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Abstract

Adsorption of proteins on biological surfaces is a detrimental phenomenon that reduces

the work-life of the implants in various biomedical applications. Here, we synthesized a

new class of thermoresponsive zwitterionic poly(phosphobetaine) (PMPC) microgel with

excellent surface antifouling property by macro-RAFT mediated thiol-epoxy click reac-

tion. End-group modified zwitterionic PMPC homopolymers with well-defined molecu-

lar weight and narrow dispersity were grafted onto poly(N-vinylcaprolactam-co-glycidyl

methacrylate) (PVG) copolymer backbone followed by addition of a cross-linker, leading

to microgel formation. While no upper critical solution temperature (UCST) was found

in poly(N-vinylcaprolactam-co-glycidyl methacrylate-g-2-methacryloyloxyethyl phosp

horylcholine) (PVGP) graft copolymers, the corresponding microgels exhibited both

UCST and lower critical solution temperature (LCST) transitions, related to the swelling

and collapse of PMPC and poly (N-vinylcaprolactam) (PVCL) components respectively.

An increase in the molecular chain length of the PMPC increased the shifting of UCST

and LCST of the microgels to higher temperatures, due to the ability of zwitterionic

groups to coordinate a large number of water molecules. The effect of the variation in

the molecular weights of amphiphilic poly(ethylene glycol) diamine (PEG-NH2) cross-

linker was also reflected in both temperature and salt responsiveness of the microgels.

The efficacy of the microgels as potential antifouling materials was further studied by

fluorescence microscopy and XPS analysis on microgel coatings treated with FITC-BSA

solution and pure BSA solution respectively. Lower protein adsorption was observed

for microgels grafted with higher molecular chain length of PMPC, whereas, the micro-

gels synthesized using higher molecular weight PEG-NH2 diamine cross-linker displayed

greater protein adsorption on their surfaces.
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1 | INTRODUCTION

Medical devices and implants require excellent resistance against the

blood proteins to achieve their best performances under physiological

conditions. Non-specific protein adsorption on surfaces, also called

biofouling, is considered as the immune system's first response to

implants. Several polymeric materials such as poly(ethylene glycol)

(PEG)1,2 and poly(2-hydroxyethyl methacrylate) (PHEMA)3,4 have

been known to prevent the protein adsorption. Nonetheless, the lim-

itions in the use of oxidation-mediated degradation of PEG5 and rela-

tively low water-solubility of high molecular weight PHEMA6

polymers prompted researchers to look for more efficient antifouling

substitutes. Among the most promising alternatives to the

abovementioned antifouling materials are zwitterionic polymers.

Moreover, they have emerged as the “third-generation” antifouling

materials because of their super hydrophilicity due to the formation

of hydrogen bonds by stronger electrostatic interactions with the

water molecules. The resemblance in their chemical structures to the

biological membranes makes them biocompatible and superior to

other antifouling materials.7

In recent years, there has been a plethora of reports on the syn-

thesis of zwitterionic polymers with variable architectures.8 Swelling

of polymer chains in the presence of salt solutions is a typical charac-

teristic of polyzwitterionic materials, defined as the anti-

polyelectrolyte effect,9 which enhances their ability to repel higher

amounts of protein from biological substrates under physiological

conditions. They are thermoresponsive as well because they exhibit a

volume phase transition from a partially squeezed globule to a swollen

coil state within a wide temperature window called upper critical solu-

tion temperature (UCST). Polyzwitterions, also known as polybetaines,

are classified as sulfobetaine (SO3
−), carboxybetaine (COO−), phos-

phobetaine (PO4
−) based on the type of anion present in the polymer

backbone. For example, phosphobetaine methacrylate (MPC) type of

monomer having anionic phosphate group and cationic quaternary

ammonium group as the pendant group resembles the phospholipid

layer phosphatidylcholine found in our cell membrane.10 Armes et al.

reported the synthesis of poly(phosphobetaine) (PMPC) using atom

transfer radical polymerization (ATRP) mechanism.11 Surface-initiated

ATRP (si-ATRP) technique have been proved to be a versatile

approach for biomimetic PMPC monolayer formation (“grafting from”
technique) and it was observed that there is a pronounced change in

protein adsorption related to the variation of the chain length and

density of PMPC- grafts. Although PMPC is a biocompatible material,

the use of metal catalysts in ATRP processes leaves harmful residues

on polymer surfaces, which limits their usage in biological applications.

However, reversible addition fragmentation chain transfer (RAFT)

helps in circumventing this limitation. PMPC synthesized in water via

RAFT was first reported by Yusa et al. where they studied the

micellization behavior of different copolymers and their application as

anti-cancer drug carriers for pharmaceutical application.12 Iwasaki

et al. synthesized various block copolymers from PMPC-based macro-

chain transfer agents (macro-CTA) with very low dispersity in all the

cases.13 Until now, most studies related to PMPC polymers have been

conducted on bulk hydrogels and self-assembled monolayers (SAM).14

Utilizing the structural similarity of MPC to the phospholipid layer,

Ishihara et al. used PMPC-grafted ultra-high molecular weight

poly(ethylene) (UHMWPE) as an acetabular liner that reduces the

wearing of the liner by increasing the lubrication due to hydration of

biocompatible PMPC surface.15 Also, self-assembled monolayers

(SAM) formed by polymers having non-fouling PMPC groups were

effective in preventing adsorption of proteins.16-18

Although adequate studies have already explored this UCST-type

transition based on poly(sulfobetaine) (PSB)19 and poly(carbox

ybetaine) (PCB) polymers of different architectures,20 studies involv-

ing PMPC linear polymers and block copolymers have not reported

both the UCST type transition and anti-polyelectrolyte behavior

simultaneously. Kikuchi et al. synthesized high molecular weight PSB

and PMPC linear polymers by si-ATRP mechanism and it was revealed

that while PSB responds to the salt as external stimulus and leads to

increase in size, PMPC remains almost unchanged.21 Therefore, the

aim of this study is to produce thermoresponsive PMPC zwitterionic

microgels with tunable UCST as well as anti-polyelectrolyte proper-

ties, which has not been explored in literature.

Stimuli-sensitive and colloidally stable microgel particles are

exploited in different fileds of applications due to their high surface

area and porosity.22 Different monomers have been used to fabricate

microgels with different characteristics, which have made them

suitable for different applications like drug delivery systems,23 waste-

water treatment,24 oil recovery,25 biosensors,26 catalytic nano-reac-

tors.27 Among them, poly(N-isopropylacrylamide) (PNIPAM) and poly

(N-Vinylcaprolactam) (PVCL) are the two most widely used materials

because of their lower critical solution temperature (LCST) close to

the physiological temperature (~32�C), where they switch from a

swollen coil to collapsed globule state.28 However, the synthesis of

zwitterionic microgels has been proved to be challenging in the past

few decades because of their high polarity and solvent selectivity.29

Das et al. reported the synthesis of thermoresponsive PNIPAM micro-

gels with sulfobetaine (SB) zwitterionic side groups via precipitation

polymerization method and exploited the as-prepared P(SB-NIPAM)

microgels as scaffolds for silver and gold nanoparticle synthesis.30

Cheng et al. prepared carboxybetaine-based nanogels by inverse

micro-emulsion polymerization, which showed improved long-term

stability under the physiological conditions, by the virtue of low pro-

tein absorption (~0.3 ng/cm2) in blood plasma.31 Andreas et al.

reported the PNIPAM and PVCL-based zwitterionic microgels with

sulfobetaine (SB) as the comonomer in the presence of sodium dode-

cyl sulfonate (SDS) surfactant. They observed a decrease in the parti-

cle size of the microgels and found that the molar incorporation of the

sulfobetaine unit was about 30 mol%, explaining it as due to the co-

surfactant behavior of the sulfobetaine units in aqueous solution.32

Previously, Schröder et al. synthesized microgels based on sul-

fobetaine with differently sized vinyllactam rings in w/o inverse mini-

emulsion polymerization.33 Recently, we have reported PVCL-based

zwitterionic sulfobetaine microgels via macro-RAFT approach in both

precipitation polymerization and inverse mini-emulsion technique.34,35

Recently, Tian et al. have reported the synthesis of redox-responsive
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bio-degradable zwitterionic PMPC nanogels with a diselenide type

cross-linker via reflux precipitation polymerization and studied the

drug release in the presence of different oxidant and reductants,

which led to the degradation of the cross-linked network in the

nanogels.29

However, there are hardly any detailed reports on the systematic

study of poly(phosphobetaine) (PMPC) microgels where their thermo-

responsive behavior, anti-polyelectrolyte property, and protein-

repelleing characteristics are investigated simultaneously. Herein, we

described the PMPC-PVCL microgel synthesis via macro-RAFT medi-

ated thiol-epoxy click chemistry,36 using an inverse mini-emulsion

technique. The microgels were prepared by using PEG-based cross-

linkers, which improved the swelling as well as the antifouling proper-

ties of the microgels. The variation in the molecular weight of the

PMPC segment and PEG-NH2 cross-linker was also found to be a key

factor in the tuning of the aforementioned properties of the micro-

gels. These microgels have potential to be used as antibio-adhesion

coating and in temperature-triggered drug delivery applications

as well.

2 | EXPERIMENTS

2.1 | Materials

Monomer, 2-methacryloyloxyethyl phosphorylcholine (MPC, molecu-

lar weight [MW] 295.27 g/mol, 97%), was purchased from Tokyo

chemical industry (TCI) and used as received. N-vinylcaprolactam

(VCL, MW 139.42 g/mol, 98%) and glycidyl methacrylate (GMA, MW

142.15 g/mol) were obtained from Sigma Aldrich and recrystallized

and distilled before use. The thermal initiators 4,40-azobis

(4-cyanovaleric acid) (ABCVA, MW 280.28 g/mol, 98%), 2,20-azobis

(2-methylpropionitrile), (AIBN, MW 164.21 g/mol, 98%), the RAFT

agent 4-cyano-4-(phenylcarbonothioylthio) pentanoic acid (CPCPA,

MW 279.38 g/mol, 100%) and sodium borohydride (NaBH4, MW

37.83 g/mol, 98%), and the cross-linkers poly(ethylene glycol) diamine

(PEG-NH2) of different molecular weights (Mn = 3000, 6000,

10,000 g/mol, 99.5%), and the solvents anisole, acetone, diethyl ether

were purchased from Sigma Aldrich and used as received. The RAFT

agent methyl 2-(ethoxycarbonothioylthio) propanoate (MECP, MW

208.29 g/mol) was synthesized as reported by Peng et al.37 The

regenerated cellulose membranes of different molecular weight cut-

off (MWCO) were purchased from Carl Roth and washed with

deionized water before use. Deionized water was used throughout all

the reactions.

2.2 | Synthesis of poly(N-vinylcaprolactam-co-
glycidylmethacrylate) (PVGn) random copolymer

The random copolymer of PVCL-co-PGMA (PVGn) (where, n = 5 mol

% GMA) was synthesized by RAFT polymerization having a target

molecular weight (Mn) of 5000 g/mol.37 In a typical reaction, 1.000 g

of VCL (7.170 mmol), 0.220 g of the RAFT agent MECP (the synthesis

of MECP can be found in the supporting information, see Scheme S1)

(1.050 mmol), and 0.006 g of the initiator AIBN (0.036 mmol) were

taken in a 25 mL round bottom flask and purged with argon for about

30 min to remove oxygen from the system. In a separate ampoule,

0.054 g of GMA (0.371 mmol) with anisole were purged with argon.

The reaction solution in round bottom flask was then heated to 65�C

with continuous stirring and GMA was added through a syringe pump

over 7 h. After 31 h, the reaction was stopped, exposed to the ambi-

ent atmosphere and rapidly cooled in ice bath and the product was

precipitated from ice-cold diethyl ether. The obtained polymer was

washed several times with the same solvent and dried under reduced

pressure at 40�C overnight. After drying, the polymer was dissolved in

water and dialyzed with a regenerated cellulose membrane of MWCO

3.5 kDa (Carl Roth, Germany) against water for 3 d. After freeze-dry-

ing, the white powder of PVCL-co-PGMA copolymer was obtained

(yield ~60%, see Scheme 1. 3C).

2.3 | Synthesis of poly(2-methacryloyloxyethyl
phosphorylcholine) homopolymer (PMPC
macro-RAFT)

In a typical synthesis of PMPC 10000 macro-RAFT, 0.500 g of MPC

monomer (1.693 mmol), 0.013 g of RAFT agent CPCPA

(0.049 mmol), and 0.004 g of ABCVA initiator (0.016 mmol) were

taken in a round bottom flask and dissolved in water/acetone

(75/25, v/v) mixed solvents. The whole reaction mixture was then

purged with argon for 30 min, following which the flask was kept in

a pre-heated oil bath at 70�C for 18 h. After that, the resulting solu-

tion was precipitated from a large amount of acetone in an ice bath.

The obtained polymer was then vacuum dried at 50�C overnight

and re-dissolved in water followed by dialysis using regenerated cel-

lulose membrane of MWCO 3.5 kDa for 4 days to remove

unreacted monomer and RAFT reagent. Finally, the pure PMPC

macro-RAFT was obtained as a light pinkish powder after freeze-

drying (yield ~70%, see Scheme 1. 3A). (See NMR Figure 2B: 1H

NMR [in D2O]: δ [ppm] = 4.1–4.4 (−OCH2CH2PO4
−CH2), 3.6 (CH2-N

(CH3)2
+, 3.2 (CH2-N(CH3)2

+).)

2.4 | End group removal of PMPC macro-RAFT

The end group modification of the PMPC macro-RAFT was performed

according to the procedure of Lowe et al.38 In a typical end group

removal of PMPC 10000, an aqueous solution of NaBH4 (0.010 g,

25 equiv) was added to a PMPC macro-RAFT (0.200 g, 0.010 mmol)

solution in water under an argon atmosphere and stirred for 48 h at

room temperature (RT) to ensure the complete cleavage of the RAFT

end group. The solution was dialyzed using a regenerated cellulose

membrane with MWCO 3.5 kDa for 4 days. Thereafter, the solution

was freeze-dried and obtained as an off-white powder, PMPC-10000

SH (yield ~80%, see Scheme 1. 3B).
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2.5 | Synthesis of PVCL-co-PGMA-g-PMPC
(PVGPx)y graft copolymer

The end-group-cleaved PMPC macro-RAFTs (PMPC-SH) with differ-

ent molecular weights were partially grafted onto PVCL-co-PGMA

random copolymer backbone in a thiol-epoxy click reaction. For the

synthesis of (PVGPx)y (where x = 7 is the mol% and y = 10,000 g/mol

is the molecular weight of PMPC-SH), previously synthesized PVG5

(0.062 g, 0.014 mmol and GMA content 14 mol%) random copolymer

dissolved in a mixture of water/acetone was added to an 8 wt% aque-

ous NaOH solution of PMPC-SH (0.080 g, 0.004 mmol) and stirred at

RT for 24 h. The resulting solution was then dialyzed using a mem-

brane of MWCO 12–14 kDa for 4 days to obtain the graft copolymer,

(PVGP7)10000 and finally freeze-dried to obtain a white powder (yield

~60%, see Scheme 1. 4D).

2.6 | Synthesis of PMPC-PVCL microgels

In the final step, the graft copolymers (PVGPx)y with different molecu-

lar weights of PMPC-SH were crosslinked with poly(ethylene glycol)

diamine (PEG-NH2) cross-linker having different molecular weights to

synthesize the PMPC-PVCL microgels. In a typical synthesis of MG-

mKnX, (where m = 10 denotes 10,000 g/mol molecular weight of

PMPC-SH and n = 3 denotes 3000 g/mol molecular weight of PEG-

NH2 cross-linker, X), 0.050 g of (PVG7)10000 graft copolymer and

SCHEME 1 Synthesis outline of zwitterionic microgel: 1. Synthesis of PMPC macro-RAFT, 2. end group removal of PMPC macro-RAFT,
3. synthesis of PVCL-co-PGMA random copolymer, 4. synthesis of PVCL-co-PGMA-g-PMPC graft copolymer, and 5. synthesis of PMPC-PVCL
microgel
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0.015 g, 3 wt% of PEG-NH2 (MW 3000 g/mol) cross-linker were dis-

solved in 1 mL of water (aqueous phase). The aqueous solution of the

graft copolymer and cross-linker was then added to a 10 mL solution

of toluene (oil phase) containing 250 mg of surfactant, Span 80 and an

inverse mini-emulsion was obtained by ultrasound treatment at an

energy level of 40% for 5 min (0.5 sec on–off) in a W-250 D Branson

Digital Sonifier by setting an ice bath under the flask to keep the

emulsion cool. The emulsion was then transferred to a stirring plate to

react for 24 h at RT. After that, the emulsion was broken by centrifu-

gation at 11,000 rpm for 15 min at a Heraeus Multifuge X3R centri-

fuge by Thermo Scientific using 5 mL of ethanol at first cycle and then

twice with 20 mL of toluene. The solid residue was dialyzed using a

dialysis membrane of 12–14 kDa for 7 days against deionized water

and finally, the solution was freeze-dried to obtain a dry white micro-

gel powder (~yield 50%, see Scheme 1. 5E).

2.7 | Sample preparation for XPS

All samples were cut from an Ultra-flat SiO2 wafer (typ < 100>, Ted

Pella) with an area of 1 cm2, sonicated in 5 mL of acetone for 15 min,

dried under N2 flow, and then sonicated again in 5 mL ethanol for

another 15 min and dried. To activate the surface and make it more

prone to functionalization, all wafers were treated for 300 s with air

plasma with 0.2 mbar pressure. The PVCL-coated sample was pre-

pared by spin-coating a 1.5 mg/mL microgel dispersion (2000 rpm,

800 rpm/s as initial acceleration, for 1 min). The MG-40K10X zwitter-

ionic microgel sample was prepared by spin-coating with 50 μL of a

4 mg/mL solution of the microgel at 2000 rpm (800 rpm/s as initial

acceleration) for 1 min.

Protein adsorption on the surface was achieved by dipping the

wafers in well plates filled with 3 mL of a bovine serum albumin (BSA)

solution (100 mg/L) in phosphate buffer saline (PBS Buffer) (pH 7.4)

at room temperature and the well plates were kept on a rocking plat-

form at 60 rpm. After 3 h, the wafers were taken out, rinsed with

1 mL of PBS Buffer (pH 7.4) to remove the loosely attached proteins,

and dried in the air.

3 | ANALYTICAL METHODS

Nuclear magnetic resonance (NMR) spectroscopy. 1H NMR spectra were

recorded on a Bruker DPX400 FT liquid NMR spectrometer at

400 MHz with D2O as a solvent unless otherwise stated in the

description of the diagram. The NMR spectra were analyzed using the

MestReNova (version 11.0) software. The sample concentration was

maintained at 5 mg in 0.4 mL of solvent.

Gel permeation chromatography (GPC). To determine the molecular

weights (Mn and Mw) of the synthesized PMPC homopolymers and

(PVGn) copolymers, GPC studies were carried out in two different

GPC systems. For PMPC, aqueous GPC data was taken on one

precolumn (8 × 50 mm) and three Suprema-Lux columns

(8 × 300 mm) by Polymer Standard Service using an Agilent 1200

high-performance liquid chromatography pump. The flow rate was

1.0 mL/min. The experimental temperature was kept 40�C for the

PMPC macro-RAFT homopolymers and 25�C for the (PVGx)y grafted

samples. The diameter of the gel particles was measured 5 μm with a

nominal pore width of 30, 1000, and 1000 Å. An aqueous phosphate

buffer (0.02 M, pH 8) (HiPerSolv CHROMANORM HPLC grade, VWR)

was used as eluent. Calibration was performed using narrowly distrib-

uted poly(ethylene glycol) (PEG) standards (Polymer Standards Ser-

vice). For the determination of molecular weights of PVGn copolymer,

dimethylformamide (DMF) containing lithium bromide (LiBr, 1 mg/mL)

was used as an eluting agent at a flow rate of 1.0 mL/min. A high-

pressure fluid chromatography siphon (Bischoff HPLC Compact

siphon) and a refractive list locator (Jasco RI-2031 or more) were uti-

lized. Three sections with PSS GRAM gel were applied: each column

length 300 mm, diameter 8 mm, the gel particles diameter 5 mm,

nominal pore widths 50, 100, 1000, and 10,000 Å. An adjustment was

accomplished utilizing poly(methyl methacrylate) (PMMA). All the

GPC data were analyzed using the WinGPC UniChrom program (ver-

sion 8.3.2).

Fourier transformed infrared spectroscopy (FTIR). FTIR spectra were

recorded using a Thermo Nicolet Nexus FTIR spectrometer. Smart

Splitpea as Attenuation Total Reflection (ATR) mode was used with

silicon (Si crystal) as a base with a spectral resolution of 4 cm−1. To

obtain a good signal to noise ratio, an average of more than 200 scans

were performed for each spectrum. The data were then analyzed

using the Origin Pro (version 9.1) software.

Ultraviolet–visible (UV–vis) spectrophotometry. UV–vis spectra

were recorded in a Varian Carry 100 Bio UV–vis spectrophotometer.

The measurements were run at room temperature for the PMPC

macro-RAFT and PMPC-SH samples. The temperature controller was

associated with a UV–vis spectrophotometer to determine the cloud

points of the graft copolymer and microgel samples. The samples were

prepared with a concentration of 5 mg/mL in all the cases and mea-

sured in a temperature range between 5 and 65�C at 1�C interval at a

wavelength of 500 nm. The data were analyzed using the program

OriginPro (version 9.1).

Dynamic light scattering (DLS) study. DLS studies were per-

formed on an ALV/CGS-3 compact goniometer system with

ALV/LSE-5004 light scattering electronics and a multiple tau digital

correlator. The samples were prepared by further diluting a microgel

solution with water and filtration through a ChromafilXtra PET-

120/25 filter with a pore size of 1.2 μm to remove any particulate

matter. All measurements were made at an angle of 90�, at an atten-

uation time of 90 s and each measurement was repeated three

times to have an average value of hydrodynamic radius (Rh) of

microgels.

Atomic force microscopy (AFM). The morphology of the microgels

was monitored by atomic force microscopy. Images were recorded

using a NanoScope V from Veeco Instruments with an NCH-50

POINTPROBE-Silicon SPM-Sensor from Nanoworld in tapping mode.

The sensor exhibited a resonance frequency of 320 kHz and a force

constant of 42 N/m. For analysis of the obtained images, the free

software Gwyddion 2.28 was employed.
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X-ray photoelectron spectroscopy (XPS). To test the protein repel-

lency of the polyzwitterionic microgel, SiO2 wafers were spin-coated

with the microgel dispersion, and XPS measurements were conducted

using an Ultra Axis spectrometer (Kratos Analytical, Manchester). Si2p,

S2p, C1s, and N1s core level signals were recorded in each sample. The

samples were irradiated with monoenergetic Al Kα1,1 radiation

(1486.6 eV) and the spectra were taken at a power of 144 W (12 kW

× 12 mA). The curve-fitting analyses were performed subtracting a

Shirley-type background and then using a Gaussian function to fit the

experimental spectra. All analyzed spectra were energy referenced to

the C1s signal of aliphatic C–C carbons located at 285.0 eV of binding

energy (BE). Atomic ratios were calculated from peak intensities by

using Scofield's cross-section values; the statistic error in semiquantita-

tive XPS analysis is about 5% of the estimated value.

4 | RESULTS AND DISCUSSION

4.1 | Characterization of poly(N-vinylcaprolactam-
co-glycidylmethacrylate) (PVGn) random copolymer

The RAFT agent, MECP was observed to be effective for the controlled

polymerization of PVGn random copolymer.37,39 Due to its higher

reactivity, GMA was added gradually to the reaction mixture containing

VCL monomer over a period of time to ensure that the GMA and VCL

repeat units are arranged in a truly random manner. PVGn random

copolymers with different GMA contents were characterized using 1H

NMR spectroscopy. The disappearance of the vinylic protons coming

from both VCL (δ 4.4 and 7.2 ppm) and GMA (δ 5.4–5.8 ppm) mono-

mers in the 1H NMR spectrum (in CDCl3 solvent) of PVGn copolymer

proves the successful conversion of monomers to copolymer (see

supporting information, Figure S2 for 1H NMR). Furthermore, the GPC

molecular weights (Mn,GPC) of the different PVGn copolymers were

found to be well consistent with theoretical molecular weight having

narrow dispersity (Đ = 1.16–1.23), suggesting the RAFT copolymeriza-

tion occurred in a controlled manner (see Figure 1D). However, FTIR

study was done to investigate the exact loading of GMA in the PVGn

copolymer using a standard calibration line with PVCL-PGMA mixtures

having known mol% of GMA (see Figure 1A,B) with respect to the

1620 cm−1 (from the PVCL repeat units). From Figure 1C, an increase in

peak intensities at 1720 cm−1 (carbonyl stretching) and 845 cm−1

(oxirane ring contraction) from GMA repeat units were observed in

PVGn copolymer, which indicates the increase in incorporated GMA

content on the copolymer backbone. The exact amount of GMA incor-

porated was found to be 14 and 12 mol% in the case of PVG5 and

PVG10 samples, respectively.

F IGURE 1 (A) FTIR spectra of a mixture of PVCL and PGMA linear homopolymers at a different known concentration of GMA (5, 7, 10, and
20 mol%) for calibration line construction, (B) calibration line drawn plotting the peak intensities of GMA at 1730 cm−1 versus the known
concentration of GMA, which follows the equation y = 0.02339 + 0.01112x where, x is the GMA in mol%, (C) FTIR, and (D) GPC plot of PVG5
and PVG10 copolymers, respectively
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4.2 | Characterization of PMPC macro-RAFT

The RAFT agent 4-Cyanopentanoic acid dithiobenzoate (CPCPA) was

used in the polymerization reaction because it is compatible with most

of the methacrylate monomers.12 Four PMPC macro-RAFTs with dif-

ferent molecular weights (10,000, 20,000, 30,000, and 40,000 g/mol)

were synthesized and characterized using 1H NMR spectroscopy.

Figure 2B shows that no vinylic proton (δ 5.4–5.8 ppm) from MPC

monomer (Figure 2A) is left in the 1H NMR of PMPC macro-RAFT and

the appearance of aromatic protons (δ 7.5–8.0 ppm) suggests the suc-

cessful incorporation of RAFT agent CPCPA at the tail-end of PMPC

macro-RAFT. The NMR end-group analysis was carried out to calcu-

late the molecular weight (Mn,NMR) of the zwitterionic PMPC macro-

RAFTs, but Mn,NMR was not definitive because increasing in target

molecular weight of PMPC macro-RAFTs, the signal from the RAFT

end-groups became weaker. However, aqueous GPC was done at

40 �C to determine the molecular weight (Mn,GPC-PMPC) of the PMPC

macro-RAFTs (see Figure 3A), which concurred well with theoretical

molecular weights (Mn,theo) (see Table 1) with low dispersity

(ĐPMPC = 1.11–1.18) suggesting that CPCPA is an effective RAFT

agent for the polymerization of zwitterionic methacrylate monomers.

FTIR studies were also performed and from Figure 3B, it can be

found that the stretching vibrations of MPC monomer at 1638 cm−1

due to its >C=C < unsaturation signal diminished in PMPC macro-

RAFT. Moreover, the presence of the characteristic peak signals at

1720, 1230, and 1060 cm−1 due to ester carbonyl (>C=O), –C–O

stretching in –POCH2 and –P–O stretching in –PO4
−, respectively,40

in both MPC and PMPC macro-RAFT spectra supports that the zwit-

terionic segments remained unaffected during the polymerization.

4.3 | Characterization of end-group modified
PMPC-SH

The PMPC macro-RAFTs were modified by NaBH4 reduction to

produce functional polymers with active thiol end-group. To show

the complete removal of the phenyl group from the RAFT tail-end,

they were primarily characterized by 1H NMR studies. The disap-

pearance of the phenyl group (δ 7.5–8.0 ppm) in the respective

NMR spectrum of PMPC-SH suggests the successful cleavage of

the RAFT end-group moiety (see Figure 2C). The RAFT end-group

removal was further confirmed from UV–vis studies. The presence

of phenyl group at the tail-end of PMPC macro-RAFT was shown by

a strong absorption peak at 305 nm (π-π* transition),35 which dis-

appeared upon cleavage of the RAFT end-group by NaBH4 reduc-

tion (see Figure 3C). In some cases, unfavorable reaction conditions

F IGURE 2 1H NMR spectral comparison between (A) MPC monomer, (B) PMPC 10000 macro-RAFT, and (C) end-group modified PMPC
10000-SH
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may lead to the oxidative dimerization of thiol to disulfide (-S-S-)

linkage38 and might require extra steps to recover the thiol-ended

polymer product, that is, using dithiothreitol (DTT) as a reducing

agent. Often, this would result in impurities and lower yield of thiol

end-group product. However, in this study, the RAFT end-group

removal was done under an inert argon atmosphere, so that the

modified PMPC-SH did not dimerize. This is proved from Figure 3D,

where the modified PMPC-SH zwitterionic polymer did not show

any hump in GPC traces and a very minimal change in the molecular

weight (Mn,GPC-SH) was observed, suggesting the absence of any

dimerized structures (see Table 1).

4.4 | Characterization of PVCL-co-PGMA-g-PMPC
graft copolymer

The end-group modified PMPC-SH homopolymers were grafted onto

PVGn random copolymer via partial substitution of GMA groups by

thiol-epoxy click reaction. 1H NMR studies validated the presence of

characteristic proton signals deriving from PMPC-SH zwitterionic

polymer and PVG copolymer (see Figure 4). The loading efficiency of

zwitterionic polymer chains was calculated from the peak integral area

of PMPC-SH (δ3.78–3.57 ppm) and PVG (δ 2.70–2.22 ppm) and the

exact incorporation of PMPC in graft copolymer was in good

F IGURE 3 (A) GPC traces of different molecular weighed PMPC macro-RAFTs, (B) FTIR spectra of MPC monomer and PMPC 10000 macro-
RAFT, (C) GPC traces, and (D) UV–vis spectra of PMPC macro-RAFT and PMPC 10000-SH end-group modified homopolymers, respectively

TABLE 1 Molecular weight and molecular weight distribution of different PMPC macro-RAFTs and end-group modified PMPC-SHs

PMPC
macro-RAFT

sample

Targeted molecular
weight, Mn,theo

(g/mol)

Molecular weight
obtained
by NMR,

Mn,NMR (g/mol)

Molecular
weight
obtained by
GPC, aMn,GPC-

PMPC (g/mol)

Dispersity

(ĐPMPC)

Modified PMPC

homopolymers

Molecular weight
obtained by GPC,
aMn,GPC-SH

(g/mol)

Dispersity

(ĐSH)

PMPC 10000 10,000 22,700 18,600 1.11 PMPC-SH 10000 17,800 1.20

PMPC 20000 20,000 39,400 28,200 1.11 PMPC-SH 20000 27,800 1.19

PMPC 30000 30,000 62,500 34,800 1.18 PMPC-SH 30000 34,200 1.25

PMPC 40000 40,000 74,100 39,100 1.10 PMPC-SH 40000 39,400 1.23

aAqueous GPC experiments were carried out using phosphate buffer (pH 8) at 40�C temperature.
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agreement with the feed molar amount having satisfactory conversion

(see Table 2).

The successful “grafting to” approach in this particular synthesis

of (PVGPx)y graft copolymer was also confirmed by FTIR studies.

Figure 5A illustrates the effective incorporation of PMPC-SH in the

zwitterionic functional graft copolymer, displaying an increase in the

intensity of 1720 cm−1 peak signal (>C=O stretching) coming from

both PGMA and PMPC-SH segments. Along with that, the significant

decrease in characteristic peak intensity at 845 cm−1 of oxirane ring

contraction strongly implies the insertion of the PMPC zwitterionic

units to the PVG copolymer backbone by partial consumption of

GMA groups via ring-opening (see inset of Figure 5A). Moreover, the

higher the molecular weight of the PMPC-SH used, the higher is the

intensity of the newly appeared characteristic peaks at 1230 and

1060 cm−1 due to the presence of –C–O stretching in -POCH2 and

-P-O stretching in -PO4
− functional groups, respectively, from the

zwitterionic polymers as shown in Figure 5B.

Often in literature, it has been reported that the polymeriza-

tion carried out via precipitation method incorporates lower

amount of high molecular weight polyzwitterionic chains in ther-

moresponsive PVCL or PNIPAM microgels.34 However in this

study, an improvement in loading of higher molecular chain length

polyzwitterions (PMPC) has been achieved using a “grafting to”
technique.

The aqueous GPC analyses of different synthesized graft copoly-

mers were performed at 25�C (see Figure 5C), and results show that

with the increase in molecular weight of PMPC, the corresponding

graft copolymer samples eluted out of the GPC column at relatively

shorter time along with a narrow molecular weight distribution, which

suggests the successful grafting of higher molecular weight PMPC

zwitterionic chains on the PVG copolymer backbone. However, a little

shoulder in each of the GPC traces was observed due to the slightly

higher dispersity (Đgraft) index.
41 Table 2 shows that the molecular

weights of the graft copolymers obtained from GPC did not show

good agreement with the targeted ones. This could be ascribed to the

difference in the operating temperature of the GPC instrument. Due

to the use of different temperatures, the hydrodynamic diameters of

the PMPC homopolymer and graft copolymer at their respective coil

states are different. In the case of (PVGPx)y graft copolymer, 25 �C

temperature was maintained to avoid the collapse of the PVCL chains

that could have led to further discrepancies. Nonetheless, low molec-

ular weight distributions (see Table 2) of graft copolymers suggest

that the “grafting to” thiol-epoxy reaction occurred in a composed

manner.

The strong influence of PMPC polyzwitterion incorporation on

PVG copolymer (cloud point = 40 �C) was reflected in the cloud point

analysis of (PVGPx)y graft copolymer when a drastic shift in LCST-

type phase transition was observed to higher temperatures (cloud

F IGURE 4 1H NMR spectra of (A) PVG copolymer, (B) PMPC-SH polymer, and (C) (PVGP7)10000 graft copolymer
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point = 56�C for (PVGP7)10000) in a temperature-controlled UV–vis

spectrophotometric study (see Figure 5D). Due to the presence of

highly hydrophilic polar polyzwitterionic PMPC chains grafted on PVG

copolymer backbone, the collapse of PVCL polymer chains demands

TABLE 2 The molar composition of (PVGPx)y graft copolymers with their cloud points

Graft

copolymer
sample

Molecular weight
of PMPC-SH

Mol% of

PMPC-
SH (feed)

Mol% of

PMPC-SH
(exact)

Molecular weight of graft
copolymer a(Mn,GPC-graft)

Molecular weight
distribution (Đgraft)

Cloud
point (�C)

(PVGP7)10000 10,000 7 3.0 8400 1.34 56

(PVGP7)20000 20,000 7 3.5 14,600 1.22 58

(PVGP7)30000 30,000 7 3.8 18,200 1.24 59

(PVGP7)40000 40,000 7 4.2 20,200 1.28 60

aAqueous GPC experiments were carried out using phosphate buffer (pH 8) at 25�C temperature.

F IGURE 5 FTIR spectra spectral comparison between (A) PVG copolymer and (PVGP7)30000 (7 mol% PMPC-SH of 30,000 g/mol molecular
weight), (B) different molecular weighed PMPC-SH incorporated graft copolymers, (C) GPC traces of different graft copolymers, and (D) cloud
point of different graft copolymers, (E) Cloud point of microgels prepared with different molecular weight of PMPC, and (F) different molecular
weight of cross-linkers (PMPC 10000), where 3X and 10X stand for PEG-NH2 cross-linkers with 3000 and 10,000 g/ mol molecular weights
respectively
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more thermal energy because PMPC chains form strong hydration

layer with surrounding water molecules. Moreover, the higher the

molecular weight of PMPC used, the higher was the cloud point of

the respective graft copolymers, because of the increasing hydrophi-

licity of MPC zwitterionic repeat units. However, a proportionate

shifting of cloud point with a progressive increase in PMPC molecular

weight was not noticed when the derivative of cloud point absor-

bance was plotted (see inset of Figure 5D). This could be attributed to

the unique hydrophobic hydration state of three methyl groups

(attached to the quaternized N-atom) of PMPC with surrounding

water molecules. Since the hydrophobic hydration became weaker

with the higher molecular weight of PMPC, a considerable shift in the

LCST with increasing PMPC molecular weight could not be

observed.42

4.5 | Characterization of PMPC-PVCL microgels

The microgels were synthesized via an amine-epoxy cross-linking

reaction between the leftover GMA groups in (PVGPx)y graft copoly-

mer and amine groups in PEG-NH2 cross-linkers.

The hydrodynamic radius trend in MG-3X series cross-linker (low

molecular weight PEG-NH2 3000 g/mol) (see supporting information,

Table S6) shows that the higher hydrophilic character of larger molec-

ular weight PMPC led to the increase in hydrodynamic radius of the

microgels. All of the microgels exhibit polydisperse size distribution as

they were synthesized by a water-in-oil (w/o) mini-emulsion tech-

nique that was stabilized using large amount nonionic Span 80 surfac-

tant and it was difficult to remove the impurities from the system

even after subsequent centrifugation and dialysis steps (see

supporting information, Table S6).

The dual thermoresponsive behavior was observed in all synthe-

sized microgels when the temperature was varied from 5 to 50�C.

They exhibited a prominent UCST-type transition below 20�C as the

absorbance of the microgel solution decreased (appearance of trans-

parency) due to the swelling of the PMPC chains. After a shorter tem-

perature window, the crosslinked PVCL network collapsed and as a

result, the absorbance of the microgel solution increased again

(appearance of turbidity), termed as LCST-type transition. Interest-

ingly, an increase in the PMPC molecular weight increased the UCST

of the microgels as a higher number of zwitterionic repeating units in

PMPC demanded higher thermal energies to form H-bonding with

surrounding water molecules. Similarly, the LCST transition was also

increased because swollen PMPC chains formed a strong hydration

layer to resist the collapse of the crosslinked PVCL network easily

(see Figure 5E).35 The effect of the variation of the cross-linker molec-

ular weight on thermoresponsive behavior was also noticed. Using

higher molecular weight PEG-NH2 cross-linker (10,000 g/mol), the

synthesized microgels (MG-10K10X) showed a shifting of both UCST

and LCST towards relatively lower temperatures as PMPC chains

could only stretch out to a lower extent, because the PVG copolymer

chains are held together in a more compact manner compared to the

cross-linkers with lower molecular weight (3000 g/mol). Thus the

PVCL chains collapsed at lower temperatures to expel the entrapped

water molecules (see Figure 5F).35

Generally, polyzwitterions are well known for their anti-

polyelectrolyte behavior.43 In the presence of different salt solutions,

the coulombic force of attraction between the opposite charges in the

zwitterionic backbone is overcome by the screening of salt-ions. As a

result, the polyzwitterionic chains expand their arms by interacting with

a large volume of water.44 In our study, the zwitterionic PMPC-PVCL

microgels responded to the various NaCl salt concentrations as well.

The cross-linker molecular weight that strongly influenced the change in

the size of PMPC-PVCL microgels also affected the salt responsiveness

characteristics, showing a binary behavior of alternating polyelectrolyte

and anti-polyelectrolyte at different salt concentrations.45,46 MG-10K3X

microgel prepared with lower molecular weight (3000 g/mol) PEG-NH2

cross-linker shows an increase in hydrodynamic radius initially up to

0.02 M NaCl salt concentration (anti-polyelectrolyte behavior), whereas

higher molecular weight (10,000 g/mol) PEG-NH2 cross-linker prepared

microgel (MG-10K10X) shows the only reduction in microgel size even

at the least concentration of NaCl (0.005 M) used. This is because the

PMPC zwitterionic chains could not wriggle completely out of the

crosslinked PVCL network, therefore, even 0.005 M concentrated NaCl

solution affected the PVCL segments much directly interfering with the

H-bonding between water and the polymer chains, exhibiting exclu-

sively the polyelectrolyte-type behavior (see supporting information,

Figure S7b).

5 | ANTIFOULING STUDY OF PMPC-PVCL
MICROGELS

The antifouling property of the so-prepared zwitterionic PMPC-PVCL

microgels was also investigated to experience the reduction in protein

adsorption varying different parameters on a standard poly(ethersulfone)

(PES) membranes (Pieper GmbH, Germany) with a pore size of 100 nm.

The fluorescein isothiocyanate-conjugated to bovine serum albu-

min (FITC-BSA) protein appears bright green under a fluorescence

microscope at 25�C, so it was chosen as the standard protein solution

for antifouling study. The FITC-BSA solution (100 mg/L) was applied

to different microgel-coated surfaces to observe the change in color

intensity. As expected, the blank membrane adsorbed most of the

protein on its surface and appears intense green. The pure PVCL

microgel-coated membrane shows almost the same color intensity as

of the blank membrane as pure PVCL singularly does not have any

protein-repelling properties. Interestingly, the membranes coated with

zwitterionic PMPC-PVCL microgels show very light green (nearly

dark) images due to their ability to repel away a large amount of pro-

tein from their surfaces efficiently, thereby proving themselves as a

potential antifouling material (see Figure 6B). The leftover FITC-BSA

protein solution was collected after treating the membranes and mea-

sured by a UV–vis spectrophotometer to find out the absorbance of

the respective solutions because it was difficult to distinguish the dif-

ference in the color intensity of the fluorescence images of the mem-

branes with the naked eye. The FTIC-BSA protein shows a strong
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UV–vis signal at 495 nm wavelength,47 and the absorbance was com-

pared for quantitative detection of attached proteins on the microgel

coated membrane. Figure 6C shows that pure PVCL microgel per-

formed relatively better than that of the blank membrane in terms of

repelling of the protein molecules as the absorbance of the leftover

protein solution is higher for the former than the latter (inset of

Figure 6C). The reason could be attributed to the formation of a thin

hydration layer by the H-bonding between PVCL chains and the water

molecules (see the scheme in Figure 6A). On the other hand, zwitter-

ionic microgel-coated surfaces show the absorbance of leftover pro-

tein solution much higher than the PVCL microgel-coated reference

membrane due to the formation of a thicker hydration layer by strong

electrostatic interaction between opposite charges of zwitterionic

backbone and water molecules (see the scheme in Figure 6A). Actu-

ally, the presence of highly hydrophilic longer PMPC polyzwitterionic

chains in the microgels increases the enthalpy of the system and thus

thermodynamically inhibits the nonspecific adsorption of proteins on

the membrane surfaces.48 The higher is the molecular weight of the

PMPC chains, the higher is the absorbance of the leftover protein

solution close to the pure FITC-BSA (100 mg/L) absorbance due to

the higher hydrophilicity of the zwitterionic PMPC polymer chains

(see inset of Figure 6C). The exact amount of protein adsorbed on the

respective surfaces was calculated using a standard calibration line

(see supporting information, Figure S10), and on comparing results,

the MG-3X series microgels incorporated with PMPC 30000 zwitter-

ionic segments showed considerably much less protein adsorption on

its surface than PMPC 10000 zwitterionic segmenents which quanti-

tatively supports the fluorescence data (see Figure 6D).

To prove our hypothesis of the effect of the cross-linker molecu-

lar weight on the hydrodynamic radius and hydration dynamics of the

PMPC-PVCL microgels, two zwitterionic microgels with PMPC 20000

and 40000 (molecular weight 20,000 and 40,000 g/mol, respectively)

were synthesized using 6000 and 10,000 gm/mol molecular weight of

PEG-NH2 cross-linker and the antifouling properties of those micro-

gels were investigated.

As discussed earlier, the higher the PEG-NH2 cross-linker molecu-

lar weight used in the synthesis of zwitterionic microgels, the more

difficult it was for the larger PMPC chains to stretch themselves

F IGURE 6 (A) Schematic representation of surface fouling using a different type of microgel coating (pure PVCL and PMPC-PVCL)
(B) fluorescence microscopic images of different membranes after protein assay test; (from left to right) blank membrane surface, pure PVCL
microgel-coated surface, PMPC 10000, and PMPC 30000 incorporated zwitterionic microgel-coated surfaces (scale bar 100 μm), (C) absorbance
of the leftover protein solution after the protein assay test on respective membranes, (D) the exact amount of protein adsorbed on different
membranes; where MG-3X denotes microgels prepared with 3000 g/mol molecular weight PEG-NH2 cross-linker
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outwards and penetrate the highly entangled crosslinked PVCL net-

work. Subsequently, the microgels could not form a stronger hydra-

tion layer with the water molecules, resulting in a less efficient

antifouling surface coating to resist the protein adsorption appreciably

(see the scheme in Figure 7A). When the absorbance of the leftover

protein solution was measured by UV–vis study, intriguingly, a striking

F IGURE 7 (A) Schematic representation of protein repulsion from zwitterionic PMPC-PVCL microgel-coated surface with change in PMPC
and crosslinker molecular weight (B) fluorescence microscopic images of different membranes after protein assay test; (from left to right)
zwitterionic microgel-coated surfaces with PMPC 20000, PMPC 40000 (6X cross-linker) and PMPC 20000, PMPC 40000 (10X cross-linker) (scale
bar 100 μm), (C) absorbance of the leftover protein solution after the protein assay test on the respective membranes, (D) the exact amount of
protein adsorbed on the respective membranes; where 6X and 10X denote 6000 and 10,000 g/mol molecular weight of PEG-NH2 cross-linker

2722 SAHA ET AL.



difference was observed. The MG-20K10X microgel (PMPC 20000

and PEG-NH2 cross-linker 10,000 g/mol) repelled a lower amount of

protein from its surface than the MG-20K6X microgel (PMPC 20000

and PEG-NH2 cross-linker 6000 g/mol). On the other hand, the PMPC

40000 loaded microgels hardly show any effect on the antifouling

behavior with the variation of cross-linker molecular weight (see

Figure 7B,C). This can be explained by the relatively larger molecular

weight of PMPC 40000, in which the zwitterionic chains have been

able to stretch out to their maximum extent by penetrating the com-

paratively less entangled 6X-crosslinked PVCL network (PEG-NH2

6000 g/mol) and this chain movement is independent of a further

increase in cross-linker molecular weight. These abovementioned

facts can also be justified from the quantitative plot of exact adsorbed

protein mass as shown in Figure 7D.

XPS investigations were further carried out to test the protein

repellency of the polyzwitterionic microgel coating (MG-40K10X)

compared to a pure PVCL microgel coating. As a reference, the BSA

adsorption on the clean SiO2 wafer was also estimated.

C1s, N1s, Si2p, S2p, and P2p core level photoemission signals

were recorded and analyzed for all the samples to obtain qualitative

and semi-quantitative information about the chemical species present

over the sample surface (see Table S7 in SI).

C1s and Si2p core level spectra showed a complex structure and

were therefore analyzed by curve fitting. For each C1s spectrum,

three components were used, C1-C3, each one referring to a distinct

chemical species with typical binding energy (BE): aliphatic carbons

(C1, BE = 285.0 eV), C-O or C-N carbons (C2, 286.6 eV), O-C=O and

O-C=N carbons (C3, 288.5 eV). Silicon spectra (showed two main

components, Si1 (BE ≈ 103.0 eV) related to SiO2, and Si2, indicating

elemental Si (BE ≈ 99 eV). For nitrogen (N1s) core level spectra, the

main signal (N1) is located at BE ≈ 400.0 eV typical of amine/amide

nitrogens, which cannot be resolved by XPS. The high BE shoulder

(N2 BE ≈ 402.0 eV) is related to protonated nitrogens.49-52

To evaluate the efficiency of microgel deposition on the surfaces,

the intensity of the C1s signal was divided by the Si2p total signal (C/Si)

as reported in Table 3. The Si2p signal can only come from the surface

of the SiO2 wafer and is therefore supposed to remain constant. The

strong increase in the relative intensity of carbon, as well as the appear-

ance of N1s peaks in both the PVCL and MG- 40K10X-coated samples

prove the efficient immobilization of the microgels on the silica wafer.

Additional evidence of efficient microgel deposition is provided by the

evolution of the S2p spectra at each step of functionalization. The mod-

erate S2p signal recorded on the blank sensor was probably due to con-

tamination residues present in the analysis chamber. However, after

microgel spin-coating, the S2p signal disappears, as expected in the case

of the formation of a microgel overlayer in both PVCL and MG-40K10X

microgel samples, a hypothesis supported by AFM imaging too (see

supporting information, Figure S8).

After immersing the wafer samples in a PBS Buffer dispersion of

BSA protein (100 mg/L) at pH 7.4, the C2 peak of the C1s spectra,

related to the fraction of the population bound to nitrogen, relatively

increases both in the blank and in the PVCL coated wafer (see

Figure 8A,B), but decreases in the MG-40K10X zwitterionic microgel

TABLE 3 Evolution of the atomic ratios upon microgel spin-
coating

Sample C/Si N/Si S/Si P/Si N/C

Blank 0.17 - 0.50 - -

PVCL 11.79 2.59 - - 0.23

MG-40K10X 11.87 0.96 - 1.45 0.08

F IGURE 8 Evolution upon BSA treatment of C1s spectra from samples (A) Blank, (B) pure PVCL microgel, and (C) MG-40K10X zwitterionic
microgel and overview spectra of BSA-treated samples showing the detected peaks (D) Blank, (E) pure PVCL microgel, and (F) MG-40K10X
zwitterionic microgel
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(see Figure 8C). Assuming that the nitrogen detected on the samples

coated with PVCL and MG-40K10X is only related to the microgel

monolayer, it is possible to use the ratio between the intensity of the

N1s signal and the intensity of the C1s signal as a qualitative indicator

of the relative abundance of nitrogen that is unique of each coating.

As reported in Table 4, upon BSA treatment, a significant decrease in

N/C ratio, around 67% was observed, in the surface coated with

PVCL, suggesting a remarkable change in the chemical composition of

the overlayer that is compatible to the hypothesis of protein

adhesion.

As no peaks within the N1s region of the spectrum could be

detected, as well as no significant changes in the atomic ratios (includ-

ing the S/C ratio), on the blank sample was observed, we can conclude

that the bare SiO2 wafer is itself very little prone to protein adhesion

(see Figure 8D).

Moreover, traces of S2p, present in the cysteines of BSA, were

detected on the same pure PVCL microgel-coated surface, suggesting

the occurrence of moderate protein adhesion (see Figure 8E). On

the other hand, no peaks in the S2p region could be observed on the

spectra collected for the sample MG- 40K10X + BSA, supporting

the hypothesis of remarkable protein-repellency (see Figure 8F).

It is thus important to rule out the hypothesis of coating detach-

ment after BSA treatment with the previously coated silica wafer sam-

ple with zwitterionic MG-40K10X microgel, to address correctly the

absence of protein adhesion on the antifouling microgel surface and

not to the exposed bare surface of the native wafer. In this sense, the

presence of the poly(phosphobetaine) (PMPC) zwitterionic coating

was suggested by the detection of a peak in the P2p region in the par-

ticular spectra of 40K10X and 40K10X + BSA, otherwise absent in all

other samples, and was ultimately confirmed by AFM imaging (see

supporting information, Figure S9). Thus, we can conclude that the

microgel coating was itself responsible for the excellent performance

as protein repellent.

6 | CONCLUSION

Briefly, we successfully synthesized zwitterionic PMPC-PVCL microgels

and integrated the system in the fabrication of antifouling substrates by

coating them on poly(ether sulfone) (PES) membranes. The adequate

incorporation of PMPC chains in the PVCL-co-PGMA-g-PMPC (PVGP)

graft copolymers underlined the success of this “grafting to” approach
for this kind of system. The incorporation of highly hydrophilic

polyzwitterionic PMPC groups increased the LCST of the graft copol-

ymer drastically compared to that of the PVG copolymer. Further-

more, the PVGP graft copolymers were converted to PMPC-PVCL

microgels, using amphiphilic PEG-NH2 diamine cross-linker with dif-

ferent molecular weights, adapting a w/o inverse mini emulsion tech-

nique. Interestingly, the dual temperature (UCST and LCST)

responsiveness of the microgels could be fine-tuned by varying the

molecular chain length of both PMPC and PEG-NH2 diamine cross-

linker. The microgels showed appreciable antibio-adhesion properties

as well, since they repelled significant amount of incoming protein

from their surfaces. The efficacy of the repulsion of protein increased

when larger molecular weight of PMPC was used, whereas it

decreased upon usage of higher molecular weight of PEG-NH2

cross-linker. Moreover, the XPS analysis of microgel-coated

silica wafers confirmed the superior protein-repellency of the

poly(phosphobetaine) (PMPC-PVCL) zwitterionic microgel compared

to pure PVCL, as no indicators of protein adhesion could be recorded.

This set of results goes on to suggest that these microgel systems

have potential to be used in biomedical applications as antifouling

components even under challenging conditions.
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