbers after the subsequent
washing and drying procedures. Markedly, the scaﬀolds with
UPy-BiB additive that were reacted for 24 h charged
signiﬁcantly faster while measuring with scanning electron
microscopy, possibly due to the presence of zwitterionic
components. The XPS measurements on the scaﬀolds revealed
the presence of quaternary nitrogen and sulfur components in
the scaﬀolds with and without UPy-BiB that were exposed to
the SI-ATRP reaction mixture, indicating that pSBMA was
present in both conditions (Figures 6, S9, and Table S4).
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Furthermore, an aluminum contribution was detected,
attributed to the aluminum foil on which the scaﬀolds were
prepared (Table S4 and Figure S9). The presence of
physisorbed pSBMA indicates that in future experiments
washing procedures can be further optimized.
The functional antifouling properties of the SBMA postmodiﬁed scaﬀolds were assessed with a cell adhesion assay.
HVSCs were cultured for 24 h on the scaﬀolds, which adhered
to and spread on the pristine scaﬀolds (Figure 6). The
adhesion of the ﬁbroblast-like cells was signiﬁcantly decreased
on the scaﬀolds with UPy-BiB that were reacted for 24 h,
whereas the decrease in cell adhesion was less deﬁned for the
scaﬀolds without the UPy-BiB additive. This shows that, even
though the XPS measurements identiﬁed the presence of
pSBMA on the scaﬀolds without UPy-BiB, as well as on the
scaﬀolds with UPy-BiB, the functional antifouling properties of
the polymerized UPy−pSBMA are clearly superior.
General Discussion. One interesting observation from
both solution-cast ﬁlms and electrospun scaﬀolds was the
apparent improved stability of the tertiary bromide on the
polymerized pSBMA molecules, compared to the UPy-BiB
initiator. In previous reports, the bromide signal is not present
after polymerization, where reported tertiary bromide concentrations prior to reacting range from 0.81 to 1.9.18,19,66 Due to
the noncovalent nature of the incorporation of the UPy−
pSBMA after polymerization, the stability of the postfunctionalized substrates should be subject of future studies. The
polymerization reaction time of 24 h is particularly long,
compared to the literature.17 In the current setup, a color
change in the polymerization reaction mixture indicated
irreversible oxidation of the copper catalyst between the 6
and 24 h time points. Therefore, future eﬀorts will focus on the
optimization of the setup to facilitate a continuous inert
atmosphere for SI-ATRP, as well as switching to a more
oxygen-tolerant polymerization to have better control over the
polymer molecular weights, dispersities, and polymer chainend livingness.

■

CONCLUSIONS AND OUTLOOK
For the ﬁrst time, the successful ATRP of zwitterionic SBMA
monomers from a macroinitiator additive incorporated in the
hard phase of a supramolecular elastomeric material is reported
here. Surface analysis by AFM, XPS, and WCA measurements,
as well as cell adhesion assays, show an initiator concentration
and reaction-time-dependent polymerization eﬃcacy. Cell
adhesion was decreased signiﬁcantly for surfaces with 5 and
10 mol % UPy-BiB additive and 6 h reaction time. The noncell
adhesive properties could be translated to a functional
electrospun scaﬀold with 10 mol % UPy-BiB. These results
serve as the ﬁrst step toward the fabrication of scaﬀolds or
membranes that can be functionally postmodiﬁed via polymerization through the simple inclusion of a macroinitiator
additive in the hard phase of the structural base material.
The electrospun scaﬀolds postmodiﬁed with zwitterionic
polymers oﬀer many possibilities, mostly due to the properties
of the zwitterionic compounds. The responsivity to varying salt
concentrations could be employed to tune the porosity of the
scaﬀolds reversibly.29 Additionally, the interesting UCST
behavior of pSBMA can give similar switchable properties.67
Moreover, a popular approach featuring antifouling materials
involves further modiﬁcation with speciﬁc bioactive moieties.68
This could be achieved through the reaction of bioactive
moieties to reactive monomers that were co-polymerized
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during the modiﬁcation with the antifouling layer,66 or by endfunctionalizing the antifouling brush, making use of the
reactive nature of the halide-capped polymer ends.69,70
Additionally, with biomedical applications in mind, the
amount of copper used in the procedure described here could
be decreased signiﬁcantly through application of greener
radical polymerization strategies, such as activator regenerated
ATRP.71−78
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