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† Electronic supplementary informa
https://doi.org/10.1039/d5ra02435h

Cite this: RSC Adv., 2025, 15, 19676

Received 8th April 2025
Accepted 24th May 2025

DOI: 10.1039/d5ra02435h

rsc.li/rsc-advances

19676 | RSC Adv., 2025, 15, 19676–19
nostructuring on the
hemocompatibility of polysulfobetaine (PSB)
coated hydrogel surfaces†

Subramanian Suriyanarayanan, *a Nizreen Mohammad Nizam, a

Linnea I. Andersson,a Per H. Nilsson,*ab Teodor Aastrup,c Ulrik Palmqvistd

and Ian A. Nicholls *a

A series of nanostructured polysulfobetaine (PSB) hydrogel-coated surfaces were fabricated and tested for

hemocompatibility in contact with human blood. PSB films were grafted onto SiO2-coated silicon wafers or

Au/quartz via photochemically induced polymerization of a sulfobetaine-based monomer (SBMA, [2-

(methacryloylamino)propyl]dimethyl(3-sulfopropyl)ammonium hydroxide). An anodized aluminum oxide

(AAO) membrane and latex beads (LB) were used as sacrificial template structures to synthesize

polysulfobetaine nanowires (PSBAAO) and hyperporous (PSBLB) networks, respectively. Two soft sacrificial

templates, a liquid crystalline medium (LC) and amide-based non-ionic deep eutectic solvent (ni-DESs)

providing one-dimensional ordered arrays and flickering clusters, respectively, were utilized to grow

nanofibrous (PSBLC) and mesoporous (PSBDES) polysulfobetaine film. Selective dissolution of the

sacrificial templates affords the transposed pattern of the template with long-range periodicity from

nano to micro scale (20 to 400 nm). Electron micrograph studies revealed nanostructured materials in

the form of wires (198 ± 5 nm), cavities (300 nm) and fibers (20 ± 2 nm) when AAO, LB and LC-medium

were used as templates, while the polymer films prepared from ni-DESs (PSBDES), water (PSBWAT) and

methanol (PSBMeOH) were devoid of any noticeable topographical features. PSB-coated surfaces (except

for PSBLB) inhibited non-specific adhesion of protein and biomolecules when presented with purified

human proteins, i.e., albumin, fibrinogen, hemoglobin, or human plasma, down to 20–125 ng cm−2 as

shown by the QCM studies. Interestingly, the hierarchical nanostructures in polymer films (PSBAAO and

PSBLC) resisted the adsorption of albumin and hemoglobin (<20 ng cm−2), even at 50 mg mL−1

concentration. The hemocompatibility of the PSB nanostructures, analyzed after contact with human

whole blood for one hour on the PSBAAO and PSBLC, revealed reduced complement activation,

quantified as the generation of C3bc fragments and terminal complement sC5b-9 complex formation, in

comparison to acrylate glass. The nanowires of PSBAAO showed significantly lower MPO release than the

PSBWAT-onto surface, whereas no difference in platelet activation was seen between the surfaces.

Compactly organized nanowires and fibers increase the water of hydration layers to strengthen the

antifouling and hemocompatibility features, demonstrating the bio-inert nature of the PSB

nanostructures. The inherent gelation (hydrophilicity) afforded by the PSB has substantial implications in

designing bio-inert surfaces for hemocompatible devices.
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Introduction

The design and development of bio-inert interfaces for resisting
plasma protein adsorption is a key feature for developing
hemocompatible devices for blood-contact based medical
applications.1 Even adsorption of a small quantity of protein
(<5–7 ng cm−2 of brinogen)2–4 is sufficient to trigger comple-
ment activation and support platelet adhesion, causing
inammation and thrombus formation5,6 on implant devices.7,8

To subdue the protein fouling effect, phospholipids,9,10

heparin,6,11 PEG,12,13 and other anti(bio)fouling coatings have
been used to improve the antithrombogenicity and overall
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Chart 1 Chemical structure of sulfobetaine monomer (1), cross-linker
(2), initiator (3), components (4 and 5) of liquid crystalline (LC) medium
and non-ionic deep eutectic solvent (ni-DES) (6 and 60).
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hemocompatibility of materials in blood contact applications.
However, many of these coatings have limitations in terms of
long-term stability and tolerance of biochemically relevant
environments that can hamper their biocompatibility
features.10,14 Other synthetic counterparts have been explored
for constructing anti(bio)fouling layers using self-assembled
monolayers,15–17 graed copolymers,18,19 polyelectrolytes,20,21

kosmotropes,22,23 zwitterions,24,25 and carbohydrates.26,27 For
this purpose, functional polymer-based nanostructures offer
the potential for use in developing anti(bio)fouling coatings for
hemocompatible devices, owing to their stability and ease of
preparation, and their resistance to the non-specic adsorption
of biomolecules, micro-organisms and living cells.28–30 Polymer
hydrogels31–33 have been investigated extensively due to the
organized hydration layer, in addition to their hydrophilicity
and electrical neutrality.34–36 As a rule of thumb, biomolecules
tend to undergo more conformational changes when adsorbed
onto hydrophobic surfaces through facile displacement of the
hydration layer, reducing Gibbs free energy37 than on the
hydrophilic surfaces.38 Typically, the interfacial hydration layer
and its arrangement play a vital role in the adsorption of
biomolecules, affecting their conformational change. Essen-
tially, a structured layer of water molecules around the polymer
chains affords interfacial resistance to protein and biomolec-
ular adhesion.39,40 Factors controlling the arrangement of this
hydration layer may provide a key to improving the surface's
anti(bio)fouling properties.41–43 Surface topography, for
instance, can inuence the hydration layer and fundamentally
inuence biomolecule interactions by inducing conformational
changes and adhesion behavior.44–46

Initial studies on improving the antifouling property of the
hydrogels were directed towards the morphological features of
the polymer-based materials by introducing micro- and nano-
structures on the surface to reduce biomolecular adhesion.47–49

Recently, polysulfobetaines32,50–53 have been demonstrated as
potential candidates for anti(bio)fouling coatings owing to their
zwitterionic character, contributing a strong hydration layer.

This study aimed to explore the anti(bio)fouling properties
and hemocompatibility of polysulfobetaine (PSB) hydrogel
surfaces by introducing different types of nanostructuring. The
PSB nanostructures were prepared by the photochemically
induced polymerization of sulfobetaine methacrylate (1, Chart
1) using a bench-top compatible template-directed polymer
synthesis strategy on silicon/SiO2 surfaces. The size and
dimension of the template and the experimental parameters of
the polymerization process in an aqueous medium have been
optimized to improve the growth and stability of the PSB
nanostructures. Further, the effect of the medium of polymer-
ization on the PSB protein resisting qualities has been studied
using a non-ionic deep eutectic solvent (ni-DES) and methanol
as polymerization solvents. Protein adhesion on the PSB
nanostructured hydrogel surfaces was monitored using QCM
and uorescence microscopic methods. The hemocompatibility
of the various PSB surfaces was investigated by incubation with
human blood and the host response induced by the surface-
blood interaction was examined by measuring biomarkers for
complement, neutrophil and platelet activation.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Materials and methods
Chemicals

[2-(Methacryloylamino)propyl]dimethyl-(3-sulfopropyl)ammo-
nium hydroxide (sulfobetaine, SBMA, 1), 1,4-bis(acryloyl)piper-
azine (BAP, 2), 11-mercaptoundecanoic acid (MuDA), [3-
(methacryloyloxy)propyl]trimethoxysilane (silane), 2,20-
azobis(2-methylpropionamidine) dihydrochloride (ABAH, 3),
cytochrome C (horse heart), human serum albumin (HSA),
bovine serum albumin (BSA), hemoglobin (human), brinogen
(from human plasma), latex beads (300 nm), sodium bis(2-
ethylhexyl) sulfosuccinate (AOT, 4), p-xylene (5), N-methylurea
(NMU, 6), N-methylacetamide (NMA, 60), sodium chloride
(NaCl), sodium dihydrogen phosphate (NaH2PO4), disodium
hydrogen phosphate (NaH2PO4), uorescein isothiocyanate
labeled BSA (FITC-BSA), silicon wafers, sulfuric acid, sodium
hydroxide, toluene, tetrahydrofuran, acetone and molecular
sieves (4 Å) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Human plasma was isolated from human whole blood
collected in the presence of lepirudin (50 mg mL−1), a specic
thrombin inhibitor (Reudan; Celgene, Uxbridge, UK), as an
anticoagulant. Plasma was isolated by centrifugation of whole
blood at 3000×g for 15 minutes at 4 °C. The plasma was stored
in aliquots at −80 °C until use. Hydrogen peroxide (30%, v/v),
ammonia solution (25%), triethylamine, and hydrochloric
acid (37%) were from Fluka (Buchs, Switzerland). Anopore®

membrane (anodized aluminium oxide, AAO) disc (Catalogue
No. 6809-5502) with 200-nm diameter pores was procured from
Whatman (Dassel, Germany). THF was reuxed with LiAlH4 for
one hour and distilled over molecular sieves to remove water,
peroxides, inhibitors and other impurities. Toluene was dried
over CaCl2 for 1 h and in CaH2 for 12 h, followed by distillation
over molecular sieves. Acetone was distilled and dried over
molecular sieves. ABAH initiator was recrystallized from a 1 : 1
acetone water mixture. The ni-DES was prepared by adding 20%
RSC Adv., 2025, 15, 19676–19686 | 19677
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(w/w) of the NMU with 80% of NMA at (35 °C) and stirring well
till a homogenous solution was obtained. This mixture exists in
the liquid phase till 12 ± 2 °C.

The lyotrophic liquid crystalline phase of AOT in water/p-
xylene was prepared as reported previously.54 The LC phase used
in this study can be described as AOT(a)/p-xylene/SBMA(b)(c),
where a, b, and c denote the concentration of AOT in p-xylene,
the concentration of SBMA in water and molar ratio of water to
AOT, respectively. A 1.5 M AOT solution in p-xylene was used to
prepare the LC phase. A 98% SBMA aqueous solution contain-
ing 1% BAP was added dropwise under vigorous stirring. The
molar ratio of water to AOT was adjusted to between 12 and 15.
Themixture was stirred continuously at 25 °C for a homogenous
viscous liquid phase.
Scheme 1 Graphical representation for the preparation of PSB
nanowires (PSBAAO) on silicon or Au/quartz substrate.
Surface functionalization

In this work, glass microscope slides (75 × 25 mm), polished
silicon wafers (5 × 5 mm) and silica (SiO2) layer-coated Au/
quartz resonator (SiO2/Au/quartz, Ø 5 mm) surfaces were func-
tionalized with (Scheme 1A-ESI†) with [3-(methacryloyloxy)
propyl]trimethoxysilane and were used as substrates for poly-
merization. In every step, each Si wafer and SiO2/Au/quartz
substrate was activated or rinsed or washed or incubated in
1 mL of respective reagent or solvent for 10 min unless it was
mentioned specically. A glass chamber (150 mL for 10 micro-
scope slides) was used for the activation and rinsing or washing
of glass microscope slides for 10 min. Before silanization, the
glass microscope slides and silicon wafers were cleaned in acid
piranha solution (H2SO4 (98%) and H2O2 (30%), 7 : 3, v/v) at 80 °
C for 30 min (caution: the piranha solution reacts violently with
organic compounds and is dangerous when in contact with skin
or eyes). The substrates were washed with water and dried in
a stream of N2. A thin layer of silicon oxide was grown on the
piranha-cleaned silicon surfaces by immersing it in an oxidizing
solution containing NH4OH (25%), H2O2 (30%) and water (1 :
1 : 6, v/v) at 80 °C for 30 min. The SiO2/Au/quartz surfaces were
activated by cleaning in piranha solution at room temperature
for 2 min, followed by washing in deionized water and sonica-
tion in 0.1 M NaOH. Subsequently, the cleaned Si and SiO2/Au/
quartz substrates were washed with water, rinsed in acetone,
THF and toluene, dried in a stream of N2 (UHP-grade) and
stored in a desiccator until further use.

A fresh solution containing 7.2 mL silane and 0.72 mL trie-
thylamine in 360 mL of toluene was prepared for silanization.
The activated glass microscope slides, Si wafers and SiO2/Au/
quartz surfaces were immersed in this solution for 12 h at
room temperature and stored in dark conditions. Aer that, the
silanized substrates were washed successively in each solvent
for three times with toluene, THF, and acetone and then dried
in a stream of N2 (UHP-grade). PSBWAT-onto lms were grown on
the silanized substrates, as shown in Scheme 1A-ESI.† Briey,
an aliquot (200 mL for glass microscope slides and 2 mL for Si
wafers and SiO2/Au/quartz surfaces) of an aqueous solution
containing 98% of (1) (w/v), 1% (w/v) of (2) and 1% (w/v) of (3)
initiator was dispensed on the substrate and the polymerization
reaction was initiated by exposing the substrate under UV light
19678 | RSC Adv., 2025, 15, 19676–19686
at 354 nm for 2 h. The polymer lm (PSBWAT-onto) coated
surfaces were washed with water and dried in N2.

To prepare PSBAAO lms, a procedure like that of PSBWAT-onto

was adopted, except that the polymerization was carried out in
the presence of an anopore template (Scheme 1). Aer the
polymerization, the lm-coated substrate was rinsed with water
and immersed in 1.2 M HCl for 12 h at 35 °C to dissolve the
nanopore membrane. The residual HCl was removed by
washing in water for 30 min, followed by drying in a stream of
N2 (UHP-grade).

A surface pretreatment was performed when synthesizing
the PSBLB lms, as shown in Scheme 2-ESI.† The silanized
substrate (microscope slides or Si wafer or SiO2 coated Au/
quartz surfaces) was drop-coated with an aqueous polystyrene
bead solution (0.25% w/v) and the solvent (water) was then
allowed to evaporate by placing the setup in a fume-cupboard
under constant air ow (0.56 m s−1) for 12 h. The surface was
then dried with N2 gas and the PSBLB lms were produced
similarly using the protocol mentioned for the preparation of
PSBWAT-onto lms. Subsequently, the PSBLB lms were immersed
in toluene for 6 h on an orbital shaker to achieve selective
dissolution of the polystyrene beads. The trapped toluene
solvent was removed by washing in acetone and water for
30 min, and the polymer lm was dried with N2 (UHP-grade).
PSBLC lm was, prepared (Scheme 3-ESI†) using AOT/water LC
phase containing (1), (2) and (3). PSBDES and PSBMeOH lms
were prepared with NMA-NMU ni-DES and methanol as solvent,
respectively, containing 49% of (1) (w/v), 0.5% (w/v) of (2) and
0.5% (w/v) of (3) for preparing the pre-polymerization mixture.

For comparison, a gra from approach was adopted to
prepare PSBWAT-from lms as shown in Scheme 4-ESI.†Here, the
lms were grown on the piranha-cleaned gold surface. The gold
surface was functionalized with MuDA by incubating in a 9 : 1
ethanol acetic acid mixture containing 1 mM MuDA for 12 h.
Aer rinsing the gold surface with ethanol, acetic acid (10%)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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and water, the functionalized surface was activated by
immersing it in an aqueous solution containing 15 mM NHS
and 60 mM EDC for 5 min. The activated surface was immedi-
ately incubated in an aqueous solution of ABAH initiator (5mM)
for 30 min to immobilize the initiator covalently. The initiator-
modied surface was used immediately thereaer to grow
PSBWAT-from lms. An aliquot (∼2 mL) of an aqueous solution
containing 98% of (1) (w/v) and 1% (w/v) of (2) was dispensed on
the substrate, and the polymerization reaction was initiated
under UV light at 354 nm for 2 h. The prepared lm (PSBWAT-

from) was washed with water and dried in N2 (UHP-grade).
Surface characterization

Reection absorption infrared spectroscopy (RAIRS), uores-
cence microscopy and scanning electron microscopy measure-
ments were employed for the structural characterization of the
polymer lms. Images of the water droplet on modied and
unmodied silicon surfaces were captured with a Canon (Pow-
erShot A710 IS) camera. They were utilized to evaluate the
contact angle values using Image J 1.46r soware.55
Infrared spectroscopy

Briey, the IR spectroscopic measurements were recorded on
a Bruker Hyperion 3000 IR microscope attached to a Tensor 27
IR spectrometer and furnished with a computerized sample
stage. A grazing angle objective enabling double surface
reections with incident angles of 52° and 83° relative to the
surface normal was used. The mercury–cadmium–telluride
(MCT) detector collected the spectra at 4 cm−1 resolution, and
1000 interferograms were recorded to obtain a spectrum. The
sample chamber was saturated with UHP-grade nitrogen gas
throughout the measurement. A three-term Blackmann–Harris
apodization function was applied to the interferograms before
the Fourier transformation. An unmodied gold surface was
used as the reference to record the background spectrum.
Scanning electron microscope (SEM)

Scanning electron microscopy (SEM) analyses were carried out
using a Leo 1550 Gemini instrument (Zeiss, Oberkochen, Ger-
many) equipped with a eld emission electron gun. Polymer
particles were applied on black carbon tape attached to alumina
stubs and coated with a thin layer of platinum using a platinum
sputtering unit (LEICA EM SCD 500) before being inserted in
the SEM instrument. A 3 kV potential was applied to the elec-
tron gun to generate the electron beam to scan the polymer
particles. The pressure inside the measurement chamber was
maintained at 2 × 10−5 mbar.
Fluorescence microscopy

Non-specic protein adsorption was studied with a uorescence
microscope equipped with a CCD camera. The PSB hydrogels-
coated surfaces were immersed in a 1 mL solution of FITC-
BSA (25 mg mL−1 in PBS) at 25 °C for 1 h and rinsed exten-
sively with water to remove the loosely bound protein.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Quartz crystal microbalance (protein adsorption studies)

A continuous ow quartz crystal microbalance system (Attana
Cell 200, Attana AB, Stockholm, Sweden) equipped with
a degasser for ow injection analysis (FIA) was used for piezo-
electric microgravimetric analysis. Attester soware provided by
the same manufacturer was used to control the system. AT-cut,
8 mm diameter quartz resonators, operating at a fundamental
frequency of 10 MHz and sputtered on both sides with a 100 nm
thick gold lm (underlined with 10 nm Ti or Cr as an adhesive
layer), were used as substrates. A thin silica (SiO2) layer of gold-
coated quartz resonators was coated on the active side (the side
exposed to the protein solution). These resonators were
procured from Attana AB, Stockholm, Sweden. For surface
cleaning, pretreatment, activation and modication of the
resonator surfaces, please refer to section “surface
functionalization”.

The polymer lm-modied gold surface was mounted in the
ow cell holder to monitor the adsorption and desorption of
proteins under FIA conditions. Phosphate buffer solution
(10 mM, pH 7.4) containing 10 mM NaH2PO4, 10 mM Na2HPO4

and 150 mM NaCl was prepared with ultrapure water. An in-
built hydraulic pump with dual-piston control afforded the
linear ow of the carrier buffer solution at 25 mLmin−1 over the
PSB-modied SiO2/Au/quartz substrate. The carrier PBS solu-
tion was pumped through the ow cell holder at this ow rate.
The system was allowed to equilibrate at this condition until the
frequency change was less than 0.5 Hz over 400 s, as specied by
the manufacturer. Solid protein samples were dissolved and
diluted in PBS, the same as the carrier solution composition,
and frozen at −20 °C. For each experiment, an aliquot of 180 mL
was introduced in the ow cell using two 6-port injection valves
(dual channel) provided in the system. Protein adsorption
measurements were obtained by averaging the results from two
surfaces prepared under identical conditions.
Stability studies

The PSBAAO modied surfaces, which were prepared as shown
in Scheme 1, were stored in PBS (pH 7.4) at 25 °C for a denite
time interval. Subsequently, the sample was washed in water,
dried under a N2 stream and protein adsorption (50 mg per mL
hemoglobin and 100% plasma) studies were carried out by
QCM under the FIA conditions as described previously (section
“Quartz crystal microbalance (protein adsorption studies)”).
Blood chamber experiments (hemocompatibility studies)

Whole blood model. Human blood was obtained from six
healthy volunteers of both genders. The blood was collected in
4.5 mL cryotubes (Cryo Tube™ Vials; Thermo Scientic, Wal-
tham, MA) containing lepirudin (50 mg mL−1), a specic
thrombin inhibitor (Reudan; Celgene, Uxbridge, UK), as an
anticoagulant. A 100 ml aliquot was isolated as the Time zero
sample and EDTA was added to a 10 mM nal concentration.
The PSB-coated glass slides and control slides were xed to
blood incubation slides, and the chamber wells, ve per slide,
RSC Adv., 2025, 15, 19676–19686 | 19679
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Table 1 List of polysulfobetaine hydrogels prepared in this study

System Medium Sacricial template

PSBAAO Water AAO
PSBLB Water Latex beads
PSBLC Water AOT micelle
PSBDES NMA-NMU ni-DES —
PSBMeOH Methanol —
PSBWAT-onto Water —
PSBWAT-from Water —
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were lled with blood (100 ml) (Scheme 1B-ESI†). The same
procedure was followed for each donor sample.

The blood chambers were incubated at 37 °C in an incubator
for 1 h with manual agitation every 15 min. Following incuba-
tion, the blood in each chamber was pooled into a 1.5 mL
Eppendorf tube, and activation was interrupted by using 10 mM
EDTA at the nal concentration. A 20 mL-blood sample was used
for complete blood cell count in a Swelab hematology instru-
ment (Swelab, Stockholm, Sweden) according to the manufac-
turer's instructions. The remaining whole blood samples were
centrifuged at 4 °C for 15 min at 3000×g. Plasma was isolated
from each sample and frozen at −80 °C until further analysis.

Enzyme linked immunosorbent assays (ELISA). Sandwich
ELISA was used to quantify the selected markers of comple-
ment, platelet, and neutrophil activation in EDTA-plasma. The
samples were thawed, kept on slushed ice, and diluted just
before use. Coring costar 3590, 96-well microtiter plates (Fisher
Scientic, Gothenburg, Sweden) with at bottom were used for
all ELISAs.

Complement activation. Complement activation was
assessed by quantication of the collective C3bc cleavage frag-
ments, including C3b, iC3b, and C3c, and the terminal soluble
complement C5b-9 complex (sC5b-9) as described in detail
previously.56 For C3bc, the ELISA plates were coated with
capture antibody mab bH6 diluted in 10 mM phosphate buffer
pH 7.4 with 145 mM NaCl (PBS). The samples were diluted 1 :
300 in PBS containing 10 mM EDTA. A rabbit anti-C3c was used
for detection, followed by a peroxidase-labeled anti-rabbit
antibody (GE Healthcare). The absorbance of each sample was
related to a fully activated serum standard set to contain 1000
complement arbitrary units per mL.56 The sC5b-9 was quanti-
ed as for C3bc, but the monoclonal antibody aE11 was used as
a capturing antibody, and a biotinylated monoclonal antibody
9C4-1 followed by streptavidin horseradish peroxidase (GE
Healthcare, UK Limited) for detection. The samples were
diluted 1 : 10 in PBS containing 10 mM EDTA.

Platelet and neutrophil activation. Human platelet factor 4
(PF4), neutrophil-activating peptide 2 (NAP-2), and myeloper-
oxidase (MPO) were quantied using the R&D duo set ELISAs
(R&D Systems, Inc., Minneapolis, MN). The ELISAs were run
according to the manufacturer's instructions. Samples for
analysis of the platelet activation markers, PF4 and NAP-2, were
diluted 1 : 10 000, and samples for MPO were diluted 1 : 1000, all
in PBS containing 1% BSA.

Statistical analysis. Statistical analysis was performed using
GraphPad Prism version 10.1.0 (316) (San Diego, CA). Repeated
measures mixed-effect one-way ANOVA analysis with Dunnett's
post-test for multiple comparisons was performed for the data
(n = 6) obtained for different surfaces, using the acrylate glass
surface as the control. A p-value of p < 0.05 was considered
statistically signicant.

Results and discussion

In this study, a series of PSB nanostructured hydrogel-coated
surfaces (Table 1) were prepared by photochemically induced
polymerization of sulfobetaine methacrylate monomer (1) on
19680 | RSC Adv., 2025, 15, 19676–19686
SiO2 coated Si or Au/quartz surfaces (Scheme 1A-ESI†). Hard
and/or so templates, such as AAO (Scheme 1), LB (Scheme 2-
ESI†) and LC medium (Scheme 3-ESI) of p-xylene/AOT/water
reverse micellar phase were used as sacricial scaffolds
during the polymerization process. Prior to polymer synthesis,
the nature of organized structures in the sacricial scaffolds
was determined with SEM and optical microscopic measure-
ment. The AAO membrane comprised vertically aligned, 200
nm-sized, uniformly distributed cylindrical nanopores (Fig. 1A-
ESI†). Template latex beads, when self-assembled on Si wafer,
displayed lattice-like compactly arranged packing with long-
range uniformity (Fig. 1B-ESI†). The liquid crystal template
revealed birefringence patterns of the brokenmosaic textures of
the hexagonal phase (Fig. 1D-ESI†) when visualized under an
optical polarizing microscope (OPM). The phase diagram of the
sub-room temperature ni-DES system, derived from NMA and
NMU (Fig. 1E-ESI†), was constructed to identify the eutectic
point as 12 ± 2 °C and has been used to prepare PSBDES lms.
To improve the stability of the PSB lms against wear and tear,
we functionalized the substrates with a silane layer bearing the
polymerizable moiety of the functional monomer (acrylate
group) on the substrate. The apparent increase in the water
contact angle (Table 1-ESI†) on the Si/SiO2 surfaces from 22± 4°
to 70 ± 9° (Fig. 2-ESI†) following silane modication revealed
the long-range uniformity of the highly oriented acrylate
terminal group of the silane adsorbent. Polymerization using
these terminal acrylate groups ensures the covalent attachment
of the polymer to the underlying substrate.54 For uniformly
coated continuous polymer lms, an optimized concentration
of the sulfobetaine (99%) and BAP (2) (1%) monomers in
aqueous or specied medium was used. Schemes 1-ESI, 2-ESI
and 3-ESI† represent the preparation of PSBAAO, PSBLB and
PSBLC nanostructured lms. In each case, the polymer lms
were grown via a gra-onto approach using azo initiators with
UV irradiation (254 nm) for 2 h. Subsequent dissolution of the
sacricial templates leaves behind its transposed form
implanted in the PSB lm.
Characterization of the PSB lms

SEM images displayed the distinct topographical features of the
graed PSB lms (Fig. 1A). Particularly, the PSBAAO lm, with its
homogeneously grown nanowires in a long-range order (Fig. 3A-
ESI†), stood out for its unique properties. Nanowires were
distinctly separated from each other evidencing the stability of
the anopore template during the polymerization (Fig. 2B-ESI†).
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02435h


Fig. 1 Electron micrograph of (A) PSBAAO, (B) PSBLC, (C) PSBLB and (D)
PSBWAT-onto films observed with scanning electron microscope. Inset
to (A) is the histogram showing the size distribution of nanowires in
PSBAAO.

Fig. 2 Binding energy profiles in electron volts (eV) of (A) N 1s and (B) S
2p electrons, measured with XPS, for different PSB nanostructured
films prepared in this study (Table 1).
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The porous features on the nanowire surface are plausibly due
to the absorbent qualities to withhold large amounts of water
molecules for a hydration layer. A subtle decrease in the water
contact angle on PSBAAO (14 ± 3°), when compared to the
underlying silane layer, substantiates the formation of a hydra-
tion layer (Table 1-ESI†).

The liquid-crystalline templated PSBLC lm (Fig. 1B) con-
tained a loosely packed, thin brous structure of 100 nm
diameter, arranged continuously over a 10-micron scale (Fig. 4-
ESI†). Most importantly, analogous birefringence patterns of
the p-xylene/AOT/water LC medium with and without the sul-
fobetaine monomer (Fig. 1C- and 1D-ESI†) evidence for the
stability of liquid-crystalline template during polymerization
and in achieving the nanobrous-like texture in PSBLC. The
rough surface of the bers and the underlying corrugated
structure elevates the surface area of the polymer lm and the
hydration layer that was complemented by the contact angle for
water on this surface (16 ± 3°).

The latex bead templated PSBLB lm (Fig. 1C) also revealed
uniformly coated macroporous structures (Fig. 5-ESI†) reect-
ing the dimension and packing of the interstitial voids created
by the template latex beads. The water contact angle for this
surface was 48 ± 3°, revealing a moderately hydrophobic
surface, probably due to some entrapped latex bead residues
and toluene solvent from the extraction process.

The polymer lms prepared using the ni-DES (PSBDES) stand
out with their unique porous features (Fig. 6A-ESI†), a result of
the ickering cluster-like57 structures formed by the compo-
nents (NMA and NMU). In contrast, PSB prepared in methanol
and aqueous medium (PSBMeOH and PSBWAT-onto) were observed
to be continuously coated surfaces (Fig. 7A-ESI†) with high
hydrophilic character, i.e. low contact angle values for water
(Table 1-ESI†). The PSBWAT-from lm, synthesized via the gra-
from approach, affords a thin and discontinuously grown
polymer texture (Fig. 7B-ESI†), substantiated by the higher
contact angle for water than for PSBWAT-onto (Table 1-ESI†).
© 2025 The Author(s). Published by the Royal Society of Chemistry
The survey spectra for all the PSB lms conrmed the
proleptic elements, such as O, C, N and S (Fig. 8-ESI†). The band
around 400 eV (Fig. 2A), representing N 1s electrons of nitrogen
moieties, upon deconvolution revealed three different nitrogen
species at 399.2 (green), 399.8 (dark yellow) and 401.4 eV (blue)
corresponding to the O]C–NH, O]C–NR and C–N+moieties. A
band at 168 eV (Fig. 2B) corresponds to the S 2p electrons
conrmed the presence of sulfonic acid groups. Similar binding
energy proles for all the PSB lms revealed uniform compo-
sition throughout the polymer matrix. The ratio of N+/N peaks is
higher especially in PSB nanostructures (PSBAAO, PSBLC, PSBLB,
and PSBDES) than the compact thin lms (PSBMeOH and PSBwater-

onto) whichmay be due to the presence of initiator-residues from
the polymerization process. These residues are more efficiently
removed in the case of nanostructured PSB matrices, due to the
enhance mass transfer provided by the nanostructures.

FT-IR measurements observed in ATR mode also comple-
ment this trend regarding the PSB-coated surfaces. IR spectra of
all the PSB systems (Fig. 3) revealed comparable spectral
patterns denoting the similarity in chemical structure for all the
PSB lms and nanostructures irrespective of the presence or
absence of sacricial templates and polymerization medium.
The presence of the sulfonic acid group can be inferred from the
sharp bands at 1038 and 1169 cm−1 for the symmetric and
asymmetric stretching modes of the n(SO3

−) group.58 Bands at
1479, 1528 and 1630 cm−1 correspond to the n(C–N+), n(N–H)
and n(C]O) modes of vibrations. The broad bands around
∼2900 and ∼3400 cm−1 denote the presence of alkyl and
hydroxyl groups. The comparable spectral features of the
template-extracted lms demonstrate the efficient extraction of
the sacricial template or solvent from the PSB matrices. The
peaks around 1350 and 1700 cm−1 may be due to the residual
artifacts mostly present in the thin lms (PSBMeOH and PSBwater-

onto) than the PSB nanostructures (PSBAAO, PSBLC, PSBLB, and
PSBDES) concurrent with the XPS measurements discussed
previously.
RSC Adv., 2025, 15, 19676–19686 | 19681

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02435h


Fig. 3 Infrared spectra of the all the PSB films prepared in this study
(Table 1), measured in the attenuated total reflection mode.
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Anti(bio)fouling studies on the PSB lms

The anti(bio)fouling features of the PSB surfaces in relation to
protein adsorption were examined using a series of proteins
possessing different molecular weights and pIs (Table 2-ESI†).
Piezoelectric microgravimetric analysis using QCM under FIA
conditions was used to investigate the protein adsorption trend
on the series of PSB nanostructures coated SiO2 coated Au/
quartz surfaces pH 7.4. The effect of PSB lms on protein
adhesion phenomena has been reported elsewhere, empha-
sizing the impact of molecular weight and hydrogelation
properties.59 The zwitterionic PSB coated nanostructures
synthesized in this study should be neutral at pH 7 and asso-
ciated with an efficiently bound hydration layer. The frequency
versus time curve for the FIA injection of different proteins on
the PSBAAO graed gold-coated quartz resonator is shown in
Fig. 4. The mass of the PSB-coated resonator increased upon
interaction of the proteins, showing a rapid decrease in the
resonant frequency (Df) (Fig. 4). The carrier buffer solution,
Fig. 4 QCM trace (frequency vs. time) of the PSBAAO deposited SiO2

coated Au/quartz resonator, for the injected purified protein samples
(2 mg mL−1) indicated in the curve (one injection of hemoglobin and
three injections each for fibrinogen, HSA and cytochrome C).

19682 | RSC Adv., 2025, 15, 19676–19686
subsequently, eluted the loosely bound proteins to restore the
frequency (signal) of the PSB-coated resonator to its equilibrium
value. Complete recovery in resonance frequency demonstrates
the protein-free polymer surface and resistance to irreversible
or non-specic adhesion of injected protein samples offered by
the nanowires of the PSB surface. Noticeably, the adsorption of
the smaller (RNase A and cyt C) and larger proteins (HSA) was
more efficiently suppressed on the PSB surface than in the case
of both hemoglobin and brinogen (Fig. 8-ESI†), and whole
plasma. The effect of PSB coating on resisting protein adsorp-
tion was evident when compared to underlying silanized and
unmodied SiO2 substrates (Fig. 8-ESI†) displaying signicant
protein binding. This eliminates the possibility of the under-
lying substrate being exposed or contributing to the observed
non-specic protein adsorption.

Contiguous polymer lms with long-range uniformity are
essential for resisting the protein adsorption, as revealed by low
protein binding on the polymer lm graed from 90% sulfo-
betaine monomer solution, as compared to the one grown from
10% monomer concentration (Fig. 9-ESI†). The gra-to method
appears more reliable for synthesizing homogeneous polymer
surfaces (PSBWAT-onto) with a moderately low level of protein
adsorption than for surfaces fabricated by the gra-from
approach (PSBWAT-from). In comparison, the PSBAAO lm effi-
ciently resisted the adhesion of human blood/plasma proteins;
albumin, hemoglobin and brinogen, even at higher concen-
trations (50 mg mL−1) (Fig. 10-ESI†). Compactly arranged, well-
oriented PSB nanowires enhance the hydration layer and
virtually inhibit the adsorption of brinogen, hemoglobin and
plasma proteins, even at higher concentrations. The PSB lm,
deprived of any distinct topographical features (PSBWAT-onto),
though suppresses the protein adhesion at lower concentra-
tions (10 mg mL−1) but failed to resist at higher concentrations
of the human blood/plasma proteins (Fig. 9-ESI†).

Further, the effect of nanostructures on the PSB toward the
non-specic adhesion of proteins was investigated with QCM
and uorescence microscopy. The amount of blood/plasma
proteins adsorbed on PSB-modied and unmodied SiO2
Fig. 5 Plot showing the amount of protein adsorbed on the PSB
modified SiO2/Au/quartz surfaces due to the repetitive injection of
protein samples under flow injection analysis conditions. The blood
plasma was diluted with PBS (pH 7.4).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Fluorescence microscope images showing the adsorption of
fluorescein isothiocyanate tagged bovine serum albumin (FITC-BSA)
onto (A) Si wafer, (B) hydroxylated silicon (SiO2/Si), (C) silanized silicon,
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surfaces were evaluated with QCM under FIA conditions (Fig. 5
and 6). In the case of the thin lm formats of PSB (PSBMeOH and
PSBWAT-onto), without the presence of nanostructures (surfaces
prepared in different media), though signicantly reducing the
adhesion of smaller proteins they failed to resist the adhesion of
blood/plasma proteins (Fig. 5). The nanostructured entities on
the PSB coatings overall reduced protein adsorption compared
to the SiO2 surface. Notably, the polymer lm PSBAAO and PSBLC

constituting nanowires and nanobers demonstrated signi-
cant resistance to protein adhesion, while the macroporous
texture of PSBDES moderately suppressed the protein adhesion
when compared with PSBWAT-onto (Fig. 6). In the case of PSBLB
signicant protein adhesion was observed, we propose that this
arises due to the higher hydrophobicity of these surfaces
(contact angle 48 ± 3°, Table 1-ESI†). This phenomenon may
arise due to the hydrophobic-latex beads driving the accumu-
lation of monomer hydrophobic domains on their surface,
which aer bead removal renders the inside of the resulting
cavities with a more hydrophobic character.

The results from uorescence microscope studies of the
adhesion of uorescein isothiocyanate-tagged bovine serum
albumin (FITC-BSA) on the PSB-coated silicon surfaces support
the conclusions from the QCM-studies (Fig. 7). Initial studies
with FITC-BSA revealed a clustered and discontinuous adsorp-
tion, while the uorescence intensity was drastically dimin-
ished on the PSB-modied surfaces (except for PSBLB),
prepared with the gra-to approach, demonstrating the resis-
tance displayed by the PSB hydrogels for protein adhesion when
compared to the underlying Si or SiO2 surfaces. In the case of
the PSB surfaces containing nano-edices (PSBAAO and
PSBLC), these exhibited very low uorescent intensities,
reecting the superior resistance for the protein adhesion of
FITC-BSA.
Fig. 6 Histogram of the resonant frequency change for the (A)
PSBWAT-onto, (B) PSBDES, (C) PSBLC and (D) PSBAAO modified SiO2/Au/
quartz surfaces observed for the repeated injections of different
protein samples under flow injection analysis conditions. The blood
plasma was diluted with PBS (pH 7.4) (dilution factor was 50, 10, 5, 2.5
or undiluted in the order mentioned in the figure).

as well as (D) PSBWAT-onto, (E) PSBAAO, (F) PSBLB, (G) PSBLC, (H) PSBDES,
(I) PSBWAT-from and (J) PSBMeOH coated silicon wafers.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Essentially, protein adhesion on unmodied and silanized
silicon wafers was signicantly reduced with the PSB coating.
Presence of an organized hydration layer on the PSB surfaces
shields the charged sites of the protein from the polymer.34,60

Apparently, any adsorption of protein in the vicinity of zwitter-
ionic PSB hydrogels due to charge inversion phenomenon, as
postulated earlier, can be excluded.61,62 In addition, the contri-
bution of the hydration layer in reducing hydrophobic interac-
tions between the proteins and the polymer coating is
essential.63,64 In the case of the PSB nanostructures, the effect of
the hydration layer is more pronounced due to the increase in
the surface area. The presence of densely packed nanowires
increased the surface area of the polymer hydrogel, which
managed to form a highly organized hydration layer. Evidently,
the surface roughness of the polymer abruptly decreases due to
the hydrogelating nature of PSB. Overall, the remarkable
protein-resistant character of these PSB nanostructures can be
attributed to a combination of the zwitterionic character and
the hydrogelation property of PSB nanogels associated with the
well-constructed hydration layer.
RSC Adv., 2025, 15, 19676–19686 | 19683
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The stability of the PSB lms, during storage in aqueous
media (pH 7.4 25 °C, PBS) over ten months, was intermittently
tested by examining protein binding characteristics using QCM
under FIA conditions (Fig. 11-ESI†). PSBAAO-coated substrates
showedminimal variation in the adsorption of hemoglobin and
plasma proteins over this time frame. Essentially, the amount of
the adsorbed protein was less than 10 ng cm−2 from 50 mg
mL−1 concentrations and comparable with previously reported
values on antifouling surfaces.65,66 The covalent attachment of
the PSB nanowires PSBAAO using the gra-to approach affords
enough stability to maintain the antifouling property.

Surface-hemocompatibility was monitored by incubating
human whole blood on PSB-coated glass slides (Scheme 1B-
ESI†). Adhesion of plasma proteins determines the activation
of the plasma cascade systems with subsequent cellular acti-
vation.67 Hemocompatibility was analyzed in relation to
complement, platelet, and neutrophil activation by incubating
the PSB nanostructured coated glass slides with human
lepirudin-anticoagulated whole blood for one hour at 37 °C.
C3-activation, analyzed as the generation of C3bc, was signif-
icantly lower on all modied surfaces compared to acrylate
glass (p < 0.05–p < 0.001) (Fig. 8A), which indicates that the PSB
lm itself reduced C3-activation while the inuence of PSB
Fig. 8 Generation of (A) C3bc, (B) soluble terminal complement C5b-
9 complex, (C) platelet factor 4 (PF4), (D) neutrophil activating peptide-
2 (NAP-2) and (E) myeloperoxidase (MPO) on nanostructured PSB
modified glass surfaces and acrylate glass as control after incubation
with human whole blood at 37 °C for one hour. Data is shown as mean
± SD from n = 6. *p < 0.05, **p < 0.01, ***p < 0.001.

19684 | RSC Adv., 2025, 15, 19676–19686
nanostructures on the degree of activation was negligible.
There was a trend towards a lower level of sC5b-9-formation on
the modied surfaces, however, the differences were not
statistically signicant (Fig. 8B). Platelet activation, analyzed
as the release of PF4 and NAP-2 from platelet alpha-granules,
was comparable for the different PSB modied surfaces and
acrylate glass. Nevertheless, the PF4-levels on PSBWAT-onto and
PSBAAO were reduced of PF4 (Fig. 8C and D) in relation to
acrylate glass and nearly signicant (p = 0.067 and p = 0.053
respectively). MPO, as a marker of primarily neutrophil acti-
vation and oxidative burst, increased signicantly on the
PSBWAT-onto-surface (p < 0.05), whereas the PSBAAO-surface
showed signicantly reduced levels of MPO aer incubation
with human whole blood (p < 0.01) (Fig. 8E). Incubation on
PSBLC did not inuence the degree of MPO-release. Collec-
tively, the results presented here provide the rst study of the
impact of PSB surfaces on complement activation and the
inuence of the nanostructuring of PSB surfaces. This study
complements previous reports examining the impact of PSB-
based materials on hemocompatibility. By employing strate-
gies such as nanostructuring,68 coatings,69 shape modica-
tions70 to limit or shape the degree of protein adhesion,
plasma protein cascade- and cell activation, a deleterious host
thromboinammatory response to a blood-contacting bioma-
terial can be avoided.67
Conclusions

Nanostructured PSB hydrogels effectually inhibit non-specic
adsorption of proteins and have been investigated for activa-
tion of plasma complement and cellular activation through
human blood incubation studies. Sacricial template-directed
synthesis using so and hard templates affords uniform,
highly organized and stable nanostructures. Nanowires and
nanobrous features in the PSB hydrogels strengthen the
interfacial hydration layer to resist protein adsorption to less
than 10 ng cm−2 for 10 mg mL−1 concentrations of the plasma
and blood proteins. The activation of C3 was drastically
reduced to less than 50% with the PSB nanostructured entities
(PSBAAO and PSBLC), while neutrophil activation has been
suppressed when compared with thin lm hydrogels (PSBWAT-

onto) devoid of any nanostructuring. Nanowire and brous
features in PSB are veried to enhance the biocompatibility of
the contact surface by minimizing the inammatory
responses. The use of nanostructuring of PSB surfaces can
provide access to more hemocompatible surfaces, potentially
being of use in the development of medical devices for use in
contact with blood.
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