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Abstract

A series of responsive polymers displaying pH and temperature-mediated phase changes were prepaihd from
isopropylacrylamide and-carboxylic acid functionalised acrylamides. These polymers were grafted to surfaces and their
characteristics probed by atomic force microscopy in agueous solutions. The effects of pH and temperature induced phase transi-
tions on the short-term adsorption of the bact&aémonella typhimuriurandBacillus cereugrom pure cultures were assessed.
Contact angle studies indicated that pH and temperature-dependent surface properties were exhibited by the graft polymer
surfaces. Temperature-dependent surface morphology changes occurred through polymer graft phase transitions as observed i
AFM and accompanying changes in adhesion forces underwater were found to correlate with surface properties obtained from
contact angle measurements. AdsorptioofyphimuriunandB. cereusvas not significantly altered as a function of pH, but
attachment of both bacterial strains increased at temperatures above the polymer coil-globule transition indicating the importance
of switching surface hydrophobicity in controlling short-term bacterial adsorption.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction scientific interestBlackwood, 2003 Potential appli-
cations for synthetic materials that are either bioadhe-
The possibility of generating synthetic polymers sive or biocompatible are extremely widespread, rang-
that can control bioadhesive processes such as cell ating from surgical implantsfournier et al., 2003; Hron,
tachment is of considerable industrial significance and 2003, supports for in vitro cell culture and biotech-
clinical importance, as well as being a topic of much nological screeningHersel et al., 2003; Noiset et al.,
2000; Neff et al., 1999 scaffolds for tissue engineer-
mponding author. Tel.: +44 23 9284 3598: ing (Shin et al., 200_3; Va_tts et al., 2003; Zaqchi gt gl.,
fax: +44 23 9284 3565. 1998 through to anti-fouling surfaces or coatings inin-
E-mail addresscameron.alexander@port.ac.uk (C. Alexander).  dustrial processing and marine environmeRg3more
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et al., 2002; Taton and Guire, 2002; Lewis et al., 2001; co-monomers as the surface-displayed brushes. We
Brady, 1997. choseS. typhimuriunandB. cereusas the test bacteria

In recent years, there has been a focus on preparingfor these assays to afford a direct comparison with
‘active’ or responsive materials that exhibit different our earlier work and because these microorganisms
properties, such as a phase transition, under differing are implicated in a variety of medical conditions
environmental conditions in order to manipulate or (McCabe-Sellers and Beattie, 2004; Monack et al.,
control bioadhesive interactionsgzanci, 2003; Kwon 2004). In this paper, we report the first investigation
et al., 2003; Yamato et al., 2002, 2000; Malmstadt et into the effect of temperature and pH-mediated
al., 2003; Lackey et al., 2002; Hoffman, 2000; Galaev phase transition of these polymers on the short-term
and Mattiasson, 1999; Inoue et al., 19®odtentialuses  adsorption ofS. typhimuriumandB. cereus
for these classes of polymers include targeted delivery
of drugs Doorty et al., 2008 and anti-microbials
or as ‘smart’ surfaces that can be switched from an
adhesive to a non-adhesive stafithdra et al., 2003;
Rao et al.,, 200R One area of particular interest is
the utilisation of responsive polymers to control the
attachment of prokaryotic cells to surfaces. Pioneering
work by Lopez and co-workers demonstrated that
attachment ofHalomonasand Staphyloccuspecies
to substrates could be controlled by surface-grafted
poly(N-isopropylacrylamide) (PNIPAm), with greater
numbers of cells adsorbing to the surface when it was
of a wettability favourable for the individual bacterial
specieslétaand Lopez, 1998; Ista et al., 199Burther
work by this group established that more complex
organisms were able to detect substrates of different
wettabilities, indicating the importance of surface
physical chemistry on bioadhesidfiilay et al., 2002

We have been investigating whether the
hydrophilic—hydrophobic switch of PNIPAmM co-
polymers at their lower critical solution temperature
(LCST) can mediate the attachment of common
pathogens and have reported the effects of neutral
PNIPAmM co-polymer switching on the adsorption of
proteins as model conditioning films and on the attach- 2.1. Monomer and polymer synthesis
ment and release of representative microorganisms
Listeria monocytogenesSalmonella typhimurium 6-Acryloylaminohexanoic acid (6-AHA) was pre-
and Bacillus cereus Bioadhesion to these polymer pared by the method dfuckling et al. (2000and re-
grafts and brushes was found to be dependent oncrystallised before use: analytical data was consistent
LCST-mediated changes in surface physico-chemistry with the desired product.
and correlations were obtained between polymer  Polymer PL  N-Isopropylacrylamide (4.52g¢,
conformations as observed in AFM and contact angle 40 mmol) andN-t-butylacrylamide (1.27 g, 10 mmol)
goniometry and overall extent of protein and cell were dissolved in propan-2-ol (40mL) in a thick
attachmentCunliffe et al., 2003, 2000 walled Schlenk tube, and 3-mercaptopropanoic acid

However, the fact that most bacteria are negatively (0.018g, 0.172 mmol) and 4;4zobis(4-cyanovaleric
charged at ambient pH suggested that further control acid) (0.4 g, 1.42 mmol) were added. The solution was
over bacterial adsorption might be achieved by utilis- degassed by freeze-thaw cycles under vacuum at least
ing PNIPAm co-polymers containing anionic or acidic three times and placed in a thermostatted oil bath at

2. Materials and methods

High purity reagents, monomers and solvents for
chemical synthesis were purchased from Aldrich,
Acros or Fisher Scientific (UK) and used as received.
Inhibitors were removed fromil-isopropylacrylamide
(NIPAm) andN-t-butylacrylamide by recrystallisation
from hexane.

For contact angle goniometry, double distilled
water (DDW, surface tension 72.8 mNhat 20.0°C)
or phosphate buffered saline (150 mM NacCl at pH 5.6
or 7.4) were used. For these measurements a Kruss
G10 contact angle measuring system equipped with
a sealed humidity-controlled sample chamber, and
automated image analysis system was used. Drops of
liquid of known volume (1-4.L) were applied from
a micro-syringe to the surface of the polymer graft
surfaces through a small port at the top of the cell:
to avoid cross-contamination of liquids, a dedicated
micro-syringe was used for each diagnostic liquid.
Measurements of contact angles was conducted with
a precision oft0.5°.
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65°C for 24 h. After cooling to room temperature, 2.3.2.1H NMR
the mixture was concentrated under reduced pressure  polymer solutions (10mgmt!) in D,O were

and the residue added to diethyl ether (250 mL). The adjusted to pH 5.6 or 7.4 with DCI or NaOD (1M,
precipitated polymer was filtered and the residue was Aldrich). NMR spectra were recorded over a tem-
redissolved in THF and reprecipitated into diethyl perature range spanning 2080 The lower critical
ether (250mL) three times. The purified polymer solution temperature transition was determined from
was then dried in vacuo at 2@ overnight to leave a  ine broadening and reductions in peak intensity
colourless powder (yield 4.97 g, 86%). of protons §=3.98 and 1.2ppm) on the PNIPAmM
Polymers P2 and P3: Monomers N-isopropyl- isopropyl side chains. Jeol EX-270 and Eclipse 400
acrylamide (1.13g, 10mmol) and 6-acryloylamino- spectrometers at 270 MHz and 399.8 MH#) and
hexanoic acid (0.366g, 2mmol or 0.184g, 1 mmol) 67.6 and 100.5 MHZ'EC), respectively, were used for
with 4,4-azobis(4-cyanovaleric acid) (ACVA, 0.102g, these measurements. Deuterated solvents and reagents
0.4 mmol) as initiator and 3-mercaptopropanoic acid ysed (O, CDCk, NaOD and DCI) were purchased
(0.004g, 0.04mmol) were dissolved mpropanol  from Aldrich. All chemical shifts are reported in ppm
(25mL) in a Schlenk vessel. The resulting mixture relative to TMS or DSS.
was degassed by three freeze-thaw cycles under vac-
uum prior to polymerisation at 65-7C for24h.Once  2.4. Surface grafting of acid-functional polymers
cooled to room temperature, the solution was concen-
trated under reduced pressure and purified by repeated  Silica glass slides (Fisher, UK) were cleaned with
precipitation/solvation cycles in the same manner as sodium hydroxide (5M), ammonium persulphate/
for P1. The yield of polymer after reprecipitation and sulphuric acid and water, dried and amine function-

drying was 0.95g (73%). alised by treatment with 3-aminopropyltriethoxysilane
(APTES) in aqueous acidified methanol solution
2.2. Titration of polymer carboxyl groups according to previously reported metho@ugliffe et
al., 2003; Durfor et al., 1994
A solution of anionic polymer (1 mgmtl) in Carboxylic acid terminated co-polymed?1 and

double distilled water was adjusted to pH 3 by polycarboxyl polymer$2andP3were grafted to the
addition of hydrochloric acid (10 mM) to protonate surfaces by carbodiimide-mediated coupling. Amine-
accessible carboxylic acid groups. The solutions were functional silica slides were placed in MOPS buffer
then titrated with sodium hydroxide (10mM) and (10 mM, pH 4.75, 10 mL) and the liquid supernatant
end-points determined by potentiometric methods stirred gently at 5C as polymers (0.1-1.0g) were
taking into account the volume of acid added at the added. When all the polymer had dissolved, 1-ethyl-3-

start-point. (3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC) (200 mg) was added with continued stirring.
2.3. Determination of lower critical solution Further amounts of EDC {2 200 mg) were added
temperatures over a 2-h period. After addition was complete the
surfaces were left at&C for a further 24—72 h, washed
2.3.1. Turbidimetry thoroughly with deionized water and dried under a

Polymers were dissolved in phosphate buffered stream of nitrogen. The surfaces were stored in a dry
saline solutions (150 mM NaCl at pH 7.4) to a con- nitrogen atmosphere prior to use.
centration of 1-10 mg mt!. These solutions were first
cooled to 3C and then heated to 5€ at 0.5°C min~?! 2.5. Growth and labelling of microorganisms
in the thermostatted block of a Perkin-Elmer Lambda
40 instrument fitted with atemperature controlled heat-  Cultures ofS. typhimuriumNCTC 12023 andB.
ing and cooling facility (Haake K40). The cloud point cereugwild strain isolated at the Public Health Labora-
was taken as the onset of a sharp increase in absorptiortory, Portsmouth UK) were grown, labelled and quan-
at 500 nm or the range of temperature over which this tified according to our previous protocol€ynliffe
occurred. et al., 2003. Typical stock cultures used in bacterial



80 C. de las Heras Alamn et al. / International Journal of Pharmaceutics 295 (2005) 77-91

adsorption experiments were®a 0’ cfu mL~1: in all imaging was performed in air and in agueous buffer
cases bacteria were used in stationary phase. using a closed wet cell, modified to allow variable tem-
perature adjustment. Contact mode imaging utilised an
2.6. In vitro adsorption studies applied load and scan rate limited to ca. 1 nN and 3 Hz,
respectively, to minimize compression and lateral
Bacterial cultures (19-10' cfumL=1), eitherradio- ~ damage to polymer grafts and underlying surfaces.

labeled or stained with ethidium bromide were trans-

ferred to centrifuge tubes and centrifuged (8000rpm, 2.7.2. Infra-red spectroscopy

10 min), washed twice in sterile buffer (PBS, pH 7.4, |nfrared spectra were obtained employing a Perkin-

6mL) and resuspended in the assay solution (either Eimer Paragon 1000 FT-IR spectrophotometer, in

double-distilled water (DDS) or phosphate buffered transmittance mode, at a resolution of 4¢m

saline (PBS) atpH 5.6 or 7.4, 6 mL). Aliquots (20D)

of the suspended bacteria were transferred to sterile2.7.3. Gel permeation chromatography

assay solution (DDW, PBS atpH 5.6 or 7.4, 10mL)in ~ GPC of polymer solutions was carried out at

capped bottles. Functionalised silica glass test surfaces33°C using a LKB 2150 HPLC pump, fitted with

(Lcn?), with and without polymer grafts, were then  Phenomenex Phenogel 5 linear column (30cBpm

placed in the capped bottles and incubated, with gentle pead size) with THF as the mobile phase at an

shaking (40 rpm), for24 hat 10-12 or 3Z. The slides  elution rate of 1 mL min? using toluene as internal

were rinsed twice by immersion in sterile assay solu- standard or on a Waters 150CV GPC instrument

tion (10mL) at the appropriate temperature and then fitted with PLAquagel guard plus »2 mixed-OH,

examined by fluorescence microscopy (ethidum bro- 30 cm, 10um columns using 0.01 M lithium bromide

mide stained bacteria) ugira a Zeiss LSM 510 Meta  in N,N-dimethylformamide as the solvent system at

instrument or transferred to scintillation vials con- 80°C. Refractive index detection was used in both

taining Ultima Gold scintillant cocktail (Perkin EImer cases. Data capture and subsequent data handling

5mL) in a Packard Tri-Carb 1900TR Liquid Scintilla- was carried out using Viscotek ‘Trisec’ 3.0 software.

tion Analyser was used (Packard Instrument Company, Molecular weights were derived from comparison

Meriden, CT, USA). All experiments were conducted with polystyrene or poly(ethylene oxide) standards.

on triplicate samples over five repeat experiments.

The bacterial counts for the surfaces at the different 2.7.4. Microscopy

temperatures were normalised against attachment of  For confocal laser scanning microscopy a Zeiss

the same bacterium at underivatised glass substrates. | SM 510 Meta instrument was used, fitted with Argon
and He/Ne lasers operating at excitation wavelengths

2.7. Instrumentation of 453, 488 and 543 nm, using emission filters of
505-530 and 585-615nm. Fields of view (6—10 per
2.7.1. Atomic force microscopy sample) were selected at random, and numbers of cells

Glass surfaces grafted with 3-aminopropyltri- enumerated over triplicate fields.
ethoxysilane (APTES) and/or polymers were rinsed
with water (18 M?2), dried with nitrogen and mounted
on nickel discs (mounting assemblies) prior to AFM 3. Results
investigation. AFM studies were performed using
a TopoMetrix TM x2000 Discoverer Scanning 3.1. Properties of polymers in solution and grafted
Probe Microscope (ThermoMicroscopes, UK) with a to surfaces
70pm x 70pm x 12pum tripod piezoelectric scanner.
Topography measurements were conducted using “V”-  The polymers produced in this study readily formed
shaped silicon nitride cantilevers bearing an integrated solutions in phosphate buffered saline (PBS) at pH 7.4.
standard profile tip (length 2GOm, nominal spring The properties of these materials are giveiable 1
constant K) 0.032Nnt?; Part No. 1520-00, Ther- Lower critical solution temperatures (LCST) at pH
moMicroscopes, Santa Clara, CA, USA). Topographic 5.6 and 7.4 were determined by turbidimetry. For the
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Table 1

Polymer compositions and physical properties

Polymer Monomer feed composition (mol%) Monomer Molecular My /My Cloud pointpH5.6  Cloud pointpH 7.4
content weight (kDa) (per°C) (per°C)

P1 NIPAm 80, N-t-butyl acrylamide 20 78:22 5.8 1.71 23 24

P2 NIPAM 80/6-AHA 20 82:18 2.7 1.67 29-31 33-44

P3 NIPAmM 90/6-AHA 10 96:4 3.8 1.77 32-33 34-37

a Determined by*H NMR.
b Potentiometric titration.

polymers with higher carboxyl content, the LCST val- angles forP1-P3 surfaces. Contact angle variations
ues at higher pH were difficult to determine purely from were not significant for the non-pH sensitive polymer
turbidimetry and thudH NMR spectroscopy was used ~ P1but differences in contact angle across the pH range
to detect LCST via peak broadening and diminution of from 5.6 to pH 7.4 were apparent f®2. However,
signal intensity of thé\-isopropyl side chain$E 1.18 almost no change was exhibited by fig@surfaces over
and 3.98 ppm). The increases in phase transition tem-the different pH regimes, while the maximum contact
perature with pH were consistent with the increase in angle difference at 48C (Afaq=14° for P2) was less
ionisation of the pendant carboxyl groups, while the than that due to temperature. In the casB®$urfaces
broadening of the LCST foP2 andP3, especially at  the contact angles in PBS at the two pH values were
higher pH was indicative of the two component nature little different to those in DDW although there was a
of the co-polymer backbones. very slight increase ifyq above the polymer LCST
The neutral polymeP1 and acidic co-polymerB2 at pH 5.6 and a small decrease at pH 7.4. The contact
and P3 were grafted to 3-aminopropyltriethoxysilane angles were in all cases different from the underlying
(APTES)-functionalised silica surfaces by carbodi- SiO,-APTES substrate showing that the surfaces were
imide mediated coupling, under conditions shown in well grafted and effectively covered by the polymer
previous studies to react more than 90% of accessible brushes.
surface amine groupsC(nliffe et al., 1999 The
primary properties of the polymer graft surfaces were 3.2. Atomic force microscopy of polymer graft
characterised by contact angle goniometry. For the surfaces
neutral surfaceK1) the change in advancing contact
angle exhibited across the polymer phase transition  Atomic force microscopy of the surfaces in aqueous
was typically 20, in accord with prior reports of PNI-  solutions enabled polymer brush heights to be mea-
PAm co-polymers attached to amine-functional glass sured in their hydrated state and allowed changes in
surfaces, whereas the substrate amine surface variedsurface topography with temperature to be followed.
in water contact angle by less thah @ver the same  These studies were initially carried out under buffer
temperature range. Increases in aqueous contact anglet the appropriate pH but the most reliable data for
were observed for PNIPAmM-co-6-AHA polymeP2 surface roughness were obtained under distilled wa-
and P3 grafted to surfaces over the different temper- ter (solution pH range 7.0-6.4 over the course of the
ature ranges implying that the PNIPAmM segments of experiments), and under a narrower temperature range
these surfaces also experienced an LCST response. Th€22-35°C) than the contact angle studies. This was
responses of these acidic co-polymers to changes indue to the open nature of our AFM wet cell and the
ionisation state were probed at temperatures above andresulting evaporative loss of water leading to artefacts
below LCST at pH 5.6 and 7.4 in PBS. These acidity from buffer components appearing in the micrographs
regimes were chosen to reflect physiologically relevant obtained at the upper end of the temperature range
conditions i.e. at skin surfaces and wourndiséemond (45°C). Qualitatively similar AFM images were ob-
et al., 2003 as well as those in the bloodstream. tained at pH 7.4 in PBS at 4% to those in DDW at
The expected phase transitions with temperature atpH 7.0 and 35C, while contact angle variations were
constant pH were evident in the increases in contact very similar over these pH regions. We thus conducted
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Table 2
Contact angles of polymer graft surfaces at varying pH
Surface pH5.6 pH7.4

03¢ (12°C) 03 (45°C) 03q(12°C) 63 (45°C)
SiO,-APTESP1 35+3 53+5 36+£2 60+ 1
SiO,-APTESP2 39+1 58+ 7 35+4 44+ 1
SiO,-APTESP3 34+1 51+2 34+ 2 48+ 2

guantitative AFM studies in DDW over regions above this type attached to glass surfac&u(liffe et al.,
and below the LCST foP1, and over a range of tem- 2003 and the effects were smalARy=0.3-0.7 nm).

peratures (24-3%C) around the phase transition fé2 However, P2 surfaces exhibited marked changes in
andP3in order to investigate surface changes over the topography but little change in overall roughness,
broadened LCST span of these polymers. whereadP3 surfaces increased in both average rough-

Typical thicknesses of the brush layers were 2—4 nm ness and roughness distributidrable 2 over temper-
for P1, 3-5 nm forP2and 2—-3 nm foP3, although oc- ature ranges at which the polymers would be expected
casional isolated features of up to 30 nmin height were to be undergoing their phase transitions in solution
observed in individual fields indicating areas of mul- Table 3
tilayer deposition and/or glass substrate heterogeneity. Topography images obtained from the same area
For P1 grafts qualitative changes in surface structure of the samples confirmed that the polymer phase tran-
and roughness with variable temperature were appar-sitions caused significant changes in surface structure
ent as noted in our earlier studies with polymers of for both polymersP2 (Fig. 1) and P3 (Fig. 2), over

5.0 pm—
36 nm

0 nm

2.5 um

O um—
Opum
(b)
5.0 um 5.0 um
36 nm 36 nm
onm onm
2.5um 25um
0 pm— s . A% AN . 0 um— 4 J
O um 2.5um 5.0um 0um 2.5um 5.0um

Fig. 1. AFM of P2 graft surfaces in DDW. (a) 26%; (b) 27.9°C; (c) 31.7°C; (d) 34.4°C.
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Table 3 distance curves foP2 and P3 surfaces also demon-

Surface properties of polymer brushes in DDW strated the changes in surface properties with temper-

Polymer Temperaturé C) Ra (nm) RMS (nm) ature, with increases in pull-off forces as the polymers

P1 22 21 3.2 passed through phase transitions. The most pronounced
37 29 3.9 effects were noted for polymdP2 between 24 and

P2 26.5 29 39 35°C (Fig. 3), suggesting that surfaces grafted with
34.4 2.9 2.8 this polymer were hydrophobic at lower temperatures

p3 245 1.8 24 than might be expected based on the phase transition
34.1 25 3.3 temperature of this polymer in solution (33-432).

For theP2 surfaces the response was indicative of a
heterogeneous surface either as a result of differences
temperature ranges (22-35) that phase transitions in graft density or as a result of different components of
were taking place. the co-polymer being exposed at different parts on the
To explore the changes in surface physical chemistry surface. Further analysis of force componefig.(4)

further we carried out adhesion force mapping in solu- confirmed the distributions of force patterns across the
tion for the surfaces by measuring snap-to and pull-off surface. In both temperature regimes a bimodal dis-
forces as the tip was proximal to the surface. Par tribution was obtained, indicating that a combination
surfaces low adhesion was exhibited by the hydrated of hydrophilic and hydrophobic regions were present
polymer below LCST with a greater pull-off force be- on the polymer surface, but the frequency of strong
ing apparent above the polymer phase transition in (>6 nN) tip—surface interactions was much higher at
close accord with previous results obtained for neutral the higher temperature, confirming the hydrophilic to
thermoresponsive polymerdgnes et al., 20Q2Force hydrophobic switch of the overlying polymer brush.

5.0 um
36 nm

5.0 um-

0nm

2.5um 2.5um

Oum
(a)

5.0 um
36 nm

0nm

2.5 um 2.5um

Opm— Opum
Oum 2.§ um 5.0|p.m 0pum 2.& um 5.0 um

(c) (d)

Fig. 2. AFM of P3 graft surfaces in DDW. (a) 24; (b) 27.2°C; (c) 29.7°C; (d) 34.1°C.
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Fig. 3. Force distance curves fBR surfaces. Full line indicates forces measured &¥hile dotted line depicts forces measured at 3€.4

Attempts to derive adhesion maps at the two dif- 3.3. Bacterial adsorption assays

ferent pH regimes were less conclusive, presumably

because subtle changes in tip—surface interactions with  We carried out short-term bacterial attachment

pH at constant temperature were masked by the highassays with two representative bacterial strains, a

ionic strength in both buffer solutions. Nevertheless, Gram-negative and motile bacteriu®. ¢yphimuriup

the fact that the co-polymer brushes displayed temper- and Gram-positive, non-motile specieB. (cereus.

ature driven responses in surface structure suggestedncubation of the surfaces in bacterial suspensions

that bacterial attachment might vary significantly above was initially carried out in PBS at pH 7.0 at two

and below the LCST at constant pH, with a lesser temperatures (37C) and (10-12C) for 24h. We

variation in attachment with changing pH at constant reasoned from AFM data that the 3Z assay would

temperature. span the upper maxima of polymer LCST whHeh-P3
were grafted at the surfaces without unduly stressing
the microorganisms, while 10—t would be well
below the temperature at which all the surface-grafted

200 ' ' e polymers would undergo the LCST transition. The re-
sults of these assays (data averaged from fluorescence
}150 - micrographs of ethidium bromide stained bacteria and
e from scintillation counts of radio-labelled bacteria)
5100 are shown irFig. 5.
i — For the neutraP1 surfaces there was a significant
50 ] increase in bacterial attachment at the higher assay
temperature i.e. above the polymer LCST wihty-
0 " phimuriumdisplaying a 2-fold increase in adsorption
0 2 4 6 8 A;g%ion nﬂ 2 4 6 8 10 at 37°C, while forB. cereughis increase was approx-

(@) (b) imately 5-fold. Attachment of both bacterial strains
to the anionic co-polymer surfaces showed rather less

Fig. 4. Adhesion force mapping of surface-grafeeglat 24°C (a) change across the temperature range although slightin-
and 34.4C (b). creases were observed in attachmer?3q40-45%)
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Fig. 5. Attachment of bacteria to polymer surfaces at pH 7.0. Light grey bars represent assay temperature®6f, Hawik Zrey bars at 3T.
Left hand side (a) shows attachmentSoftyphimuriunand (b) attachment d. cereus

at 37°C. In all cases the numbers of cells present on the assay temperature prior to microscopy and scintil-
P2 were less than on the neutral surface as might be lation count analysis. The numbers of bacteria attached
expected based on the increased number of ionisableare shown irFig. 6.

carboxylic acid groups on this polymer compared to For S. typhimurium(Fig. 6) small increases in ad-
P3, and both the anionic co-polymer surfaces reduced sorption were apparent above polymer LCST, with the

the numbers oB. cereuxompared td®1l The overall greatestincrease (50%)R8surfaces atpH 7.4. THe2
extent of bacterial adsorption correlated well with our surfaces adsorbed fewer bacteria tR&at the higher
previous study Cunliffe et al., 2003 in that approxi- assay temperatures and the same or fewer bacteria at
mately 1-10% of the total number of cells in suspension 10-12°C though differences were less than 50% of to-
(107 cfumL~1 for S. typhimurium1P cfu mL~ for B. tal numbers of cells attached. Variation across the pH
cereu$ attached, with the highest adsorption occurring ranges was also small, with lower numbers of bacteria
to the neutral surface above the LCST. found onP2 surfaces at pH 7.4 compared to pH 5.6,

We then probed the adsorption of the same bacteriawhereas foP3surfaces an increase in attached bacteria
strains under the two further pH regimes at which con- occurred at the higher pH.
tact angles had been measured. Surfaces were again in- A greater degree of variation was found Barcereus
cubated at 10-12 and 8T for 24 hthenrinsed twiceat  over the same temperature ranges with proportionally
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é_ E 020 E 0.04
= . 4 =] J
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(a) Polymer surface (b) Polymer surface

Fig. 6. Attachment of bacteria to co-polymer surfaces at pH 5.6 and 7.4. Light grey bars represent assay temperature@fddrkigrey
bars at 37C. Left hand side (a) shows attachmengotyphimuriumand (b) attachment @&. cereus
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larger increases in attachment 82 andP3 surfaces
at 37°C at the higher pH value. Over twice as many
bacteria attached tB2 at 37°C at pH 7.4 compared
to 10-12°C, and over both sets of surfaces adsorption
of B. cereusvas higher at temperatures above polymer

C. de las Heras Alamn et al. / International Journal of Pharmaceutics 295 (2005) 77-91

was slightly less than that reportedlsya et al. (1999)
who used a plasma polymerisation method to generate
multipoint attachment of PNIPAmM to surfaces but
similar to those reported biyidoaki et al. (2001who
prepared PNIPAm grafts from iniferter-coated sur-

LCST. However, these increases were less than onefaces. The co-polyme82 andP3 displayed broadly
order of magnitude and there was almost no change in similar contact angles 81 as expected owing to their

adsorption with pH, with very similar numbers of cells
attaching to surfaces at pH 5.6 and 7.4 at 1022
irrespective of the surface.

4. Discussion
Our hypothesis was that under normal physiological

pH regimes (i.e. pH 7.4) co-polymers of PNIPAmM with
an acrylamidoalkanoic acid would be ionised and chain

high PNIPAm content, however incorporation of the
higher proportion of the acidic co-monomer raised
the overall contact angles fé12, as expected for the
non-ionised polycarboxylic acid componelifgng et
al., 2002; Lee et al., 1996Increases in contact angle
with temperature due to the PNIPAmM segments were
also observed faP2 andP3, although the magnitudes
of these increases (1:215°) were less than foP1.
Contact angle experiments in buffer solutions at
pH 5.6 and 7.4 indicated that tHe2 surfaces were

extended and thus repellent to bacterial cells, whereasresponsive to changes in acidity, while @surfaces

at higher temperatures or lower pH values the surfacesexhibited almost no change across the pH range:
would be hydrophobic and chain-collapsed, increasing these variations agreed well with the behaviour of the
attachment of these particular bacterial strains. In order polymers in solution. However, neither surface became
to test the hypothesis, it was necessary to produce poly-noticeably more hydrophilic than the neutral PNIPAmM

mers grafted to surfaces that were as similar as possibleco-polymer grafted surfadel even though at pH 7.4

to each other but varying only in the critical parameters
of co-monomer content and phase transition.
Accordingly, polymerd1-P3 were prepared with
chain transfer agents to control molecular weight and
P1was synthesised with an acidic initiator to provide
appropriate functionality to attach to aminopropyl-
derivatised surfaces. The presence of termiedl) (
and pendantR2 and P3) carboxyl functionality was
verified by titration. All the polymers exhibited phase
changes in solution over biologically relevant pH and

a substantial proportion of carboxyl groups®2and

P3 would be expected to be ionised. This was most
probably a result of the reduced number of accessible
carboxyl groups on the surface-bound polymers
following carbodiimide-mediated grafting. Although
itis unlikely that all the side-chain carboxylsi2and

P3 formed amide bonds with the APTES substrates,
it was clear from the low extent of pH response that
the concentration of ionisable acid groups at the graft
surfaces was smaller than for the same polymers in so-

temperature regimes: these transition temperatureslution. In general poly(acrylic acid) and poly(alkanoic
were similar to those reported for analogous polymers acid)s display broad Ky values of 4-5 and thus a

by Kuckling et al. (2000rIthough the actual monomer
contents and molecular weights of the polymers in
this study were slightly different. Grafting of these

proportion of side chain carboxyls are ionised around
pH 5-6, with a sharp increase in ionic content above
pH 6. IndeedKuckling et al. (2000)noted a large

polymers resulted in smooth surfaces under aqueouschange in LCST of poly{-isopropylacrylamide-co-

solutions at 10—20C as shown by AFM confirming
the suitability of these materials for the bioadsorption
assays.

acrylamidohexanoic acid) co-polymers between pH
6-9 attributed to carboxylate ion formation. The fact
that the structurally similar polymd?2 in this study

The surfaces displayed changes in physical proper- showed a broad 4-T®& increase in LCST across
ties, as shown by contact angles of aqueous droplets,the two pH values in solution but a relatively small

which corresponded well with their behaviour in
solution. ThusP1 surfaces exhibited a contact angle
change of 20 in water as the polymer brush dehy-

change Q0,q<14°) in contact angle supports the
hypothesis that most of the carboxyl groups on the
side chains had either reacted with the amine-tipped

drated above the LCST. The magnitude of this change substrate or were rendered inaccessible most likely
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via co-operative H-bonding or ionic interactions with ~ S. typhimuriunandB. cereugo neutral thermorespon-
the underlying surface. The contact angle differences sive polymers Cunliffe et al., 2003 and suggested
betweenP2 and P3 surfaces compared tB1, and that, as detected in the contact angle measurements, the
variations irfaqfor P2andP3between pH5.6 and 7.4,  behaviour of the polymer brushes was most strongly
did nevertheless suggest that the carboxyl componentsinfluenced by the neutral PNIPAm components.
of these polymers were exerting an effect on the brush  Across the pH ranges the variations # ty-
conformations but that the dominant effect on the phimuriumadsorption were low, with onlyP3 sur-
surface behaviour was due to the PNIPAmM segments. faces at higher pH showing marked differences at
These observations were confirmed by the adhesionpH 7.4 (Aadsorptio= 8.7 x 10* cfu cm~2, P=0.15) with
force profiling of the surfaces, with force-distance expected polymer phase transitions. Minor differences
curves folP2andP3being very similar (albeit different  in attachment oB. cereuswere also observed with
in overall magnitude) to those observed for PNIPAmM temperature, but only fdP2 at pH 7.4 were the num-
homopolymer brusheddnes et al., 2002The slight bers of cells present at the two temperatures close to
residual adhesion observed at lower temperatures for statistically significant variations from the two sample
the P2 surfaces was indicative of a second component means P =0.1,z-test two sample variance from mean
in the polymer brush being approached by the tip. values). There were no significant differences in ad-
It was not possible to determine by this technique sorption with pH for this bacterium, suggesting that
whether the increased pull-off force to remove the any changes in polymer conformation as a result of
tip was due to poly(6-acryloylaminohexanoic acid) variations in ionic content were not sufficient to alter
segments collapsed at the surface through a phasenitial cell attachment. In addition, changes in surface
transition proper or merely conformationally restricted roughness for the sets of polymer brush surfaces were
through interaction with the APTES underlying layer. small, implying that while topographic changes were
For bacterial adsorption studies we were limited visible by AFM, any variations in bacterial attachment
to a maximum temperature of 3T, which was over the temperature regimes were not a clear function
above the LCST for all the polymers at pH 5.6-7.0 of average surface roughness.
but potentially within the region at which the phase The overall pattern of bacterial attachment was thus
transition occurred folP2 at pH 7.4. However, the rather complex. For the neutral surfaces the behaviour
broad range of LCST foP2 at pH 7.4 and the fact was as predicted owing to the known tendency for these
that we observed measurable changes in both surfacebacterial strains to adhere in greater numbers to more
structure and adhesion force between 24 antéiC34  hydrophobic rather than hydrophilic substratean
coupled with the previously reported suppression (by Loosdrecht et al., 198Falncreases in water contact
2-4°C) of phase transition temperatures for surface- angles were accordingly reflected in higher bacterial
grafted PNIPAmM Takei et al., 199 implied that counts at the surfaces. For the carboxylic acid con-
this surface too exhibited a hydrophilic—hydrophobic taining co-polymer surfaces, minor variations in cell
switch over the two assay temperatures under all the adsorption with temperature were observed while in-
pH and temperature regimes in the bacterial adsorption creases in numbers of attached cells with temperature
experiments. at constant pH were less at pH 5.6 and 7.4 than at pH
For bacterial assays carried out in PBS at pH 7.0 7.0 although the overall magnitudes were very similar.
followed by rinse cycles in DDW the attachment of Inaddition, there was no strong correlation of numbers
S. typhimuriumincreased above polymer LCST for of attached cells with the assay suspension pH even
surfaced”1 andP3 but was not significantly different  though both thé2 andP3 surfaces exhibited changes
for P2 even though all the surfaces displayed similar in contact angle with temperature and pH, albeita small
increases in water contact angle over the temperaturechange foP3between pH 5.6 and 7.4. Considering the
range. FoB. cereusthe numbers of cells present on low carboxyl content o3 the lack of pH response
all the surfaces at 37TC was higher than those on the is not too surprising, as there may simply not have
surfaces at 10—-1ZC, with the greatest change apparent been enough carboxylate groups to effect biologically
for the neutralP1 surfaces. These results were in significant changes in conformation irrespective of so-
agreement with our earlier study on the attachment of lution pH. The fact that contact angle measurements
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suggested that the PNIPAmM components were the mainThis behaviour was shown most clearly #r cereus
contributors to the surface behaviour in this co-polymer attachment t&2 co-polymer at pH 7.4 and 3TC: the
reinforces the view that carboxylate content was low at number ofB. cereuscells adsorbed was much higher
all the pH values, not just at pH 5.6, and is a good indi- (by a factor of >2) than was the case &ttyphimurium
cation as to why th@3 surfaces did not respond more  which actually showed a slight decrease in attachment
strongly to solution acidity. However, because bacte- under the same conditions. This was most likely a
rial cells carry a net negative charge it is possible that consequence of the cell surface structures presdat on
a cell repellent effect might have arisen from these co- cereuswhich consist of lipoteichoic acids and a variety
polymer surfaces even when relatively low numbers of of protein residues: collapse of the carboxyl-containing
the pendant carboxylic acid groups were ionised, as co-polymers above LCST may thus have prevented
would occur across the pH range under investigation. unfavourable interactions of the polymer anionic side
Charge—charge interactions are of longer range thanchains with the bacterial lipoteichoates. The fact that
H-bonding or steric factors, thus in order for bacteria there was little change in adsorption with pH suggests
to attach to a surface they must first overcome electric that these interactions were of lesser magnitude than
double layer repulsions so the presence of any addi-those due to non-specific hydrophobic interactions
tional charge, even ‘buried’ under a thin PNIPAm loop, with collapsed PNIPAm blocksB. cereuscells have
might provide a rate-limiting barrier to cell adsorption. been noted to be most hydrophobic at late stationary
While surface$3behaved in contact angle studies es- phasePeng et al., 2001and thus under the conditions
sentially asifthey were PNIPAm only, in buffersof high  of the assays (cells were grown to stationary phase
ionic strength a small, but possibly significant, ion—ion then incubated with the surfaces) it is not therefore sur-
repulsive effect may have been a factor in the resulting prising that the bacteria were found to attach in higher
adhesion profile. For the potentially more acidic and numbers to the more hydrophobic substrates. The
ionisableP2 surfaces the low variation of bacterial at- origin of the cell surface hydrophobicity is partially
tachment with pH was not expected and again points due to protein residues dBacillus spp. that include

to the greater contribution of the PNIPAmM segments a sub-type dependent S-layer protein: the overall hy-
compared to the poly(6-acryloylaminohexanoic acid) drophilicity/hydrophobicity of the cells varies with the
components. This also suggests, as noted in the con-presence and crystallinity of this S-layévliyamoto
tact angle measurements, that much of the carboxyl et al., 1997 which in turn is dependent on the storage
functionality in theP2 surface also was ‘locked’ via  and growth conditions of the microorganisBi.cereus
covalent or non-covalent interactions with the surface, is also capable of spore formation, which leads to

and was not a strong contributory factor in cell adsorp-
tion. In this respect, the co-polymers in this study were
behaving in a rather different fashion to those reported
by Larsson et al. (2001yho noted differences in be-
haviour of PNIPAmM co-polymer anchored to colloidal
silica surfaces compared to PNIPAm homopolymer, in
this case attributed to repulsion interactions of the co-
polymer with the anionic substrate. With our cationic
amine-functional substrates the contribution of the an-
ionic component was perhaps not surprisingly rather
less than that observed bgrsson et al. (2001)
Comparison of the results across the two bacterial
strains indicated thd. cereusells attached in lower
numbers thais. typhimuriunto all the surfaces under
the various assay conditiorB. cereuscells appeared

rather variable surface characteristics, and is itself
temperature-depender@@nzalez et al., 1999; Mazas
etal., 1997. While the cells in these experiments were
not in optimum survival media, over the timescales
of the experiments (24 h) it is unlikely that significant
sporulation had occurred and no evidence for spore
formation was found in microscopy images selected at
random during the bacterial adsorption experiments.
Thus, the overall pattern of adhesion of this bacterial
strain was in accord with prior studiegaf Loosdrecht
et al., 1987b, 1990with a small but reproducible
increase in numbers of attached cells as the surfaces
were ‘switched’ via temperature, but not by pH.

The other bacterial strain in these experimefs,
typhimuriumshowed a similar pattern of attachment

to be more sensitive to changes in contact angle to B. cereus Salmonellaespecies are able to use

than S. typhimuriumas in all cases the numbers of
cells attached were higher at 3Z than at 10-12C.

a range of surface structures including fimbriae
or pili to promote attachment and also are highly
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motile, employing flagellae to reach a surface, but simple random co-polymers implies that further
their ‘colloidal’ properties are largely dependent on control of cell attachment might be possible via more
strain-specific lipopolysaccharides, and/or capsule andregulated polymer architectures capable of more
slime layers at their surfacégstin et al., 1998 In our selective switching. For example, the growth of block
assays attachment 8t typhimuriunvaried according co-polymer brushes from surfaces via living polymeri-
to the switch of the polymers via temperature rather sation routes would enable individual components
than pH, suggesting a non-specific mode of adsorption of the brushes, such as charged or thermoresponsive
over the timescales of the experiments. Minor vari- blocks, to be placed at specific points within the
ations in attachment across the sets of surfaces werepolymer chain. This should allow particular factors
found according to pH, but these were probably not of such as pH and temperature response to be decoupled
statistical significance compared to mean variations, from each other and their effect on cell adsorption
suggesting that these cells too were more sensitive toto be quantified. Ultimately it might be possible to
changes in surface layer hydrophobicity than to any control whether a bacterial cell can attach to a surface
other factor in our assay#4n Loosdrecht et al., 1989 using these polymer brushes or indeed to direct a
Overall, it was apparent that surface switches polymer itself to attach to a specific cell via a pH or
in hydrophilicity and hydrophobicity as a result of temperature trigger. We are currently investigating
polymer brush phase changes with temperature wereblock co-polymers prepared via living polymerisation
factors in mediating bacterial attachment. These routes in order to test the above hypotheses.
findings were in accord with our earlier observations
thatS. typhimuriumandB. cereusattached in similar
numbers to non-responsive surfaces over the two
assay temperatures but varied in adsorption to neutral ) )
responsive polymer grafted materiaGupliffe et al., We Fhank Drs. Tom Nevel_l and John TS|bouk_I|s for
2003, however it was also evident that the effects N€IP with contact angle goniometry and many invalu-
of pH-dependent polymer ionisation over the acidity ab_le d|_scu35|on§, Vanessa Peters for asglstance with
ranges in this study were of less significance. This may Microbiology, Nigel Armstrong for recording NMR
have been due to the low degree of surface change bySPectra and Dr. Steve Holding (RAPRA) for gel per-
the polymers over the pH ranges but may also reflect meation chromatography. We also are grateful for fi-

the ability of cells to adopt different attachment mecha- N@ncial support from the Institute of Biomolecular and
nisms in response to variations in surface environment Biomedical Sciences, University of Portsmouth and the

even though these are not normally manifest over Engineering and Physical Sciences Research Council
short time periods. Our consideration of the bacteria (EPSRC) (GR/N35168/01 (P)) and the EPSRC Recent

as ‘living colloids’ is of course an approximation, APPointees in Polymer Science network.

albeit reasonable over the timescales of the adsorption
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relies on the ability of the cells to initiate extra-cellular
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versible adhesion and biofilm formation. It should also aggregative fimbriae enhanBalmonella enteritidisiofilm for-
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