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Abstract

In this work, we report a study of long-chain zwitterionic poly(sulfobetaine methacrylate)
(pSBMA) surfaces grafted via atom transfer radical polymerization (ATRP) for their resistance to
bacterial adhesion and biofilm formation. Previously, we demonstrated that p(SBMA) is highly
resistant to nonspecific protein adsorption. Poly(oligo(ethylene glycol) methyl ether methacrylate)
(pPOEGMA) grafted surfaces were also studied for comparison. Furthermore, we quantify how
surface grafting methods will affect the long-term biological performance of the surface coatings.
Thus, self-assembled monolayers (SAMs) of alkanethiols with shorter-chain oligo(ethylene
glycol) (OEG) and mixed SO37/N*(CHs)3 terminated groups were prepared on gold surfaces. The
short-term adhesion (3 h) and the long-term accumulation (24 h or 48 h) of two bacterial species
(Gram-positive Staphylococcus epidermidis and Gram-negative Pseudomonas aeruginosa) on
these surfaces were studied using a laminar flow chamber. Methyl (CH3) SAM on gold and a bare
glass were chosen as references. p(SBMA) reduced short-term adhesion of S. epidermidis and P
aeruginosa relative to glass by 92% and 96%, respectively. For long-term biofilm formation,
qualitative images showed that p(SBMA) dramatically reduced biofilm formation of S.
epidermidis and P. aeruginosa as compared to glass.

Introduction

Microbial adhesion onto surfaces and subsequent formation of biofilm are critical issues for
many biomedical and engineering applications. Generally, the initial step in biofilm
formation is a nonspecific, reversible attachment of bacteria to substratum surfaces. Once
permanently attached, bacteria start to synthesize insoluble exopolysaccharides (EPS) that
encase the adherent bacteria in a three-dimensional matrix [1]. With the accumulation of
EPS and the reproduction of bacteria, colonies develop into mature biofilm. The EPS matrix
not only helps the cell to adhere to a substratum and trap nutrients from the water due to
charged and neutral polysaccharide groups, but the EPS matrix also protects bacteria from
immune host responses, predators, and antimicrobial agents [1]. Therefore, one of the most
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effective methods to prevent the formation of biofilm is to avoid or reduce the initial
adhesion of bacteria to a surface. Although the initial stage of nonspecific attachment of
bacteria onto a surface is a key determinant in the subsequent formation of biofilm, the
molecular basis of nonspecific bacterial adhesion to artificial surfaces is not yet fully
understood. In order to suppress the attachment of microorganisms onto the surfaces, the
most commonly used method is to graft surfaces with hydrophilic polymers, such as
poly(ethylene glycol) (PEG) derivatives and more recently phosphorylcholine (PC)-based
polymers.

It has been shown in several previous studies that PEG-coated surfaces can reduce bacterial
adhesion as compared to their control samples over a short period of time (e.g., 3 hours),
such as Streptococcus mutans on PEG-coated polystyrene by Harris et al[2], P, aeruginosa
on a set of plasma deposited PEG-like film by Johnston et a/[3], S. epidermidis, S. aureus,
S. salivarius, E. coli, and P. aeruginosa on PEG-brush coated glass by Roosjen et a/[4],
Pseudomonas sp. on PEG-grafted surfaces by Kingshott et a/[5], S. aureus on
oligo(ethylene glycol) (OEG) self-assembled monolayers (SAMs) by Cooper and Tegoulia
[6], and for S. aureusand S. epidermidis on OEG SAMs by Ostuni et a/[7]. Recently,
various factors influencing microbial adhesion to PEG brushes (i.e., PEG chain length and
adsorbed protein) were systematically studied. Roosjen et al. observed that long-chain PEGs
were more effective than short-chain OEG at resisting adhesion of 2 aeruginosa, although
the length of PEG brush only slightly influenced the adhesion of S. epidermidis [4]. PEG
was also observed to suppress the adhesion of S. epidermidis for 24 h in PBS, for 48 h in
urine, and for only 4 hours in saliva due to various proteins from the complex mediums used
[8]. It is often assumed that a surface resistant to nonspecific protein adsorption will also
resist bacterial adhesion/biofilm formation. However, Kingshott ef a/[9] reported that
stainless steel modified with PEG resists protein adsorption, but not bacterial adhesion.
Whitesides and coworkers [7] observed that the ability to reduce protein adsorption at a
surface did not correlate with the ability to reduce bacterial adhesion. Although PEG-coated
materials can effectively resist nonspecific protein adsorption and short-term bacterial
adhesion, PEG coatings have limited success in preventing long-term biofilm formation [4].
Furthermore, PEG is a polyether that autoxidizes relatively rapidly, especially in the
presence of oxygen and transition metal ions [10]. Most biochemically relevant solutions
contain transition metal ions. It was reported that PEG decomposed after exposed to air for
one week at 45°C and after one month at 20°C. /n vivo the hydroxyl groups of PEG can be
oxidized enzymatically to aldehydes and acids, allowing proteins and cells to attach [10].
The susceptibility of PEGs to oxidation damage reduces their utility for applications that
require long-term material stability.

The lipid components that constitute the cytoplasm membrane are mainly zwitterionic
phospholipids and are believed to be nonthrombogenic [11, 12]. In early studies by
Whitesides and coworkers, both phosphorylcholine and sulfobetaine SAMs greatly reduced
nonspecific protein adsorption, but could not proportionally suppress the attachment of S.
aureus and S. epidermidis under static conditions [7]. Lewis showed that surfaces coated
with a MPC-co-DMA copolymer reduced £. coli adhesion by 90% compared to uncoated
latex, silicone, polyurethane (PU) and polyvinyl chloride (PVC) surfaces after 18 h
incubation [13]. Hirota et a/observed that MPC coated surfaces repressed S. aureus,
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Streptococcus mutans, P. aeruginosaand Candida albicans attachment by at least 95%
compared to uncoated surfaces, and the dramatically reduced bacterial attachment was
attributed to the strong hydration capacity of MPC-based surfaces [14]. Our recent studies
demonstrated for the first time that zwitterionic pPSBMA [15, 16] and poly(carboxybetaine
methacrylate) (0)CBMA) [17] surfaces are highly resistant to nonspecific protein adsorption
(i.e., fibrinogen adsorption of < 0.3 ng/cm?). However, the resistance of p(SBMA) to
bacterial adhesion and biofilm formation has not been investigated.

The objectives of this work are to (1) determine the capacity of zwitterionic pSBMA coated
surfaces resisting nonspecific attachment and biofilm formation of two bacterial strains —
Gram-positive S. epidermidis and Gram-negative £, aeruginosa, and (2) explore the
relationship between bacterial attachment/biofilm formation and the thickness of the
surfaces. Long-chain pPSBMA and pOEGMA were prepared via atom transfer radical
polymerization (ATRP) while short-chain mixed SO37/N*(CH3)3 (SA/TMA) and OEG
alkanethiols were self-assembled onto gold surfaces. Previously, it was shown [7, 18, 19]
that SA/TMA is highly resistant to nonspecific protein adsorption. A methyl SAM on gold
and a bare glass slide were used as references. The short-term attachment of two bacteria
was determined in PBS buffer for 3 h and the long-term biofilm formation was examined in
growth medium for 24 h for A aeruginosa and 48 h for S. epidermidis. Results showed that
pSBMA and pOEGMA not only effectively resist nonspecific protein adsorption, but also
dramatically reduce bacterial adhesion and biofilm formation. Although OEG and mixed
SA/TMA SAM suppressed bacterial adhesion for three hours, both surfaces failed to prevent
biofilm formation after 24 h. Failure of the SAMs in the long-term study is believed to be
caused by their lack of stability on gold surfaces.

Materials and methods

Chemicals

Poly(ethylene glycol) methyl ether methacrylate, bromoisobutyryl bromide (BIBB 98%),
pyridine (98%), N-(3-sulfopropyl)-N-(methacryloxyethyl)-N,N-dimethylammonium betaine
(SBMA 97%), 11-mercapto-1-undecanol (2, 97%), 2,2’ -bipyridine (BPY 99%), 1-
Dodecanethiol, and 0.15M phosphate-buffered saline (PBS) were purchased from Sigma-
Aldrich (Milwaukee, USA). Human fibrinogen (Fg) was also purchased from Sigma-
Aldrich. (1-mercaptoundec-11-yl)tetra(ethylene glycol) (EG4OH), 11-mercapto-N,N,N-
trimethylammonium chloride (TMA), and 11-mercaptoundecylsulfonic acid (SA) were
purchased from Prochimia (Gdansk, Poland).

Preparation of self assembled monolayers (SAMS)

In this work, three SAMs were prepared: (1) OEG (2) mixed SO37/N*(CHs)3, and (3) a
methyl-terminated (CH3) SAMs. Glass chips were first coated with an adhesion-promoting
chromium layer (thickness 2 nm) and a surface plasmon active gold layer (48 nm) by
electron beam evaporation under vacuum. Before SAM preparation, the gold-coated glass
substrate was cleaned by washing with ethanol and distilled water in sequence, dried with
N, then left in an UV ozone cleaner for 20 min, followed by rinsing with distilled water and
ethanol, and dried by N». To prepare CH3 or OEG SAM, the cleaned chip was immediately
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soaked in a 0.1 mM ethanol solution of 1-dodecanethiol or hydroxyl-terminated OEG thiols
for 24 h to form SAM on a gold surface, and the chip was rinsed in sequence with ethanol
and water, and dried in a stream of N, [20]. To prepare the mixed SA/TMA SAM, the
cleaned chip was immediately soaked in a 0.2 mM of TMA and SA in PBS buffer pH 7.4 for
24 h to form a mixed SAM on the gold surface, and then the chip was rinsed in sequence
with ethanol and water, and dried in a stream of N.

Atom transfer radical polymerization (ATRP)

PSBMA and pOEGMA were prepared based on previous reports [16, 21] The CuBr and the
gold surface with immobilized initiators were placed in a sealed reaction tube in a dry box
under nitrogen atmosphere. Rubber septum stoppers sealing the tube were removed and a
degassed solution (pure water and methanol in a 1:1 volume ratio) with SBMA [16] or
OEGMA and BPY was then transferred to the tube using syringe under nitrogen. After the
reaction, the substratum was removed and rinsed with ethanol and water, and the samples
were kept in water overnight. The chip was rinsed with PBS buffer to remove unbound
polymers before any experiments.

Measurements of protein adsorption

In this study, a custom-built surface plasmon resonance (SPR) sensor was used to measure
protein adsorption on the coated substrata [22, 23]. A SPR chip was attached to the base of
the prism and optical contact was established using refractive index matching fluid
(Cargille). A dual-channel flow cell with two independent parallel flow channels was used to
contain liquid sample during experiments. A peristaltic pump (Ismatec) was utilized to
deliver liquid sample to the two channels of the flow cell. Fibrinogen solution of 1.0 mg/mL
in PBS (0.15 M, pH 7.4) was delivered to the surfaces at a flow rate of 0.05 mL/min. A
surface-sensitive SPR detector was used to monitor protein-surface interactions in real time.
In this work, wavelength shift was used to measure the change in surface concentration
(mass per unit area) [16].

Bacterial species and culture conditions

The bacterial species, S. epidermidisand P. aeruginosa PAOI with a GFP expressing
plasmia, were used in this work. S. epidermidis and P, aeruginosa were first cultured in
separate pure cultures overnight at 37°C on trypticase soy broth (TSB) (BD, USA) [24] agar
plates. Cultures on agar plates can be used for two weeks, if kept at 4°C. Several colonies
were used to inoculate 25ml of TSB (10g/L) for S. epidermidis and TSB (10g/L) containing
200pg of carbenicillin per ml for P, aeruginosa [24]. These initial cultures were incubated at
37°C with shaking at 100 rpm for 18 hours and were then used to inoculate a second culture
of each species in 200 ml of appropriate medium.

Bacterial adhesion assay

A custom-built parallel flow chamber was used to investigate the bacterial attachment and
biofilm formation onto the various substrata. Dimensions of the flow chamber were 300 mm
(L), 38 mm (W), and 3.5 mm (deep). The flow chamber was sterilized and cleaned using the
method reported previously [24]. 12 mm glass cover slips coated with organic or polymer
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films were attached to removable sample plugs. Sample plugs when placed in the flow
chamber were design to sit flush with the inner flow surface.

For a 3-h adhesion study, when the second suspended culture (see above) reached an optical
density of 1.0 at 600nm, bacteria were collected by centrifugation at 8,000 x g for 10 min at
4°C,. Cell pellets were washed three times with sterile phosphate buffered saline (PBS,
pH7.4) and subsequently suspended in PBS to a final concentration of 108 cells/ml [24].
This cell suspension was then pumped through the flow cell at a flow rate of 6 ml/min (shear
stress = 0.1s™1) and the effluent collected in a waste container for proper disposal. After
three hours, the flow cell was washed for 15 minutes with sterile PBS at the same flow rate.
Since P aeruginosa strain used in this study carries green fluorescent protein (GFP) gene,
samples with 2. aeruginosa were observed directly with a CCD-CoolSNAP camera (Roper
scientific, Inc., USA) mounted on Nikon Eclipse 80i with 100x oil lens and epifluorescent
illumination through a FITC filter. Sample plugs exposed to S. epidermidis were removed
after three hours, placed into 3 ml of sterile PBS in a glass scintillation vial, then sonicated
for 30s at 40% maximum setting to remove attached bacteria. Bacteria were stained with
Live/Dead BacLight™, and bacterial suspension was subsequently filtered through a
polycarbonate membrane filter with 0.2 um pore size (Millipore, USA). The number of live
and dead cells was determined, respectively, through FITC and Rhodamine filters with the
same microscope described above.

For the 24-h or 48-adhesion study, bacteria from a second suspended culture were washed
and subsequently suspended in PBS to a concentration of 108 cells/ml, as above. The cell
suspension was pumped through the flow cell at a flow rate of 6 ml/min, and then flow was
terminated and bacteria were allowed to adhere to the surfaces under static conditions for 30
min. After 30 min, the appropriate sterile growth medium was pumped into flow cell at a
flow rate of 6 ml/min. After 24 h or 48 h, the flow cell was washed for 15 minutes by sterile
PBS at the same flow rate. The accumulated £ aeruginosa was directly observed by the
CCD-CoolSNAP camera mounted on Nikon Eclipse 80i with 100x oil lens and
epifluorescent illumination through a FITC filter. S. epidermidis was stained with Live/Dead
BacLight™ and then observed by the same microscope with 100x oil lens and epifluorescent
illumination through a FITC filter.

Results and discussion

In this study, pSBMA or pOEGMA grafted surfaces via ATRP and SAMs with mixed SA/
TMA, OEG or CHg3 terminated groups (Scheme 1) were studied for their resistance to
bacterial adhesion and biofilm formation. Surfaces were prepared following methods
reported previously [16, 19, 21, 25, 26]. It was reported previously that bacterial attachment
could be influenced by surface preparation [5] and coating stability [8]. ATRP and self-
assembly are two methods to create well-packed surfaces with longer and shorter chains,
respectively [16, 27, 28].

Protein adsorption

Protein adsorption on the various substrata was measured by SPR. Fibrinogen is used as a
model protein since it adsorbs to a variety of surfaces. Figure 1 shows the change in SPR
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signal as a function of time on different surfaces. Poly(SBMA), mixed SA/TMA SAMs and
OEG SAMs are highly resistant to nonspecific fibrinogen adsorption while bare gold and
hydrophobic CH3z SAMs show high fibrinogen adsorption. SPR results confirmed previous
findings of low protein adsorption on these surfaces [16, 19, 25, 26].

Although the initial stage of nonspecific attachment of bacteria onto a surface is a key
determinant in the subsequent formation of biofilm, the molecular basis of the initial stage of
nonspecific bacterial adhesion to artificial surfaces is not fully understood. In the early
studies, it was generally believed that the ability to resist protein adsorption is a prerequisite
for a surface to resist bacterial adhesion [29, 30]. This hypothesis has been tested by several
research groups. Ostuni et al. (2001) showed that the adhesion of S. aureusand S.
epidermidis on SAMs can not be correlated with the adsorption of proteins on surfaces. This
hypothesis was also tested in this study.

Short-term bacterial adhesion assays

Short-term attachment of S. epidermidis and P, aeruginosa onto pSBMA, pPOEGMA, mixed
SA/TMA SAMs, and OEG SAMs was characterized using a laminar flow chamber. Glass
and CH3 SAMs were used as references. Results for the short-term adhesion of S.
epidermidis are reported in Figure 2. Significant decreases in adhesion of S. epidermidis
were observed on pSBMA, pOEGMA, mixed SA/TMA SAMs, and OEG SAMs as
compared to bare glass and CHz SAMs. There is no significant difference between these
four surfaces to resist bacterial adhesion (p>0.05). Attachment of S. epidermidis on the
hydrophobic (CH3 SAM) is 45% higher than that on glass (p<0.05). These results are
consistent with those reported previously [6, 31]. Similar to reductions in fibrinogen
adsorption, S. epidermidis adhesion is greatly reduced on mixed SA/TMA SAMs, OEG
SAMs, pSBMA and pOEGMA. This trend was also reported previously by Cooper and
Whitesides [6, 32]. This phenomenon is likely due to the protein contents on the outer
membrane of S. epidermidis. Christine Heilmann ef a/. [33] reported that a mutant of S.
epidermidis which lost the expression of four cell surface proteins had lost the ability to
adhere to a polystyrene surface. Genetic reconstitution of one of those proteins completely
recovered their ability to stick the hydrophobic surface.

As shown in Figure 3, the short-term adhesion of P, aeruginosa was quite different on the
surfaces studied. The glass surface showed the highest adsorption of bacteria after three
hours. The adhesion of P, aeruginosaon OEG SAMs is significantly reduced by 87% in
comparison to the glass surface (p<0.05). Although the attachment of 2. aeruginosa on OEG
SAMs is 30% higher than that on mixed SA/TMA SAMs, there is no significant difference
between these two surfaces (p>0.05). Adhesion of P, aeruginosa on pPSBMA and pPOEGMA
was further reduced by 80% and 75% respectively as compared to OEG SAMs (p<0.05) and
no significant difference was observed between pPSBMA and pOEGMA (p>0.05). The lower
adhesion of £ aeruginosa on pSBMA and pOEGMA than on mixed SA/TMA and OEG
SAMs is due to the longer molecular chains of the nonfouling groups, thus the thicker non-
fouling films. It was observed in the previous work by Roosjen et a/ that long-chain PEG is
more effective than short-chain OEG at reducing the adhesion of £ aeruginosa, while the
length of PEG brush had little impact on the adhesion of S. epidermidis [4]. While pPSBMA
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and pPOEGMA have very low bacterial adhesion, their ability to inhibit bacterial adhesion
can be related to their hydration ability. In our recent studies, we showed that zwitterions
(e.g., pPSBMA) and mixed charges (e.g., mixed SA/TMA) bind water molecules via ionic
solvation while neutral and hydrophilic polymer (e.g., OEG or pPOEGMA) bind water
molecules via hydrogen bonding [18, 19, 34, 35].

It is interesting to observe that the hydrophobic (CH3 SAMs) showed very low attachment of
P, aeruginosa, which may be due to a very different mechanism. The reduced adhesion of 2
aeruginosa on the hydrophobic surface is likely caused by the low surface energy of the
methyl group. The bacteria likely detached from the hydrophobic surface when the surface
passed through an air-liquid interface, which has also been shown before [36, 37]. Unlike the
stronger interaction force between S. epidermidis and the hydrophobic surface mediated by
the surface proteins of S. epidermidis, presumably, the adhesion force between £ aeruginosa
and CH3 SAMs is relatively weaker due to polysaccharide contents on the surface of 2
aeruginosa.

Long—term bacterial accumulation assays

Figure 4 shows a series of representative qualitative images of accumulated S. epidermidis
on glass, pPSBMA, pOEGMA, mixed SA/TMA SAMs, OEG SAMs, and CH3z SAMSs. In
these growth mode experiments, less biofilm accumulation was observed qualitatively on
pSBMA and pOEGMA surfaces over 48-h period. The accumulation of S. epidermidis on
mixed SA/TMA SAMs, OEG SAMs, and glass were slightly different. The hydrophobic
CH3 SAMs surface exhibited the highest accumulation of S. epidermidis. The long-term
accumulation of S. epidermidis on these surfaces generally corresponds to nonspecific
protein adsorption and the short-term adhesion of S. epidermidis.

In the long-term accumulation of A2 aeruginosa shown as Figure 5, slight differences were
observed in the accumulation of bacteria on glass, CH3 SAMs, OEG SAMs and mixed
SA/TMA SAMs. The four surfaces were covered by P, aeruginosa after 24 h. The bacterial
accumulation on SA/TMA SAMs is qualitatively less than that on the other three surfaces.
Poly(SBMA) and pOEGMA exhibited the least accumulation of the bacteria. In the short-
term adhesion study, the dramatically reduced adhesion of 2 aeruginosa on the hydrophobic
surface is anticipated to be caused by the detachment of bacteria when the surface passed
through an air-liquid interface. In the long-term accumulation study, the attached bacteria
start to synthesize EPS to encase the bacteria. The secreted EPS subsequently strengthens
the interactions between bacteria and the surface. Thus, the accumulated bacteria were less
disturbed when the sample was taken out from the flow cell and the surface passed through
an air-liquid interface.

The excellent performance of pSBMA and pOEGMA in dramatically reducing the
accumulation of both S. epidermidisand P, aeruginosais due to their ability to resist
nonspecific protein adsorption and bacterial adhesion. The short-term adhesion study
showed that fewer £ aeruginosa adhered to pSBMA and pOEGMA surfaces than to SAM
surfaces. The reduced bacterial adhesion levels lead to less accumulation of biofilm in the
bacterial culture media after 24 hours. pPSBMA and pPOEGMA surfaces more effectively
resist biofilm formation since they are much thicker than the SAMs and have much higher
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densities of nonfouling groups. Similarly, Ma et a/[21] reported that both film thickness and
polymer surface density attribute to the protein resistance of pPOEGMA. In addition,
oxidation of the thiolate groups of the SAMs and subsequent release of monolayers is
another possibility even though it is difficult to prove or rule out this possibility in the
presence of bacteria. In one of our control experiments, we immersed OEG SAMs in aerated
freshwater for 1 or 2 days and then measured protein adsorption. Protein adsorption is still
very low. However, this does not mean that OEG SAMs are stable in the presence of
bacteria. Once bacteria have attached to the surfaces, they start to replicate and synthesize
EPS, which can change the surface properties gradually and eventually lead to the failure of
the surfaces. Thus, the inferior performance of mixed SA/TMA SAMs and OEG SAMs,
particularly for the long-term accumulation of 2 aeruginosa from this work, suggests that
the effectiveness of a nonfouling coating is likely due to not only the nature of the
nonfouling group, but also the thickness of the nonfouling films.

Conclusions

Both zwitterionic pSBMA and hydrophilic/neutral pPOEGMA brushes grafted via ATRP
dramatically reduce bacterial adhesion and accumulation. This reduction is due to their
intrinsically strong hydration via electrostatic interactions for pPSBMA or hydrogen bonding
interactions for pPOEGMA. Furthermore, this reduction also results from their longer chains
and higher densities. Results indicate that the effectiveness of a nonfouling coating is due to
not only the nature of the nonfouling group, but also the surface packing of the nonfouling
group. Results suggest that zwitterionic pPSBMA is an excellent nonfouling material to resist
bacterial adhesion and biofilm formation and ATRP is an excellent method to prepare
effective nonfouling surfaces. Due to the susceptibility of PEGs to oxidation damage,
zwitterionic-based materials are very promising as next-generation nonfouling materials.
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wavelength shift in SPR is equivalent to 0.15mg/m?2 adsorbed proteins.
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S. epidermidis attachment on various surfaces at 3 h; reported as the mean + SD (n=10).
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Figure 3.
P, aeruginosa attachment on various surfaces at 3 h; reported as the mean + SD (n=10).
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Figure 4.
Reprehensive fluorescence microscopy graphs of S. epidermidis attachment on various

surfaces at 48 h.
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Reprehensive fluorescence microscopy graphs of P aeruginosa attachment on various
surfaces at 24 h.
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