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Abstract Sulfobetaine-modified polymethylmethacrylate

(PMMA) systems were created by physically entrapping

the zwitterionic species on the PMMA surface. The pres-

ence of the sulfobetaine molecules on these surfaces were

verified by ATR–FTIR and SEM–EDAX analysis, while

wettability of the films was investigated by dynamic con-

tact angle measurements. The short-term (4 h) adhesion of

two bacterial species (gram-positive Staphylococcus aur-

eus and gram-negative Pseudomonas aeruginosa) on these

surfaces were studied. Mouse RAW 264.7 macrophage

cells were used to assess the cell adhesion and inflamma-

tory response by quantifying the expression levels of pro-

inflammatory cytokines namely TNFa and IL1b by

measuring their mRNA profiles in the cells using real-time

polymerase chain reaction (RT-PCR) normalized to the

house keeping gene GAPDH. Whilst mouse L-929 fibro-

blast cells were used to assess the propensity for the

materials to support fibroblast cell adhesion. A decrease in

the adhesion of S. aureus by 63% and P. aeruginosa by

49% was observed on sulfobetaine modified PMMA films

after 4 h. In all the cases, sulfobetaine modified PMMA

films reduced cellular adhesion events (*P \ 0.05) with

respect to the base materials, which could be linked to the

reduced protein adsorption observed on these surfaces. The

cellular inflammatory response was suppressed on sulf-

obetaine modified substrates as expression levels of pro-

inflammatory cytokines (TNFa and IL1b) was found to be

up regulated on bare PMMA, while it was significantly

lower on sulfobetaine modified PMMA (**P \ 0.001).

Thus the sulfobetaine entrapment process can be applied on

polymethylmethacrylate in order to achieve low biointer-

actions and reduced inflammatory host responses for vari-

ous biomedical and biotechnological applications.

1 Introduction

Polymers are widely used in the biomedical field for the

fabrication of medical implants and devices, including

vascular, orthopedic and ophthalmologic implants [1].

Historically, materials have been selected on the basis of

their mechanical and physical properties rather than their

biological performance. For example, medical device

associated infections have become a growing problem with

the increased utilization of these devices [2]. In many

biomedical applications the adhesion of proteins, cells and

bacteria to biomaterials causes undesirable inflammation or

infection. Also, the inflammatory host responses to

implanted biomaterials limit device integration and bio-

logical performance for most classes of medical devices

[3]. These inflammatory responses to synthetic materials

involve dynamic, multi-component and interdependent

reactions comprising biomolecule (e.g., protein) adsorp-

tion, leukocyte recruitment, adhesion and activation,

cytokine expression/release, macrophage fusion into multi-

nucleated foreign body giant cells, tissue remodeling and

fibrous encapsulation [4, 5]. The duration and intensity
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of these stages are dependent upon the extent of injury

created at the implantation site and the biomaterial physi-

cochemical properties [4].

In recent years various research groups have therefore

focused on the development of bioinert, biocompatible

coatings which can be used to minimize protein adsorption

and cellular adhesion whilst maintaining the mechanical

and physical properties of the underlying substrate [6]. The

attachment of bacteria to materials is biologically signifi-

cant as it can cause postoperative infection of medical

implants, and subsequent implant failure. Staphylococcus

aureus and Pseudomonas aeruginosa are two key organ-

isms associated with implant infections [1, 7]. In vivo

bacterial adhesion to materials follows initial conditioning

of the material with proteins found in bodily fluids [8].

Bacteria adhere to these bound proteins and create micro-

colonies which ultimately fuse to form biofilms [9] Studies

of polymeric materials have shown that 81% of infections

are caused by Staphylococcus [10]. Most of the Staphylo-

coccus sp. are also known to increase the adherence of the

opportunistic bacteria P. aeruginosa and Proteus mirabilis

[7, 11, 12].

PMMA has been selected as a model substrate because

of its recurrent use in clinical applications. PMMA finds

large use in many applications particularly in the ortho-

pedic field as bone cement and in ophthalmology as arti-

ficial intraocular lenses (IOLs). As a well known fact

biomedical devices manufactured from PMMA are prone

to non specific bacterial/cellular adhesion events [13].

Postoperative endophthalmitis after intraocular lens (IOL)

implantation is still one of the most fearsome complica-

tions of cataract surgery. Bacterial/cellular adhesion and

activation to IOLs during insertion is believed to represent

a prominent etiological factor in postoperative endoph-

thalmitis and in pseudophakic chronic intraocular inflam-

mation [14, 15]. Thus, reducing these nonspecific adhesion

events to PMMA would possibly decrease the incidence of

these diseases.

The lipid components that constitute the cytoplasm

membrane are mainly zwitterionic phospholipids and are

biocompatible in nature [16, 17]. Previously, polymers

with phospholipid headgroups have been shown to have

excellent biocompatible properties since the phosphoryl-

choline (PC) group mimics the outer cell membrane

[18–21]. Polymers with phospholipid groups have no effect

on epithelial cell migration, and show low cell adhesion

[22]. Recently, sulfobetaine structures have received

increased attention to become one of the most representa-

tive structures in the well-identified class of polymeric

zwitterionic materials [23–26].

However, there are very few reports available in the

literature regarding surface modification of polymethyl-

methacrylate (PMMA) with zwitterionic species and the

effect of these zwitterionic coatings in the context of their

antibioadherence capacity. Previously, we reported a sur-

face entrapment technique as an effective strategy for

surface modification of biomedical polymers like poly-

urethane and poly (ethylene terephthalate) [27–29]. In

present study, polymethylmethacrylate surfaces were

engineered by surface entrapment of the sulfobetaine

species during the reversible swelling of the polymer

surface region. The entrapment technique followed in the

present work does not involve any toxic reagents but uses

only aqueous solutions and also follows mild reaction

conditions. Surface changes after the modification process

were extensively probed with several spectroscopic and

microscopic analytical techniques. The biocompatibility of

sulfobetaine engineered PMMA was evaluated by their

relative resistance to protein adsorption, bacterial and

cellular adhesion events. The pro-inflammatory cytokines

tumor necrosis factor (TNF-a) and interleukin (IL1-b) are

known to be two of the most important signaling mole-

cules involved in conducting the response to foreign

materials, and their upregulation is considered to be an

accurate measure of inflammation [30]. Genetic regulation

precedes protein production, and in the current studies the

changes in TNF-a and IL1b transcript levels were quan-

tified using real-time reverse transcription polymerase

chain reaction (RT-PCR). Real-time polymerase chain

reaction is an in vitro method for enzymatically ampli-

fying defined sequences of RNA [31]. Furthermore, it is

the most sensitive, accurate, and adaptable of mRNA

quantitative techniques. Thus, in this study by using

sulfobetaine as a surface modifier the potential of sulf-

obetaine modified PMMA was evaluated in creating a

biocompatible/cell-non-adhesive surface capable of

reducing bacterial, cellular adhesion and inflammatory

responses for future tissue contacting applications of

PMMA such as that for Intraocular lenses (IOLs) and

other biomedical applications were non specific adhesion

events are not desired.

2 Materials and methods

2.1 Surface entrapment process

PMMA (medium mol wt., Alfa Aesar Co.) was obtained in

the form of powder. A solution of PMMA in Acetone

(Merck) at 50 mg/ml was used to cast films of 1.5 mm wet

thickness using a casting knife. These casted films were

cured for 6 h in an oven at 60�C to evaporate the solvent.

Acetone was used as a modification solvent for PMMA and

it was found that a dilution of acetone to 65% with

deionized filtered water (DIFW) was suitable for the

entrapment procedure. The surface modifying solution was
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then prepared by first dissolving stearyl sulfobetaine

(Sigma) in DIFW, and then adding acetone to it. The

resultant mixture consisted of 10% (w/v) stearyl sulfobe-

taine, 65% (v/v) acetone and 25% (v/v) deionized filtered

water (DIFW). PMMA films were immersed in 10 ml of

this solvent/nonsolvent mixture for 1 h, with periodic

swirling, finally the solution was quenched with an excess

of nonsolvent (*20 ml DIFW) and the treated films

transferred to water for storage. A solvent control was also

run with same acetone dilution (65% acetone but without

stearyl sulfobetaine) that creates the same degree of surface

swelling, to account for possible residual solvent effects on

various biological interactions.

2.2 Physical adsorption

The PMMA films were incubated with 10% (w/v) of

stearyl sulfobetaine in PBS pH 7.4 at 37�C for 1 h. Fol-

lowing the treatment, samples were gently washed once in

PBS.

2.3 Surface characterization

Surface analysis was performed with various spectroscopic

and microscopic analytical techniques mentioned below.

Hereby, for convenience polymethylmethacrylate, solvent

treated polymethylmethacrylate and sulfobetaine modified

polymethylmethacrylate will be abbreviated as PMMA,

PMM-AC and PMMA-SB respectively.

2.3.1 Attenuated total reflection-Fourier transform

infrared spectroscopy (ATR)–FTIR

ATR–FTIR spectra of the base and modified PMMA

samples were obtained using FT/IR-4200 (Jasco, Nether-

lands) spectrometer having a baseline horizontal ATR

accessory. Films were pressed against Zn-Se crystal and

the spectra were collected at a resolution of 4 cm-1.

2.3.2 Dynamic contact-angle and surface free energy

measurements

The hydrophobicity and heterogeneity of the polymer

surfaces were determined by advancing and receding

contact angle measurements using a Kruss Easy drop

goniometer (KRUSS, DSA II GmbH, Germany). Ultrapure

water was used as the contact angle liquid, and the mea-

surements were carried out on at least five independent

specimens.

The surface free energy of the samples were calculated

using Fowkes’s method [32], based on measurements using

three probe liquids, namely Diiodomethane (Sigma),

Formamide (Sigma) and Water (Ultrapure).

2.3.3 Scanning electron microscopy and energy dispersive

X-ray analysis (SEM–EDAX)

Energy dispersive X-ray analysis was performed to identify

and quantify the elemental composition on the surfaces

with the help of a FEI scanning electron microscope

(Model Quanta 200, USA). The analysis was performed at

20 keV beam acceleration voltages with analysis time of

100 s. The ZAF program, which does not require the

presence of any internal standard, was used to calculate the

elemental composition of the surface [33, 34].

2.3.4 Scanning electron microscopy investigation of the

entrapment structure

To characterize the surface structure of entrapped sulf-

obetaine molecules on surface of PMMA films, the speci-

men was investigated using a scanning electron

microscopy (JEOL JSM 6380, Japan). Images were col-

lected as a stack of 2-dimensional optical sections by

digitizing sequential series of images while focusing down

through the specimen.

2.3.5 Stability of surface films

The stability of the sulfobetaine entrapped PMMA films

were investigated and was compared with that of physi-

cally adsorbed PMMA. The PMMA substrates (Physically

adsorbed and surface entrapped sulfobetaine species) were

subjected to stability analysis along with the control

PMMA by ultra sound treatment [35]. Briefly, polymer

films were dried and subsequently their static contact

angles were noted. The films were then sonicated for 3 min

followed by contact angle measurements. This cycle was

repeated after gaps of 1 h each during which period the

films were equilibrated with water at 37�C. The variation

of water contact angle with the number of cycles was

monitored, which was taken as a measure of stability of the

modified films.

2.4 Protein adsorption

Bovine fibrinogen (Himedia, India) was obtained as

lyophilized powder. The buffer solution used in the protein

adsorption experiments was phosphate buffered saline

(PBS, pH 7.4). Quantification of adsorbed protein on the

polymer surfaces was performed using 125I-labelled protein.
125I-labelled protein was added to unlabelled protein solu-

tion in order to obtain a final activity of approximately 107

cpm/mg. The samples were immersed into 1 ml buffer

solution at 37�C, and then 1 ml fibrinogen solution (0.2

mg/ml) was added and mixed. Adsorption tests were carried

out at 37�C during 1 h. After protein adsorption, samples
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were rinsed three times with 2 ml of buffer solution. The

gamma activities were counted with the samples placed in

radio-immunoassay tubes by a Gamma Counter. The counts

from each sample were averaged and the surface concen-

tration was calculated from the following equation:

BFG lg/cm2
� �

¼Counts cpmð Þ Csolution lg/mlð Þ=
½Asolution ðcpm/mlÞ � Ssample ðcm2Þ�

where the Count measures the radioactivity of the samples,

the Ssample measure the surface area of the samples, Csolution

and Asolution are the concentration and the specific activity

of the protein solution, respectively. Statistical significance

was ascertained by Student’s t test and the data was

expressed as means and SD from a single experiment

performed in triplicates, which was representative of three

independent experiments (n = 3 in each group).

2.5 Short-term bacterial adhesion assays

The initial short-term (4 h) adhesion of two bacterial spe-

cies involving both gram-positive S. aureus (NCIM 5021)

and gram-negative P. aeruginosa (NCIM 5029) were

studied to understand the potential of these materials to

resist/inhibit bacterial adhesion/biofilm formation. Hun-

dred millilitres of nutrient broth (Himedia, India) was

inoculated with a single colony of bacteria from a tryptone

soya agar (Himedia, India) stock plate. The broth was

incubated at 37�C overnight in a shaking incubator. The

broth was split between 2 falcon tubes and centrifuged at

3500 rpm for 20 min. Cells were resuspended in phosphate

buffered saline (PBS, pH 7.4). This was repeated twice

more and cells were finally resuspended at a concentration

of 1 9 108 cells/ml. Polymer discs were placed in a 24

well plate. Discs were incubated in 1 ml of the

1 9 108 cells/ml for 4 h at 37�C in a shaking incubator,

rinsed in twice with PBS, then the bacteria were eluted

from the surfaces into 2 ml sterile PBS using an ultrasonic

cleaner (Perkin Elmer, USA) which involves 4 min soni-

cation followed by 1 min mild vortexing (three times). A

known volume of the sample was inoculated onto tryptone

soya agar and incubated at 37�C for 24 h. The colony

forming units were counted and the total number of bac-

teria retained calculated. Statistical significance was

ascertained by Student’s t test and the data was expressed

as means and SD from a single experiment performed in

triplicates, which was representative of three independent

experiments (n = 3 in each group).

2.6 Cell culture studies

Mouse L-929 fibroblasts and RAW 264.7 macrophage cell

lines were obtained from NCCS, Pune (India) and

maintained in Dulbecco’s modified Eagle’s medium

(DMEM, Gibco Inc., USA) supplemented with 10% v/v

fetal bovine serum (FBS, Gibco), 2 mM glutamine (Hi-

media, India) and the antibiotics penicillin and strepto-

mycin (Himedia) at recommended concentrations in a

humidified atmosphere of 5% CO2 at 37�C.

2.6.1 L-929 fibroblast cell adhesion studies

The polymer samples, each of size 1 cm2 were placed in

24-well plates and exposed to UV light for 15 min.

Fibroblast cells were seeded at a density of approximately

1 9 104 cells/ml and were incubated at 37�C, in 5% CO2

atmosphere for 4 h. Following this, the medium was dec-

anted and the polymer films were gently rinsed once with

PBS. Cell adhesion and viability was determined using a

dual staining method consisting of the membrane-permeant

substrate carboxyfluorescein diacetate succinimidyl ester

(CFDA SE) and the relatively membrane impermeant

nuclear stain propidium iodide (PI) (Molecular Probes,

Invitrogen). Briefly, the cells were stained with 5 lM

CFDA SE and 500 nM of propidium iodide (PI) in phos-

phate buffered saline (PBS, pH 7.4) and were incubated at

37�C for 15 min. After incubation, the staining solution

was decanted and the cells were subjected to further

incubation for 30 min at 37�C in PBS containing

100 lg/ml DNase-free RNase. Cells were then washed

with ice cold PBS and fixed with 4% paraformaldehyde.

After mounting in Dako cytomation fluorescent mounting

media (Dako, USA), the stained cells were examined under

a confocal laser scanning microscope (Zeiss LSM 510,

Germany) at 609 magnification. The numbers of adherent

fibroblast cells present were counted from random fields

selected across the polymer surfaces for all the samples.

Statistical significance was ascertained by Student’s t test

and the data was expressed as means and SD from a single

experiment performed in triplicates, which was represen-

tative of three independent experiments (n = 3 in each

group).

2.6.2 RAW 264.7 macrophage cell adhesion studies

The polymer samples, each of size 1 cm2 were placed in

24-well plates and exposed to UV light for 15 min. Mouse

RAW 264.7 macrophage cells were seeded at a density of

approximately 2 9 104 cells/ml and were incubated at

37�C, in 5% CO2 atmosphere for 4 h. Initially, cells were

stained using membrane-permeant substrate carboxyfluo-

rescein diacetate succinimidyl ester (CFDA SE, Molecular

Probes, Invitrogen). Briefly, the cells were stained with

5 lM CFDA SE in phosphate buffered saline (PBS, pH

7.4) and were incubated at 37�C for 15 min. After incu-

bation, the staining solution was decanted and the cells
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were subjected to further incubation for 30 min at 37�C in

PBS containing 100 lg/ml DNase-free RNase (Fermentas).

Cells were then washed with ice cold PBS and fixed with

4% paraformaldehyde. Fixed cells were rinsed twice with

PBS and mounted in dako cytomation fluorescent mounting

media containing propidium iodide (1 lg/ml) (Dako,

USA). The number of adherent macrophages present were

counted from random fields selected across the polymer

surfaces for all the samples. Statistical significance was

ascertained by Student’s t test and the data was expressed

as means and SD from a single experiment performed in

triplicates, which was representative of three independent

experiments (n = 3 in each group).

2.7 Real-time PCR analysis of pro-inflammatory

cytokine gene expression

The inflammatory response to unmodified and the sulf-

obetaine modified PMMA films was evaluated with mouse

RAW 264.7 macrophage cells by quantifying the expres-

sion levels of the secreted proinflammatory cytokines

namely TNF-a and IL1-b after 4 h. The UV sterilized

polymer films of size 1 cm2 were placed in a 24-well plate

and were incubated with RAW macrophage cells with a

cell density of 2 9 104 cells/ml at 37�C, in 5% CO2

atmosphere for 4 h, along with glass as control.

2.7.1 Total RNA extraction

The RNA of the samples taken from each time point was

extracted from the cells with TRIzol�-reagent (Invitrogen,

USA), as per the instructions of the manufacturer under

RNase free conditions. The aqueous portion was extracted

with chloroform and the subsequent RNA was precipitated

with 70% ethanol in diethylpyrocarbonate treated water

and then was purified with RNeasy column (Cat No. 74204,

Qiagen). The concentrations of RNA were determined by

UV spectrometry using Nanodrop ND-1000 (Thermo Sci-

entific, USA). The quality of RNA was checked by means

of denaturing formaldehyde agarose electrophoresis [36].

2.7.2 Deoxyribonuclease I (DNase I) treatment and

reverse transcription (RT)

Prior to reverse transcription, all RNA samples were sub-

jected to DNase I (Amersham Pharmacia) treatment at

37�C for 30 min, to remove genomic DNA contamination

thereby preventing its carryover to the RT reaction. The

samples were then mixed with 70% ethanol and further

purified using RNeasy columns (Qiagen). The purified

RNA was reverse transcribed using High Capacity cDNA

Archive Kit (Applied Biosystems) according to the man-

ufacturer’s instructions [36].

2.7.3 Primer design

The mouse gene sequences were downloaded from NCBI

database and the primers were designed using the IDT’s

SciTools Primer Quest [37]. Computational studies using

the ‘‘blastn’’ software (http://www.ncbi.nlm.nih.gov/BLA

ST/) revealed that the designed primers (Table. 1) were

unique for TNF-a, IL1-b and GAPDH (Glyceraldehyde 3

phosphate dehydrogenase). The primers, so generated were

used in Real-Time PCR experiments.

2.7.4 Real-time PCR

Real-time PCR was performed using SYBR� Green PCR

Master Mix using Applied Biosystem 7300 Real-Time

PCR System. The PCR solution contained 2.5 ll of pri-

mer mix (final concentration, 166 nM), 7.5 ll of 29

SYBR PCR mix (Applied Biosystems, Foster City, CA),

and 5 ll of the sample. Universal thermal PCR cycling

conditions suggested by Applied Biosystems were fol-

lowed and all samples were normalized to GAPDH.

Statistical significance was ascertained by Student’s t test

and the data was expressed as means and SD from a

single experiment performed in triplicates, which was

representative of three independent experiments (n = 3 in

each group).

3 Results

3.1 ATR–FTIR

The ATR–FTIR spectrum of the bare PMMA and PMMA-

AC surfaces showed no obvious difference, indicating that

solvent treatment have not changed the surface properties

of base PMMA, however the spectrum of PMMA-SB film

was notably different from the bare PMMA and PMMA-

AC films in the region between 1040 and 1050 cm-1

region (Fig. 1). The IR spectrum of PMMA-SB showed

appearance of a new sharp peak at 1040 cm-1 which could

Table 1 Primers used for the real-time PCR analysis

Gene

target

Primer sequence Orientation

TNF-a 50-AGCCGATGGGTTGTACCTTGTCTA-30 Forward

50-TGAGATAGCAAATCGGCTGACGGT-30 Reverse

IL-1b 50-TGTGAAATGCCACCTTTTGA-30 Forward

50-CCTCTTCGACACCGTCGATG-30 Reverse

GAPDH 50-TGCACCACCAACTGCTTA-30 Forward

50-GGATGCAGGGATGATGTT-30 Reverse
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be assigned to the presence of SO3
- vibrations in PMMA-

SB films, indicating successful immobilization of sulf-

obetaine species on the PMMA surface.

3.2 Dynamic contact angle and surface free energy

measurements

Both PMMA and PMMA-AC surfaces exhibited a typical

hydrophobic nature characterized by relatively high values

of advancing and receding contact angles (Table. 2).

Immobilization of sulfobetaine molecules rendered the

surfaces more hydrophilic, which was seen by reduction in

the values of both hA and hR. The PMMA-SB surface

showed much higher hysteresis than the base PMMA and

PMMA-AC, indicating that its hydration leads to even

more hydrophilic and wetted surface.

The total surface free energies and their dispersive and

polar components were calculated according to the Fow-

kes’s method and are presented in Table. 3. Overall, sur-

face free energy of the sulfobetaine modified PMMA films

showed an increase when compared to both the base

PMMA and PMMA-AC surfaces. The polar (cp) compo-

nent of the surface free energy significantly increased for

PMMA-SB films compared to base PMMA and PMMA-

AC substrates. In other words, the sulfobetaine modified

films were more hydrophilic than the original films.

3.3 SEM–EDAX analysis

The changes in the chemical composition of the surface

upon modification were also investigated by SEM–EDAX,

which provided insight into the micro-space composition

(Fig. 2). The elemental composition and the calculated O/C

ratios of the modified and unmodified PMMA films are

shown in Table 4. The spectra of base PMMA showed peaks

for carbon (65.43%) and oxygen (20.07%), whereas the

Fig. 1 ATR–FTIR spectra of a PMMA; b PMMA-AC and c PMMA-

SB films

Table 2 Dynamic contact angle analysis of the investigated PMMA

surfaces

Polymer Advancing contact

angle (hA)

Receding contact

angle (hR)

Hysterisis

(hA - hR)

PMMA 77� ± 2.0 68� ± 3.0 9�
PMMA-AC 70� ± 2.7 60� ± 3.0 10�
PMMA-SB 59� ± 3.4 40� ± 4.0 19�

Values represent mean ± SD of five measurements (n = 5)

Table 3 Surface free energy and their components of the investi-

gated PMMA surfaces

Sample Dispersion

component

(cd) (mN/m)

Polar component

(cp) (mN/m)

Surface energy

(c) (mN/m)

PMMA 23.15 14.10 37.25

PMMA-AC 22.30 15.45 37.75

PMMA-SB 15.84 25.47 41.31
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sulfobetaine modified PMMA showed the additional peak

for the presence of sulphur (4.66%). There was a significant

increase in the O/C ratio upon sulfobetaine modification.

Thus, SEM–EDAX results also indicated that sulfobetaine

has been successfully immobilized onto PMMA surfaces.

3.4 Scanning electron microscopy investigation

of entrapment structure

The cross-sectional part of the sulfobetaine modified

PMMA film is shown in Fig. 3. It can be seen in the Fig. 3a

that both sides of the PMMA film were uniformly covered

with sulfobetaine molecules. The thickness (depth) of the

entrapped sulfobetaine layer was determined from Fig. 3b

and was found to be approximately 15–17 lm,

respectively.

3.5 Stability of surface films

Ultrasound treatment is a commonly used technique to

desorb adsorbed species from surfaces [35]. A plot of the

water contact angles versus the number of sonication

cycles is shown in Fig. 4. It can be seen from the graph that

in the case of PMMA with physically adsorbed sulfobe-

taine species, the water contact angle before sonication is

66.5�, but after the first sonication cycle it raises upto 75.6�
and after second sonication cycle the contact angle is very

similar to water contact angle of bare PMMA surface. This

indicates that the sulfobetaine molecules are weakly

adsorbed and not firmly bound to the PMMA surface and

hence easily gets dislodged on sonication. On the other

Fig. 2 SEM–EDAX analysis of a PMMA and b PMMA-SB films

Table 4 Surface elemental composition by EDAX of PMMA films

modified with sulfobetaine species

Sample Weight percent (%)

C O S O/C

PMMA 65.43 20.07 – 0.30

PMMA-SB 67.08 22.71 4.66 0.33

Fig. 3 Scanning electron microscopy investigation of cross-section

part of the entrapment film. a, b SEM images of cross-sections of a

sulfobetaine entrapped PMMA film
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hand, the water contact angles of PMMA-SB film remains

at nearly constant values (around 61� ± 2) even after 4

sonication cycles which indicates that the sulfobetaine

molecules are properly entrapped and are more stable on

the PMMA surface than mere physical adsorption.

3.6 Protein adsorption

Material biocompatibility is generally considered to have

relation with protein adsorption process, because adsorbed

proteins may trigger both cellular adhesion and inflam-

matory events [35]. In the present work, unmodified and

sulfobetaine modified substrates were studied in relation to

adsorption of bovine fibrinogen in vitro. The adsorption of

bovine fibrinogen (BFG) onto modified and unmodified

PMMA surfaces from the protein solution (0.1 mg/ml) is

shown in Fig. 5. There was no significant reduction in

fibrinogen adsorption between solvent control PMMA-AC

and the bare PMMA substrates (P [ 0.05). However,

adsorption of bovine fibrinogen was reduced by around

48% on PMMA-SB substrates as compared to the bare

PMMA and by 43% compared to control PMMA-AC

substrates respectively (P \ 0.05). These results demon-

strate that surface entrapment of sulfobetaine onto PMMA

substrates could efficiently decrease fibrinogen adsorption.

3.7 Short-term bacterial adhesion assays

Statistical analysis indicated that there was no significant

reduction in adhesion of both the S. aureus and P. aeru-

ginosa species between solvent control PMMA-AC and

untreated PMMA substrates (Fig. 6a, b; P [ 0.05). But, the

PMMA-SB surface significantly reduced adhesion of both

S. aureus and P. aeruginosa when compared to PMMA and

PMMA-AC control (Fig. 6a, b; P \ 0.05) after 4 h.

Although the extent of reduction was found to be greater

for S. aureus as compared to P. aeruginosa.

3.8 L-929 fibroblast adhesion studies

Two sample t-tests of the fibroblast adhesion data indicated

that there was no significant reduction in fibroblast cell

adhesion between solvent control PMMA-AC and

untreated PMMA (Figs. 7 and 8; P [ 0.05) substrates.

However, significantly less fibroblast cells adhered to

PMMA-SB than to bare PMMA and control PMMA-AC

substrates (Figs. 7 and 8; P \ 0.05). There was no
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Fig. 6 Bacterial adhesion on materials incubated in approximately
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dent experiments (n = 3 in each group)
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evidence of material toxicity observed for the modified

materials evaluated; as no PI staining was observed and the

fibroblast cells were found to continue to grow on the tissue

culture plastic wells containing the modified materials.

3.9 RAW 264.7 macrophage adhesion studies

Two sample t-tests of the macrophage adhesion data indi-

cated that there was no significant reduction in macrophage

adhesion between control PMMA-AC substrates and

untreated PMMA (Figs. 9 and 10; P [ 0.05). However, a

significant reduction in adhesion of macrophages on

PMMA-SB was observed when compared to PMMA and

PMMA-AC control substrates (Figs. 9 and 10; P \ 0.05).

3.10 Real-time PCR analysis of proinflammatory

cytokine gene expression

The surface induced cellular inflammatory response to

various polymers were evaluated by quantifying the

expression levels of the proinflammatory cytokines namely

TNF-a and IL1-b in RAW 264.7 macropahge cells after

4 h incubation, which was normalized to housekeeping

gene GAPDH (Fig. 11). Macrophages exposed to PMMA

had a nearly 15-fold increase in TNF-a expression, and a

10-fold increase in IL1-b expression which were the

highest of all the samples. Whereas, cells exposed to

PMMA-SB had a modest 1.9-fold increase in TNF-a
(**P \ 0.001) and a 2.5-fold increase in IL1-b expression

(**P \ 0.001) respectively.

Fig. 7 Confocal laser scanning

microscopy of L-929 fibroblast

cell adhesion, after 4 h to a
PMMA; b PMMA-AC and c
PMMA-SB
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Fig. 8 L-929 mouse fibroblast adhesion to (a) PMMA; (b) PMMA-

AC and (c) PMMA-SB incubated with approximately 1 9 104 cells

after 4 h (*P \ 0.05). Values represent means ± SD from a single

experiment performed in triplicates, which was representative of three

independent experiments (n = 3 in each group)

Fig. 9 Confocal laser scanning

microscopy of RAW 264.7

macrophage cell adhesion, after

4 h to a PMMA; b PMMA-AC

and c PMMA-SB
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Fig. 10 RAW 264.7 macrophage cell adhesion to (a) PMMA; (b)

PMMA-AC and (c) PMMA-SB incubated with approximately

1 9 104 cells after 4 h (*P \ 0.05). Values represent means ± SD

from a single experiment performed in triplicates, which was

representative of three independent experiments (n = 3 in each

group)
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4 Discussion

In the recent past, various zwitterionic-based polymers

have been shown to have biocompatible properties when

used as coatings on medical devices [2, 38, 39]. Sulfobe-

taines are members of the zwitterionic betaine family of

compounds which occur widely in nature. Betaines possess

both positively and negatively charged groups within the

molecule, but have an overall neutral charge. The sulf-

obetaine analogues are synthetically cheaper to produce

than other zwitterionic ones and they can also be synthe-

sized with good control over their architecture and

molecular weight distribution, hence are potentially more

attractive for a wider range of medical applications. About

half of the Intraocular Lenses (IOLs) currently marketed

are made from PMMA and its derivatives which are the

major focus of this study. Sulfobetaine was used to modify

the surface of PMMA by the entrapment method and its

effect on various cell–material interactions was evaluated.

The entrapment structure created by this solution technique

led to a phase-mixed modifying species entangled in the

base polymer (PMMA) and present at higher concentration

near the polymer surface. The entrapment of sulfobetaine

species on PMMA surface was quite stable as ultrasoni-

cation treatment was not able to desorb the entrapped

sulfobetaine molecules from the PMMA-SB surface.

Protein adsorption is important in initial conditioning of

the material when it is implanted into the body and is

instrumental in activation of various inflammatory cas-

cades and in providing adhesion sites for cells and bacteria

on particular substrates [40, 41]. It is clear that plasma

proteins have multifacet influences on the biocompatibility

of different substrates that is probably determined by the

ability of a particular surface to adsorb, denature and

facilitate ligation of particular plasma proteins. Fibrinogen

was used as a model protein since it adsorbs to a variety of

surfaces. PMMA-SB surfaces were resistant to nonspecific

fibrinogen adsorption while bare PMMA and solvent

treated PMMA-AC surfaces showed high fibrinogen

adsorption. Thus, radioactive 125I labelled fibrinogen

results confirmed previous findings of low protein adsorp-

tion on zwitterionic surfaces [42–45]. It is likely that the

most effective biocompatible surface will be the surface on

which associated proteins are retained in their native con-

formation. The PMMA-SB surface may achieve this

through their ability to generate a hydrated surface that

mimics the natural environment encountered by plasma

proteins. The zwitterionic head group of sulfobetaine

molecules has been shown to have a tendency to strongly

bind water molecules leading perhaps to a thermodynamic

hydration barrier [40, 42]. The differences between the

PMMA-SB, PMMA-AC and bare PMMA polymers may

be a consequence of their ability to bind water. The

dynamic contact angle data would appear to support this, as

the advancing contact angle for the PMMA-SB film was

lower than both the PMMA-AC and bare PMMA films and

also upon wetting reorientation and hydration occurs with

PMMA-SB, as a result the hysteresis is much greater and

the receding angle much lower suggesting a greater

hydrophilicity and perhaps increased bound surface water.

Thus the hydrated sulfobetaine chains existing on the

PMMA-SB surface must alter the clear interface between

PMMA-SB and water to a diffuse one.

The better performance of PMMA-SB substrates in

reducing the adhesion of S. aureus and P. aeruginosa

might be due to their ability to resist both the non specific

protein adsorption and bacterial adhesion events. In addi-

tion there is clearly a difference in the adhesion of different

types of bacteria to the PMMA-SB surface. This may

reflect the differences in surface charges of the different

organisms or their propensity to adhere to different extents

to adsorbed proteins. Similarly, various research groups

have previously demonstrated that coating of zwitterionic-

based polymers, which mimic the phosphorylcholine

headgroups and with their higher hydration capacity

effectively repressed S. aureus, Streptococcus mutans,

P. aeruginosa and Candida albicans attachment, thus

findings of the present work are in general agreement with

these reports [38–41].

The mouse L-929 fibroblast cell adhesion data shows a

very clear advantage of PMMA-SB over bare PMMA in

reducing cellular adhesion. It should also be noted that

cellular adhesion is a cell-specific phenomenon that should

be considered on a type-by-type basis. The results of RAW

267.4 macrophage cell adhesion shows that with the

PMMA-SB surface have few adherent cells, and very few

of those adhered cells being activated to secrete the pro-

inflammatory cytokines TNF-a and IL1-b. Real-time PCR
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analysis of the pro-inflammatory cytokines TNF-a and IL1-

b production provided further confirmation that there were

quantitative differences in the inflammatory response of

RAW 264.7 macrophage cells to bare PMMA and PMMA-

SB surfaces. Using the notion that an active macrophage

cell produces greater amounts of given cytokines and/or

chemokines, which is common in the study of biomaterial/

cellular interactions, a cell can be defined as being in a

more activated state than at previous time points or in

comparison to other cells. The production of these cyto-

kines, proteins by activated cells may influence the

behaviors of other cells advancing a biological response

(i.e., inflammation, the foreign body reaction). Adherent

macrophages were investigated in our study for a material-

dependency in the production of pro-inflammatory cyto-

kines, which were then utilized to draw conclusions about

the activation state of these cells. Previously, cellular

activation was considered to correlate with cellular adhe-

sion. The fewer number of cells that adhere to a particular

surface, the less the overall activation of these cells

[40, 46]. This was found to be true in the present study, in

which decreasing RAW 264.7 macrophage cellular adhe-

sion decreased the resulting inflammatory effects of these

cells (i.e., cytokine production) concluding that these

adherent cell populations are less active. Thus, the PMMA-

SB surface has great advantage here, as it would be much

less likely to initiate an inflammatory response than the

bare PMMA. In addition reduced protein adsorption on the

PMMA-SB substrates might also be an important factor, as

it is generally believed that the ability to resist protein

adsorption is a prerequisite for a surface to resist non

specific adhesion events [47, 48]. This hypothesis has been

tested by several research groups, and was also tested in the

present study.

The zwitterionic nature of sulfobetaine molecules and

the hydration of sulfobetaine based PMMA substrates are

thought to be the reasons for their resistance towards non

specific protein adsorption and cell/bacterial adhesion

phenomenon. The surface electrical potentials arising from

the zwitterionic structures may also contribute to the var-

iation in proteins and cell adhesion through modification of

the electrostatic interactions between the biological mole-

cules and the surface. It is clear that further work is

required to better understand the difference in the physi-

cochemical and biological properties of these sulfobetaine

modified polymers. Some potential applications where the

use of sulfobetaine entrapment process on PMMA might be

advantageous lie in areas of tissue contacting applications

which involves materials in direct contact with tissues

where non specific protein and cell adhesion is not desired,

such as intraocular lenses (IOLs), biosensor membranes

and other non fouling biomedical applications.

5 Conclusion

It is demonstrated by means of ATR–FTIR and SEM–

EDAX analysis that sulfobetaine species can be immobi-

lized on PMMA surface through entrapment by reversible

swelling of the base polymer. Contact-angle measurements

showed that the modified films were hydrophilic in nature.

The performance of sulfobetaine modified PMMA surfaces

in cell/serum environment demonstrated the success of this

entrapment strategy, as the modified polymers showed

better ability to inhibit protein adsorption and bacterial–

cellular interactions at the PMMA surface. The inflam-

matory response as measured from the expression levels of

pro-inflammatory cytokines TNF-a and IL-1b, were sig-

nificantly lower upon exposure to modified films than that

to bare PMMA. These studies have revealed that the sulf-

obetaine entrapment approach may potentially be used to

create PMMA surfaces capable of preventing nonspecific

adhesion events and suppress surface induced cellular

inflammatory response. This entrapment strategy on

PMMA would also be useful for applications in the fields

of implanted devices and tissue engineering.
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