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A B S T R A C T

Chitosan is a renewable and chemically versatile biopolymer, but its use in fouling-prone environments is limited 
by its tendency to interact with proteins and other biological species. In this work, chains of superhydrophilic 
zwitterionic poly(carboxybetaine methacrylate) (PCBMA) were grafted onto chitosan to improve its surface 
hydration and protein resistance. PCBMA homopolymers with different molar masses were synthesized by RAFT 
polymerization and then grafted onto chitosan using a grafting-to approach. The grafting behavior depended 
strongly on PCBMA chain length: shorter PCBMA chains led to higher grafting density, while longer chains 
resulted in lower substitution because of increased steric limitations. CS and CS-g-PCBMA copolymers were then 
deposited as thin films on silicon oxide wafers by spin coating to evaluate surface morphology, wettability, and 
protein fouling. The retention of protein was studied with bovine serum albumin (BSA) as model protein. Τhis 
study showed that length and grafting density of PCBMA control the surface properties of CS-g-PCBMA thin films. 
Thin films produced from densely grafted CS with short PCBMA chains led to smooth, highly wettable, and 
protein-resistant chitosan-based coatings. These findings provide a useful strategy for designing hydrated, 
polysaccharide-based zwitterionic surfaces for antifouling applications.

1. Introduction

Chitosan has attracted attention as a versatile and renewable 
biopolymer, widely employed in drug and gene delivery [1–3], vaccine 
adjuvants [4], antibacterial wound dressings [5,6] and tissue engi
neering scaffolds [7]. Beyond medicine, chitosan has also been explored 
in dye and heavy metal removal [8], antimicrobial coatings and food 
packaging membranes [9,10]. Chitosan’s biodegradability, biocompat
ibility, and chemical reactivity, arising from its amino and hydroxyl 
groups, make it a promising building block for functional materials [11]. 
Native chitosan exhibits limited chemical stability and poor resistance to 
nonspecific adsorption of biomolecules, cells, and microorganisms, 
which restricts its performance in hydration-intensive or fouling-prone 
environments.

Chemical modification has become a key strategy to tailor chitosan’s 
properties by improving solubility, charge distribution, and interfacial 
behavior [12,13]. Controlled polymerization techniques, such as 

reversible addition–fragmentation chain-transfer (RAFT) and atom- 
transfer radical polymerization (ATRP), allow tunable graft length and 
density. For example, thermoresponsive PMEO2MA [14], PAA [15], and 
PNIPAAm [16,17] chains have been introduced onto chitosan, while 
ATRP-based approaches have been used to prepare PHEMA-containing 
chitosan surfaces [18]. Sun et al. [19] grafted PCBMA brushes from 
chitosan nanofibers and demonstrated reduced nonspecific cell adhe
sion, confirming the potential of combining chitosan with carbox
ybetaine chemistry. Nevertheless, the effect of systematically varying 
the architecture of preformed PCBMA grafts, particularly the relation
ship between PCBMA chain length, resulting grafting density, and the 
surface properties of planar chitosan-based coatings, has received much 
less attention.

Resistance to nonspecific protein adsorption is associated with the 
formation of a stable and highly hydrated interfacial layer that can 
reduce direct contact between proteins and the underlying surface 
[20,21]. Zwitterionic polymers contain oppositely charged groups 
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within the same repeat unit that can strongly bond with water via 
electrostatic interactions while remaining overall electrically neutral 
[22]. Among these materials, poly(carboxybetaine methacrylate) 
(PCBMA) is a zwitterionic polymer known for its excellent antifouling 
performance [23,24], strong hydration capability [25,26] and biocom
patibility [27,28]. PCBMA has also demonstrated reduced immune 
response and prolonged circulation time in comparison to PEG ana
logues in certain systems [29].

The antifouling performance of a zwitterionic layer is expected to 
depend on its macromolecular architecture. Parameters such as density 
and side-chain length can influence the amount of zwitterionic material 
present at the interface, steric effects between neighboring chains, chain 
accessibility, surface morphology, and the ability of the coating to 
maintain a hydrated interfacial environment [30,31]. Understanding 
the interplay between these parameters is important for designing 
chitosan-based coatings in which the beneficial properties of the poly
saccharide are combined with efficient resistance to protein fouling.

In this study, chitosan-graft-poly(carboxybetaine methacrylate) (CS- 
g-PCBMA) copolymers were synthesized via a RAFT-mediated grafting- 
to approach using PCBMA chains of different molar masses. The 
resulting graft copolymers were deposited through spin-coating as thin- 
film coatings on silicon oxide wafers to evaluate how PCBMA chain 
length and grafting density affect surface morphology, wettability, and 
protein retention. The CS-g-PCBMA copolymers were molecularly 
characterized by 1H NMR to determine composition, grafting density 
and degree of substitution. The deposited films were characterized by 
AFM, contact angle measurements, and BSA retention assay. Τhis work 
aimed to establish a direct connection between the relationship among 
composition, grafting density, surface wettability, and antifouling 
properties for zwitterionic chitosan-based coatings. The results demon
strate that dense grafting with short PCBMA chains produces smooth, 
highly wettable, and protein-resistant thin films, providing a simple 
route toward renewable polysaccharide-based antifouling biointerfaces.

2. Materials

Chitosan (Mn = 164 kDa, degree of deacetylation ≈ 90%), β-pro
piolactone (Grade II, ≥90%), 4,4′-azobis(4-cyanovaleric acid) (ACVA; 
≥98.0%), 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid 
(CPADB), bovine serum albumin (BSA; monomer ≥97%, assay ≥97% by 
PAGE) were purchased from Sigma-Aldrich and used as received. 
Ethanol (absolute, ≥99.8%, analytical reagent grade) and acetic acid 
(Glacial, Certified ACS) were purchased from Fisher Chemical. 2- 
(Dimethylamino)ethyl methacrylate (DMAEMA; 98%), was purchased 
from Sigma-Aldrich and purified by distillation before use. Water was 
purified using a commercial Hydrolab (Staszyn, Poland) ion-exchange 
system and was used for polymerization, dialysis, and aqueous solu
tion preparation.

3. Methods

3.1. Synthesis

3.1.1. Synthesis of CBMA
The synthesis of CBMA monomer was performed following a method 

by Liaw et al. [32]. Briefly, DMAEMA was reacted with β-propiolactone 
in dry acetone under argon, followed by filtration, washing with dry 
acetone, and drying. A detailed synthesis and purification procedure is 
provided in the Supporting Information and shown schematically in 
Fig. S1.

3.1.2. Synthesis of PCBMA
Three PCBMA homopolymers were synthesized via RAFT polymeri

zation. For synthesis of PCBMA40, 4-cyano-4-(phenylcarbonothioylthio) 
pentanoic acid dithioester benzoate (CPADB) (0.0144 g, 0.0515 mmol) 
was used as RAFT CTA and 4,4′-azobis(4-cyanovaleric acid) (ACVA) 

(0.0036 g, 0.0129 mmol) as radical initiator. Both were solubilized in 3 
mL of ethanol. CBMA (0.5 g, 2.18 mmol) was solubilized in 3 mL of 
deionized water. Both solutions were mixed in a round glass flask fol
lowed by 20-minute degassing using argon gas. The mixture was then 
placed in an oil bath at 70 ◦C for 8 h. The reaction was terminated via 
quenching in liquid nitrogen and exposure to air. The reaction solution 
was subjected to a 3-day dialysis in water using a 1000 Da Mn cut-off 
dialysis bag.

The conditions for PCBMA23 and PCBMA6 synthesis are described in 
SI.

3.1.3. Synthesis of CS-g-PCBMA
Synthesized PCBMAs were further used for grafting onto chitosan. 

PCBMA (0.2 g), chitosan (0.2 g) and ACVA were solubilized in water 
with 4 vol% acetic acid, purged in argon for 20 min and left to react for 
24 h at 70 ◦C. PCBMA/ACVA molar ratio was set to 4:1. Accordingly, 
1.52 mg (0.00543 mmol), 2.70 mg (0.00962 mmol), and 9.34 mg 
(0.0333 mmol) of ACVA were used for PCBMA40, PCBMA23, and 
PCBMA6, respectively. The reaction mixtures were dialyzed for 5 days in 
deionized water. Three CS-g-PCBMA copolymers were obtained and the 
final products were isolated via lyophilization.

3.2. Degree of substitution and grafting yield calculations

The composition of CS-g-PCBMA copolymers was determined from 
1H NMR spectra from characteristic peak integrals assigned to the chi
tosan backbone (denoted as j at 3.05 ppm in Fig. S6) and PCBMA grafts 
(denoted as f at ~2.9 ppm, as shown in Fig. S6). The mass fractions of 
chitosan and PCBMA in the copolymer are denoted as WCS and WPCBMA, 
respectively. The average number of PCBMA chains per chitosan chain 
was calculated according to: 

NPCBMAchainsperCSchain =
wPCBMA/Mn,PCBMA

wCS/Mn,CS
(1) 

where Mn,PCBMA is the number-average molar mass of the PCBMA pre
cursor and Mn,CS is the number-average molar mass of chitosan.

The number of CS-repeat units per chain was estimated from the 
nominal chitosan molar mass and the average repeat-unit molar mass. 
The latter was calculated from the degree of deacetylation (DD), taking 
into account the relative fractions of deacetylated D-glucosamine units 
(GlcN) and residual N-acetyl-D-glucosamine units (GlcNAc): 

MCSunit = DD × MGlcN +(1 − DD) × MGlcNAc (2) 

NCSunitsperchain =
Mn,CS

MCS,unit
(3) 

where MGlcN and MGlcNAc are the molar masses of the deacetylated 
glucosamine and acetylated N-acetylglucosamine repeat units, respec
tively, and DD is expressed as a fraction.

The degree of substitution, DS, was defined as the percentage of 
chitosan repeat units bearing one PCBMA graft: 

DS(%) =
NPCBMAgraftsperCSchain

NCSunitsperchain
× 100 (4) 

The grafting yield (GY) was defined in this work as the molar percentage 
of grafted CBMA repeat units relative to chitosan repeat units: 

GY(%) =
NPCBMAgraftsperCSchain × DPPCBMA

NCSunitsperchain
× 100 (5) 

where DPPCBMA the degree of polymerization is given from: 

DPPCBMA =
Mn,PCBMA

MCBMA
(6) 
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3.3. Thin-film preparation

Model thin-film coatings were prepared by spin coating of CS and CS- 
g-PCBMA solutions onto silicon oxide wafers cut into approximately 1 
cm × 1 cm pieces. Before coating, the wafers were cleaned sequentially 
with ethanol, deionized water and acetone, dried under an argon stream, 
and plasma-cleaned for 10 min at 20–25% generator power, immedi
ately before deposition. CS and CS-g-PCBMA samples were dissolved in 
deionized water containing 4 vol% acetic acid at concentrations of 5 and 
10 mg mL− 1 and stirred until complete dissolution. For each film, 100 μL 
of polymer solution was deposited onto the cleaned wafer surface and 
spin-coated using a two-step program: 300 rpm for 30 s, followed by 
2000 rpm for 120 s. Pure chitosan films were prepared by the same 
procedure and used as reference coatings. The samples were studied to 
evaluate the influence of CS-g-PCBMA composition and film thickness 
on surface morphology, wettability, and short-term protein retention 
under identical preparation conditions.

3.4. Protein antifouling assay

Protein retention on CS and CS-g-PCBMA coatings was evaluated 
using bovine serum albumin (BSA) as a model protein. The assay was 
adapted from established adsorption/desorption approaches used to 
study protein adsorption on solid surfaces [33,34]. Film-coated silicon 
oxide wafers with an exposed surface area of approximately 1.0 cm2 

were immersed in 1 mL of BSA solution prepared in deionized water at a 
concentration of 2 mg/mL and incubated at 37 ◦C for 1 h. The BSA so
lution pH was 7.5, checked before and after the assay. Under these 
conditions, each film was exposed to a total BSA amount of 2 mg. After 
incubation, the films were gently rinsed with deionized water to remove 
loosely associated protein.

Protein retained by the coatings was recovered by immersing each 
coated wafer in 1 mL of 6 M urea solution for 1 h. Then, the resulting 
desorption solutions were analyzed by UV–Vis spectroscopy at 218 nm 
using a 1 cm optical path length. Urea-only blanks and film-plus-urea 
blanks without prior BSA exposure were measured and subtracted 
from the corresponding sample absorbance values to account for back
ground contributions from the desorption medium and possible coating- 
derived signals.

The BSA concentration in the desorption solution was determined 
using Beer-Lambert’s law: 

Aabs = εcl (7) 

where Aabs is the absorbance at 218 nm, ε is the extinction coefficient of 
BSA in 6 M urea (6.7 mL mg− 1cm− 1), c is the BSA concentration (mg 
mL− 1), and l is the optical path length (1 cm).

The amount of retained BSA was calculated as: 

ΓBSA =
cV
As

(8) 

where ΓBSA is the amount of retained BSA normalized to the exposed 
coating area, V is the volume of the urea desorption solution, and As is 
the exposed film area. Values were expressed as µg/cm2. For each 
sample, one desorption solution obtained from the BSA-retention assay 
was analyzed three times by UV–Vis spectroscopy. The reported value 
represents the mean of the three instrumental measurements. Values 
indistinguishable from the corresponding blanks were reported as below 
the detection limit. The reported values represent the total BSA recov
ered from the coatings after urea treatment and may include both 
surface-associated protein and protein taken up within the hydrated 
polymer film.

3.5. Measurements

Molar mass measurements of PCBMA homopolymers were 

performed by size exclusion chromatography (SEC-MALS). SEC system 
comprised of a 1260 Agilent Technologies isocratic pump, column oven 
Knauer, multi-angle light scattering detector (λ = 690 nm) DAWN EOS 
(Wyatt Technologies), Dn-2010 RI refractometer detector (WGE Dr. 
Bures), Waters column Ultrahydrogel 250, 7.8 x 300 mm and the guard 
column Ultrahydrogel 6 × 40 mm. Measurements were carried out in 
0.2 M NaNO3 water solution, at a temperature of 35 ◦C, at eluent flow of 
0.5 mL/min. ASTRA 4 software (Wyatt Technologies) was used for 
recording data and performing calculations using dn/dc value of PCBMA 
(0.147 mL/g) measured in the lab.

The refractive index increment (dn/dc), necessary to calculate the 
actual mass of PCBMA homopolymers, was determined using the SEC- 
3010 dn/dc refractometer detector at a wavelength of λ = 620 nm. 
The measurement was made for five concentrations in 0.2 M NaNO3 
water solution, ranging from 0.5 g/L to 7 g/L, at a temperature of 35 ◦C. 
At least three measurements were made for each concentration. BI- 
DNDCW software was used to record data and perform calculations.

Spectra of CS, PCBMA and CS-g-PCBMA were obtained using an FT- 
IR 6700 spectrometer (Nicolet, Thermo Scientific) equipped with a 
diamond-crystal Smart Orbit™ accessory operating in attenuated total 
reflection (ATR) mode. All spectra were acquired over the range of 
500–4000 cm− 1 with 64 accumulations.

The 1H NMR spectra of all samples were recorded on a Bruker® 
Ultrashield 600 Plus spectrometer (Billerica, MA, USA) operating at 600 
MHz in D2O, containing 4 vol% acetic acid, with sodium 4,4-dimethyl-4- 
silapentane-1-sulfonate-d6 (DSS-d6) as the reference.

AFM measurements were conducted using a Dimension ICON AFM 
microscope equipped with a NanoScope V controller (BRUKER Corpo
ration, Santa Barbara, CA, US) operating in a soft tapping mode in air, 
utilizing a standard 125 μm long and 10 - 15 μm high tip and a single- 
crystal doped silicon cantilever with a flexural stiffness of 10 - 130 N 
m− 1 (Model PPP-NCH 10, NANOSENSORS, Neuchatel, Switzerland). 
Images were obtained with a piezoelectric scanner having a nominal size 
of 85 μm × 85 μm size and recorded using NanoScope Analysis 1.9 
Software (BRUKER Corporation, Santa Barbara, CA, US), with the most 
representative images selected from three measurements taken on 
multiple samples. The approximate thickness of the polymer film was 
determined by scratching the polymer layer on the surface using the 
same AFM tip in contact mode over a 1 × 2 μm area. The scratched 
region was then imaged in tapping mode over a 5 × 5 μm area. The 
approximate CS and CS-g-PCBMA thin-films thickness was estimated 
from a single topographical cross-section measured across the scratched 
region.

Static contact angle measurements (θ) of the modified surfaces were 
performed using a CAM101 contact angle goniometer (KSV Instruments) 
equipped with a temperature-control unit, an intelligent digital 
controller OMRON 5EGN with an accuracy of ±1 ◦C, connected to a 
thermostatically controlled chamber. Water contact angles were 
measured in air using the sessile-drop method. A series of images of a 
water droplet, approximately 3 µL, was collected over 30 s, and the 
average contact angle was calculated. Three independently prepared 
films were analyzed for each coating condition with three droplets 
measured at different positions on each film. The mean contact angle for 
each film was calculated from the three droplet measurements and the 
results are reported as the mean ± standard deviation of three inde
pendently prepared films (n = 3).

Scanning electron microscopy (SEM) studies of CS, CS-g-PCBMA23 
and CS-g-PCBMA6 were performed using a Quanta 250 FEG (FEI/ 
Thermo Fisher Scientific) device, using low-vacuum techniques at 
accelerating voltages ranging from 5.0 to 15.0 kV.

4. Results and discussion

4.1. Synthesis and molecular characterization

Three PCBMA homopolymers with different molar masses were 

T. Sentoukas et al.                                                                                                                                                                                                                              Applied Surface Science 754 (2027) 168516 

3 



synthesized for subsequent grafting onto CS backbone. PCBMA was 
prepared via RAFT polymerization using CPADB as RAFT CTA and 
ACVA radical initiator in water/ethanol mixture, as shown in Fig. S2. 
This synthetic route is based on previous experiments in the laboratory 
for CBMA monomer. 1H NMR spectra of all PCBMA homopolymers are 
presented in Fig. S3. 1H NMR spectrum of pristine CS is presented in 
Fig. S4. Molar masses of the PCBMA samples were 9200 Da (DP = 40), 
5200 Da (DP = 23) and 1500 Da (DP = 6), measured by SEC-MALS in 
water, using dn/dc of PCBMA (0.147 mL/g), as shown in Fig. S5. The 
corresponding data for the synthesized polymers and their graft co
polymers are summarized in Table 1.

PCBMA homopolymers of different lengths were used to prepare 
grafted chitosan, allowing the effect of grafted chain length to be 
examined on the properties of modified CS. The grafting-to reaction was 
carried out in aqueous solution containing 4 vol% acetic acid, using 
ACVA as the radical initiator (Fig. 1). Thermal decomposition of ACVA 
generates radicals that can activate the thiocarbonylthio end group of 
the PCBMA macroCTA, producing PCBMA macroradicals. In parallel, 
radical sites may be generated on the deacetylated amino groups of CS. 
Similar radical-mediated grafting mechanisms have been previously 
proposed by Zaharia et al. [16], that grafted PNIPAAm onto the amine 
groups of CS via radical coupling. In our study, the formation of CS-g- 
PCBMA is proposed to occur through radical coupling between 
PCBMA macroradicals and chitosan radical sites associated with the 
amine groups, as shown in Fig. 1.

The 1H NMR spectra of all studied CS-g-PCBMA copolymers are 
presented in Fig. S6a–c. The characteristic region of the 1H NMR spec
trum of CS-g-PCBMA23 in D2O containing 4 vol% acetic acid is shown in 
Fig. 2, together with the corresponding spectra of CS and PCBMA23. For 
CS, the H2 proton of the glucosamine units (signal j) was observed at δ =
~3.06 ppm, while the remaining characteristic chitosan backbone sig
nals assigned as k, l, and m appeared in the δ = ~3.8–3.5 ppm region. 
PCBMA23 exhibited characteristic resonances at δ = 3.7 ppm (e), 3.58 – 
3.45 ppm (g), 2.88 ppm (f), and 2.67 ppm (h), according to the as
signments shown in Fig. 2. Signal f, assigned to the nitrogen-bound 
methyl groups of PCBMA, appeared at δ = 2.88 ppm [35]. The CS-g- 
PCBMA23 spectrum contained characteristic signals originating from 
both the chitosan backbone and PCBMA grafts, including the chitosan 
signal j at δ = ~3.07 ppm and the PCBMA signal f at δ = ~2.87 ppm. The 
simultaneous presence of these characteristic resonances was used for 
the compositional analysis of the CS-g-PCBMA copolymers.

ATR-FTIR spectra of pristine chitosan, PCBMA23 and CS-g-PCBMA23 
shown in Fig. 3 confirmed the presence of characteristic peaks associ
ated with both chitosan and PCBMA23 in the CS-g-PCBMA23. The peaks 
at 1700 cm− 1 and 1570 cm− 1 correspond to the stretching vibrations of 
ester (− O–C=O) and carboxylate (− O–C=O⁻) groups, while peak at 
1150 cm− 1 corresponds to the stretching vibrations of C–N [36] in 
PCBMA, whereas the peaks at 1670 cm− 1 and 1010 cm− 1 indicative of 
chitosan are assigned to carbonyl (–CO) and ether (− C–O–C) groups, 
respectively [37].

Based on 1H NMR spectra and the molar mass values, degree of 
substitution (DS) and grafting density (GY) of each CS-g-PCBMA 
copolymer were calculated using equations (4) and (5) respectively 
(Table 1). For the longest grafts (DP 40), each chitosan chain was linked 

to on average 8 PCBMA side chains, corresponding to a substitution 
degree of 0.8% and a grafting yield of 31%. Reduction of PCBMA chain 
length to DP 23 caused the increase of the number of grafts to 21 per 
chitosan chain, raising the substitution degree to 2% and grafting yield 
to 49%. Τhe shortest PCBMA chains (DP = 6) led to the highest grafting 
density with approximately 73 side chains per chitosan chain, substi
tution degree of 7% and grafting yield of 44%. The CS-g-PCBMA co
polymers exhibited a clear inverse relationship between graft length and 
substitution density: shorter PCBMA chains attached more numerously 
to the chitosan backbone, whereas longer chains resulted in fewer but 
heavier grafts.

When compared with relevant data concerning grafted chitosan, the 
CS-g-PCBMA copolymers prepared in this study exhibited substitution 
degrees that were within the typical range observed for other grafted 
chitosan systems. These values were comparable to those reported by 
Dasgupta et al. [14] for PMEO2MA (~3–12%), Ünlü et al. [38] for 
polyester grafts (~2–6%), and Lepoittevin et al. [18] for PHE
MA–co–PF7 (up to ~10%). In some studies the grafting of chitosan was 
described as grafting percentage by mass; for PNIPAAm (Jiang et al. 
[17], Zaharia et al. [16], PAA (Hua et al. [15], Abbasian & Mahmood
zadeh [39], or mPEG–b–PAA grafts (Liu et al. [40], typical values ranged 
from 30% to 60%. These corresponded to relatively low site occupancies 
of approximately 1–3% when converted to substitution degree. Abbasi 
et al. [41] reported even lower substitution levels for PEG grafts, be
tween ~0.24% and ~7%, depending on the chitosan molar mass. The 
substitution degrees obtained for CS-g-PCBMA are within the expected 
range for grafted chitosan derivatives reported in the literature.

4.2. Thin-film studies

The hydrophilic modification of chitosan chain would influence the 
copolymers’ properties when placed on a planar surface. To correlate 
grafting density of CS-g-PCBMAs with their antifouling properties, thin- 
films were prepared via spin coating. They were initially measured by 
AFM to investigate film thickness and surface morphology, followed by 
contact angle measurement and protein antifouling studies. All results 
are shown in Table 2 and 3. In case of CS-g-PCBMA40, homogeneous thin 
films could not be obtained as it did not fully dissolve under the applied 
conditions and instead produced large, visible gel-like particles.

4.2.1. AFM studies
AFM studies for pure CS films prepared from 5 and 10 mg/mL so

lutions shown in Fig. 4 and Fig. S7 and thickness, measured by surface 
scratch, was 36 nm and 90 nm, respectively. Film surfaces are smooth 
and homogeneous, with only sparse nanoscale features interrupting the 
flatness. Small brighter regions and occasional aggregates appeared, 
slightly more noticeable at the higher concentration. In any case, the 
overall morphology remained continuous and uniform, without signs of 
major roughness or phase separation. The CS surfaces exhibited sub- 
nanometer roughness, with estimated Rq values of approximately 0.8 
nm for the 5 mg/mL solution film and 1.0 nm for the 10 mg/mL solution 
film.

The morphology of the CS-g-PCBMA23 thin films is shown in Fig. 5
and Fig. S8, respectively for 5 mg/mL and 10 mg/mL concentration of 

Table 1 
Molecular characteristics of CS-g-PCBMA copolymers.

Sample Chitosan Mn 

[Da]
PCBMA Mn 

[Da]
DP of 
PCBMA

Chitosan [wt% 
]**

PCBMA [wt 
%]**

PCBMA chains per CS chain 
(Eq. (1)

GY [%] (Eq. 
(5)

DS [%] (Eq. 
(4)

CS-g- 
PCBMA40

164,000 9200* 40 70 30 8 31 0.8

CS-g- 
PCBMA23

164,000 5200* 23 60 40 21 49 2

CS-g-PCBMA6 164,000 1500* 6 60 40 73 44 7

* Calculated via SEC.
** Weight % in copolymer calculated via 1H-NMR.
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spin-coated solutions. For the CS-g-PCBMA23 5 mg/mL, AFM micro
graphs revealed a continuous and homogeneous film with a finely 
textured topography composed of nanoscale protrusions and shallow 
depressions distributed uniformly across the surface, with peak-to- 
valley differences within ±15 nm. The overall film thickness was 45 
nm, measured by surface scratch, the root-mean-square (Rq) roughness 
of 2.37 nm and average roughness (Ra) of 1.92 nm.

The surface of CS-g-PCBMA23 prepared from 10 mg/mL solution 
(Fig. S8) displayed a continuous and compact structure with a slightly 

more pronounced nanoscale texture compared to the thinner film. The 
3D representation revealed rounded hill-like features and shallow de
pressions distributed uniformly across the surface, with height varia
tions within ±15 nm. The film thickness was measured at 100 nm, with 
the root-mean-square (Rq) roughness of 3.39 nm, and average roughness 
(Ra) 2.81 nm.

Thin films of densely grafted CS-g-PCBMA6 copolymers prepared 
from 5 mg/mL solutions formed highly compact and homogeneous 
surfaces, as shown in Fig. 6. The thickness was 40 nm. The height 

Fig. 1. Proposed reaction route of PCBMA grafting onto CS in water containing 4 vol% of acetic acid.

Fig. 2. Part of 1H NMR spectra of (a) chitosan (b) PCBMA23 and (c) chitosan-g-PCBMA23 in D2O (4 vol% acetic acid).
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variation remained within ±20 nm, with Rq at 0.58 nm and Ra at 0.46 
nm, indicating an exceptionally smooth coating. For 10 mg/mL solu
tions thickness increased to 90 nm (Fig. S9) and maintained a highly 
uniform, densely packed morphology without phase separation or par
ticulate features. Both 2D and 3D images showed a narrow height 

variation of ±20 nm, while Rq and Ra were 0.52 and 0.41 nm, 
respectively.

The morphology of CS films studied here by AFM are similar to those 
reported in the literature. Garreau et al. [42] reported ultrasmooth 
chemically grafted chitosan films on silicon wafers, with RMS roughness 
values below 2 nm for thin spin-coated films. Similar nanoscale rough
ness values have also been reported for pristine chitosan films prepared 
by casting. Jakubowska et al. [43] reported Rq values of 1.1 ± 0.2 and 
2.0 ± 0.2 nm for unmodified chitosan films with different degrees of 
deacetylation. A grafting-induced smoothing effect was reported for 
chitosan-g-PVP copolymers [44], where AFM showed that grafting 
reduced the rugged, scaly morphology of native chitosan and decreased 
the average roughness from 8.79 to 6.3 nm.

4.2.2. SEM studies
SEM imaging provided complementary information on the larger- 

scale morphology of all thin-film samples (Fig. 7 and Fig. S10). Both 
CS films exhibited continuous and generally smooth surfaces with sparse 
isolated particulate features. CS-g-PCBMA23 coatings showed a more 
heterogeneous morphology, characterized by dispersed rounded surface 
features. CS-g-PCBMA6 coatings displayed the most uniform and 
featureless surfaces among the investigated samples. No large-scale 
cracking or porous morphology was observed for any of the coatings 
at the investigated scale. These observations were consistent with the 
AFM results, which also indicated particularly smooth surfaces for the 
densely grafted CS-g-PCBMA6 coatings.

4.2.3. Contact angle studies
Contact angle measurements of samples reflect the impact of both 

composition and film thickness (Fig. 8). The bare silicon-oxide wafer 
(Fig. 8a) showed a contact angle of ~44◦ ± 3, measured 1 h after 
plasma-cleaning.

CS films prepared from 5 mg/mL solutions exhibited a water contact 
angle of 51 ± 5◦. CS films prepared from 10 mg/mL solutions showed a 
lower value of 38 ± 3◦. The difference between the two preparation 
conditions indicates a change in the wettability of the resulting CS films. 
Іncreasing the polymer concentration resulted in an increase in film 
thickness from approximately 36 to 90 nm and may have influenced film 
formation, surface organization, and morphology. The measured 
contact-angle values remain within the range previously reported for 
chitosan-based thin films [42,45]. Garreau et al. [42] reported values 
around 62◦ for spin-coated chitosan on silicon, while Lee et al. [45]
observed a broader range of contact angles ~40–70◦ depending on 
preparation and blending with other components.

Thin films prepared from 5 mg/mL CS-g-PCBMA23 solutions dis
played a contact angle of ~10 ± 2◦, while for 10 mg/mL solutions of 18 

Fig. 3. ATR-FTIR spectra of (a) chitosan, (b) PCBMA23 and (c) CS-g-PCBMA23.

Table 2 
Thin-film characteristics.

Sample Solution 
concentration 
(mg/mL)

Film 
thickness 
(nm)

Ra (nm) Rq (nm)

CS 5 36 0.64 ±
0.1

~0.80 ±
0.2

CS 10 90 0.81 ±
0.1

~1.00 ±
0.2

CS-g- 
PCBMA23

5 45 1.92 ±
0.1

2.37 ± 0.2

CS-g- 
PCBMA23

10 100 2.81 ±
0.3

3.39 ± 0.4

CS-g- 
PCBMA6

5 40 0.46 ±
0.1

0.58 ± 0.2

CS-g- 
PCBMA6

10 90 0.41 ±
0.2

0.52 ± 0.1

Table 3 
Characteristics of CS and CS-g-PCBMA thin films and their behavior towards BSA.

Sample 
Type

Concentration (mg/ 
mL)

Thin film thickness 
(nm)a

Contact 
Angle

BSA retention 
(µg/cm2)b

Relative BSA retention % of CS 
prepared from 5 mg/mL

BSA retention reduction % vs CS 
prepared from 5 mg/mL

wafer − − 44 ± 3o bdl 0 100
CS 5 36 51 ± 5o 156 100 0
CS 10 90 38 ± 3o 146 94 6
CS-g- 

PCBMA23

5 45 10 ± 2o 90 58 42

CS-g- 
PCBMA23

10 100 18 ± 3o 132 85 15

CS-g- 
PCBMA6

5 40 17 ± 4o 120 77 23

CS-g- 
PCBMA6

10 90 8 ± 2o bdl 0 100

bdl: below detection limit.
For samples with BSA retention below the detection limit, relative retention and reduction were reported as 0% and 100%, respectively, within the sensitivity of the 
assay.

a Measured by AFM.
b Measured by UV–Vis and calculated via Eqs. (7) and (8).
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Fig. 4. (a) two-dimensional and (b) three-dimensional AFM images of CS thin films prepared from 5 mg/mL solutions (scale: 2 × 2 um).

Fig. 5. (a) two-dimensional and (b) three-dimensional AFM images of CS-g-PCBMA23 prepared from 5 mg/mL solution (scale: 2 × 2 um).

Fig. 6. (a) two-dimensional and (b) three-dimensional AFM images of CS-g-Pcbma6 prepared from 5 mg/mL solutions (scale: 2 × 2 um).

Fig. 7. SEM images of (a) CS (5 mg/mL, thickness 36 nm), (b) CS-g-PCBMA23 (5 mg/mL, thickness 45 nm) and (c) CS-g-PCBMA6 (5 mg/mL, thickness 40 nm).
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± 3◦. These low angles indicate extremely high hydrophilicity and 
indicate increased wettability compared to CS.

CS-g-PCBMA6 thin films prepared from 5 and 10 mg/mL solutions 
exhibited contact angles of 17 ± 4◦ and 8 ± 2◦, respectively, as shown in 
Fig. 8f and Fig. 8g. These values indicate highly wettable surfaces of 
superhydrophilic behavior. The very low contact angle indicates a 
highly wettable surface and is consistent with the strong hydrophilic 
character introduced by the PCBMA-containing coating.

4.2.4. Protein fouling studies
The protein fouling behavior of CS and CS-g-PCBMA thin-film coat

ings was evaluated using BSA as a model protein and the results are 
summarized in Table 3. In this work, BSA retention refers to the amount 
of BSA that remained associated with the thin films after washing, 
normalized to the exposed coating area, using a combination of eq. (7) 
and (8). The relative BSA retention put in the column of Table 3 ex
presses each value as a percentage of the CS film prepared from the 5 
mg/mL solution. The final column of Table 3, BSA retention reduction vs 
CS, shows the percentage decrease in BSA retention compared with the 
CS film prepared from the 5 mg/mL solution. Pristine CS films were used 
as the reference coatings and the bare silicon oxide wafer served as a 
substrate control.

Pure CS thin films showed the highest BSA retention. This behavior 
reflects the known ability of chitosan to interact with proteins through 
electrostatic interactions, hydrogen bonding, and polymer-protein 
complexation [46–48].

PCBMA grafting was associated with reduced BSA retention relative 
to pristine CS under the investigated conditions. The CS-g-PCBMA23 film 
prepared from the 5 mg/mL solution showed a relative BSA retention of 
58%, corresponding to a 42% reduction compared with the CS reference. 
A weaker reduction of 15% compared to pure CS surface was measured 
for the thicker CS-g-PCBMA23 film (100 nm) prepared from 10 mg/mL 
solution indicates that the protein-retention behavior was affected not 
only by chemical composition, but also by film thickness and surface 

morphology (Fig.S8).
The film prepared from 5 mg/mL solution of CS-g-PCBMA6 showed 

77% relative BSA retention, corresponding to a 23% reduction 
compared with the CS reference. The strongest antifouling effect was 
observed for CS-g-PCBMA6 thin films prepared from the 10 mg/mL so
lution, where BSA retention was below the detection limit. This corre
sponds to almost complete reduction within the sensitivity of the assay 
and identifies this coating as the most protein-resistant sample in this 
study. This result is consistent with high grafting density of copolymer 
chains, very low water contact angle of 8◦, and smooth AFM and SEM 
morphology (Fig. S9 and S10).

The reduced BSA retention observed for CS-g-PCBMA films was also 
observed for other modified chitosan-based antifouling coatings. Sun et 
al [19] showed that PCBMA brushes on CS nanofibers strongly sup
pressed nonspecific cell adhesion, while CS membranes modified with 
sulfobetaine-containing grafts showed reduced bacterial and blood-cell 
attachment [49,50]. CS-based hydrogel coatings containing poly(gly
cidyl methacrylate) and zwitterionic poly(phosphorylcholine) have also 
shown strong protein-fouling resistance, reducing the adsorption of 
fibrinogen, immunoglobulin, and lysozyme by approximately 90% 
compared with unmodified polyethylene [51]. Other chitosan-based 
systems with grafted chains, including CS/AgNP-grafted membranes 
[52], PEGylated chitosan coatings [53] and multilayers of ionic de
rivatives of chitosan [54] have also demonstrated improved resistance to 
bacterial adhesion, biofilm formation, and membrane biofouling.

5. Conclusions

Three PCBMA homopolymers with different chain lengths synthe
sized by RAFT polymerization were grafted onto chitosan through a 
proposed radical-coupling mechanism, producing copolymers with 
distinct grafting densities. The PCBMA chains had degrees of polymer
ization of 40, 23, and 6, corresponding to molar masses of 9200, 5200, 
and 1500 Da, respectively. Shorter PCBMA chains were grafted densely 
onto the chitosan backbone, while longer chains showed lower incor
poration due to steric hindrance during the grafting-to reaction.

CS and CS-g-PCBMA copolymers were deposited as model thin films 
on silicon oxide wafers by spin coating. The films were examined to 
observe how PCBMA grafting affected surface morphology, wettability, 
and BSA retention. CS-g-PCBMA6 formed the smoothest and most ho
mogeneous films, as shown by AFM. These films also showed the 
strongest increase in wettability, compared to the others, reaching a 
water contact angle of 8◦ for the coating prepared from the 10 mg/mL 
solution. This indicated that dense grafting of short PCBMA chains on 
chitosan backbone allows to produce superhydrophilic coating on sili
con oxide wafer.

The BSA retention results showed that pure CS films retained protein, 
whereas surfaces coated with PCBMA-grafted CS exhibited improved 
resistance to protein fouling. The influence of grafting density was most 
evident for CS-g-PCBMA6 prepared from the 10 mg/mL solution, for 
which BSA retention was below the detection limit.

This work demonstrated how PCBMA chain length and grafting 
density can control the surface behavior of CS-g-PCBMA thin films. 
Dense grafting with short PCBMA chains produced smooth, highly 
wettable, and protein-resistant chitosan-based coatings. These findings 
provide a simple strategy for designing zwitterionic chitosan materials 
with improved hydration and antifouling properties.
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[46] V. Boeris, B. Farruggia, G. Picó, Chitosan–bovine serum albumin complex 
formation: a model to design an enzyme isolation method by polyelectrolyte 
precipitation, J. Chromatogr. B: Anal. Technol. Biomed Life Sci. 878 (2010) 
1543–1548, https://doi.org/10.1016/j.jchromb.2010.04.008.

[47] Y. Xie, J. Ding, Y. Li, P. Wei, S. Liu, R. Yang, The formation of protein–chitosan 
complexes: their interaction, applications, and challenges, Foods 13 (2024) 3572, 
https://doi.org/10.3390/foods13223572.

[48] L.S. Estevam, H.S. Debone, C.M.P. Yoshida, C.F. Da Silva, Adsorption of bovine 
serum and bovine haemoglobin onto chitosan film, Adsorpt. Sci. Technol. 30 
(2012) 785–792, https://doi.org/10.1260/0263-6174.30.8-9.785.

[49] X. Zhai, B. Chen, Y. He, L. An, S. Chen, X. Yan, Y. Zhang, J. Meng, A novel loose 
nanofiltration membrane with superior anti-biofouling performance prepared from 
zwitterion-grafted chitosan, J. Taiwan Inst. Chem. Eng. 132 (2022) 104191, 
https://doi.org/10.1016/j.jtice.2021.104191.

[50] H.-T. Lin, A. Venault, Y. Chang, Zwitterionized chitosan based soft membranes for 
diabetic wound healing, J. Membr. Sci. 591 (2019) 117319, https://doi.org/ 
10.1016/j.memsci.2019.117319.

[51] J. Xv, H. Li, W. Zhang, G. Lai, H. Xue, J. Zhao, M. Tu, R. Zeng, Anti-biofouling and 
functionalizable bioinspired chitosan-based hydrogel coating via surface photo- 
immobilization, J. Biomater. Sci. Polym. Ed. 30 (2019) 398–414, https://doi.org/ 
10.1080/09205063.2019.1570435.

[52] Q.X. Duong, N.H. Do, H.T. Pham, T.H.A. Ngo, The enhancement of antibacterial 
and anti-biofouling properties of chitosan/silver nanoparticles-grafted composite 
polyamide membrane, J. of Applied Polymer Sci. 140 (2023) e54440, https://doi. 
org/10.1002/app.54440.

[53] D. Yu, F. Ye, S. Dobretsov, J. Dutta, Antifouling activity of PEGylated chitosan 
coatings: impacts of the side chain length and encapsulated ZnO/Ag nanoparticles, 
Int. J. Biol. Macromol. 281 (2024) 136316, https://doi.org/10.1016/j. 
ijbiomac.2024.136316.
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