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ABSTRACT: Pseudomonas aeruginosa is an opportunistic pathogen responsible for diseases such as bacteremia, chronic lung
infection, and acute ulcerative keratitis. P. aeruginosa induced diseases can be fatal as the exotoxins and endotoxins released by the
bacterium continue to damage host tissues even after the administration of antibiotics. As bacterial adhesion on cell surfaces is the
first step in bacterial based pathogen infections, the control of bacteria−cell interactions is a worthwhile research target. In this
work, thermally responsive poly(N-isopropylacrylamide) [P(NIPAAm)] based biomimetic surfaces were developed to study the
two major bacterial infection mechanisms, which is believed to be mediated by hydrophobic or lectin−carbohydrate interactions,
using quartz crystal microbalance with dissipation. Although, a greater number of P. aeruginosa adhered to the NIPAAm
homopolymer modified surfaces at temperatures higher than the lower critical solution temperature (LCST), the bacterium−
substratum bond stiffness was stronger between P. aeruginosa and a galactose based P(NIPAAm) surface. The high bacterial
adhesion bond stiffness observed on the galactose based thermally responsive surface at 37 °C might suggest that both
hydrophobic and lectin−carbohydrate interactions contribute to bacterial adhesion on cell surfaces. Our investigation also
suggests that the lectin−carbohydrate interaction play a significant role in bacterial infections.
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■ INTRODUCTION
Pseudomonas aeruginosa is a rod shaped Gram-negative bacteria
about 1−3 μm in length. Although common in the environ-
ment, it rarely causes disease in healthy humans. P. aeruginosa is
usually linked to human disease, such as bacteremia in severe
burn victims, chronic lung infection in cystic fibrosis (CF)
patients, and acute ulcerative keratitis in soft contact lenses
users.1−3 Exotoxins and endotoxins released by P. aeruginosa
can be life-threatening because they continue to damage host
tissues even after the bacteria have been killed by antibiotics.1

Bacterial adhesion to tissue surfaces is the initial step in P.
aeruginosa infection.4−6

Adhesion of P. aeruginosa to mammalian cell surfaces is
believed to be regulated by hydrophobic,7−15 lectin−carbohy-
drate,5,16−19 or antigen−antibody interactions.3,20−22 Although

all these interactions have been extensively studied individually
to understand the mechanisms of microbial based pathogen
infection,7,16,19,22−24 only a few reports described bacterium−
cell interactions in P. aeruginosa infection.8,10,13 The glyco-
proteins presented on mammalian cell membranes have a
certain degree of hydrophobicity25 that can attract and interact
with bacterial lectins.16,26 Thus, bacterial adhesion to host
tissues is regulated by both hydrophobic and lectin−
carbohydrate interactions.
We compare hydrophobic and lectin−carbohydrate inter-

actions on a quartz crystal microbalance with dissipation
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(QCM-D). Compared to other sensing techniques (e.g., surface
plasmon resonance (SPR),27 surface forces apparatus (SFA),22

mass spectrometry (MS),28 and atomic force microscopy
(AFM)29), the QCM-D with flow modules can simulate the
physiological conditions and provides a dynamic view on
bacterial adhesion to a surface. Moreover, this technique
provides the ability to probe the changes in softness (energy
dissipation) and enables a better understanding on the bacterial
adhesion process.24,30,31 In the present study, the QCM-D
sensor surface was therefore coated with three different types of
polymers, namely, glyco-homopolymers, NIPAAm homopol-
ymer, and their corresponding diblock copolymers (containing
only a small amount of pendant carbohydrate residues). The
diblock copolymers were synthesized by a one-pot reversible
addition−fragmentation chain transfer (RAFT) polymeriza-
tion32 and directly immobilized on gold-coated QCM-D
sensors.24,33 By comparing P. aeruginosa PAO1 adhesion on
different thermally responsive surfaces at different temperatures
(20 and 37 °C), it was found that the lectin−carbohydrate
interactions played a prominent role in bacterial adhesion
besides hydrophobicity of the surfaces.

■ MATERIALS AND METHODS
Materials. Chemicals were purchased from Sigma-Aldrich

Chemicals (Oakville, ON, Canada), and organic solvents were from
Caledon Laboratories Ltd. (Georgetown, ON, Canada). The chain
transfer agent 4-cyanopentanoic acid dithiobenzoate (CTP) and
monomers were synthesized as previously described.34−37

Methods. Monomer structures and RAFT agent are shown in
Scheme S1, Supporting Information. Average molecular weight (Mn)
and polydispersity (Mw/Mn) were determined by gel permeation
chromatography (GPC) using Pullulan standards (Mw = 5900−

788 000 g mol−1) at room temperature and a Viscotek model 250 dual
detector [refractometer/viscometer in aqueous eluents (0.5 M sodium
acetate and 0.5 M acetic acid, for glyco-homopolymers) or in 10 mM
lithium bromide N,N′-dimethylformamide (DMF) solution (for the
thermally responsive polymers)] with flow rate of 1.0 mL/min.
Bacterium−polymer interactions were studied with a QCM-D (Q-
Sense, Sweden, E4 chamber) using gold-coated sensor chips
(frequency: 4.95 MHz, 50 kHz; cut: AT; diameter: 14 mm; thickness:
0.3 mm; surface roughness <3 nm (RMS); electrode layer: 10−300
nm). The numbers of bacteria adhering to sensor surfaces were
visualized by fluorescence microscopy (Microscope Axio Imager.M2,
Carl Zeiss, Germany) with a wide-field fluorescence microscope
excitation light source (X-cite 120Q, Lumen Dynamic, ON, Canada).

RAFT polymerization was chosen to prepare well-defined
glycopolymers.35,37 In a typical polymerization of the homopolymers,
2-lactobionamidoethyl methacrylamide (LAEMA) (1 g, 2 mmol) was
dissolved in 6 mL of distilled water in a 10 mL Schlenk tube with 1 mL
of CTP (16 mg, 0. 057 mmol) and 4,4′-azobis (4-cyanovaleric acid)
(ACVA) (8 mg, 0.032 mmol) in DMF stock solution. The tube was
then sealed and degassed by purging it with nitrogen for 30 min.
Polymerization was conducted in an oil bath (70 °C) for 24 h,
followed by precipitation in acetone and subsequent washing with
methanol to remove the unreacted monomers and residual RAFT
agents. Polymerization was determined by Varian 500 1H NMR using
D2O. Polymer molecular weight and polydispersity were determined
by aqueous gel permeation chromatography (GPC) (Viscotek GPC
system) at room temperature with a flow rate of 1.0 mL/min.

One-Pot RAFT Synthesis of the Diblock Glycol-Copolymers.
Diblock glycol-copolymers were prepared by one-pot RAFT synthesis
in a water-DMF solution.32 In a typical protocol on P(LAEMA-b-
NIPAAm) synthesis, in a 10 mL Schlenk tube, LAEMA (134.2 mg,
0.29 mmol) was dissolved in 2 mL of double distilled deionized water
before the addition of CTP (20 mg, 0.072 mmol) and ACVA (10 mg,
0.040 mmol) in DMF stock solution (0.5 mL). After degassing under
nitrogen atmosphere for 30 min, the flask was placed in a preheated oil

Scheme 1. One-Pot RAFT Synthesis of the Diblock Copolymer P(LAEMA-b-NIPAAm)
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bath (70 °C) for 4 h, followed by the addition of 14 mL of degassed
NIPAAm (1.142 g, 10.10 mmol) and ACVA (10 mg, 0.040 mmol) in
DMF. The mixture was continuously agitated at 70 °C for 24 h and
then purified by dialysis against double distilled deionized water for 3
days to remove any unreacted monomers and RAFT agents (Scheme
1). After the polymers were obtained by freeze-drying, the conversion
and composition of the copolymer were determined by Varian 500 1H
NMR in D2O. Polymer molecular weight and molecular weight
distribution were determined by DMF GPC (Viscotek GPC system)
at room temperature with a flow rate of 1.0 mL/min.36

Polymer Lower Critical Solution Temperature Measurements.
Polymer lower critical solution temperatures (LCSTs) were
determined from 50% transmittance of the 0.1 w/v% synthesized
NIPAAm based polymers in aqueous solution at 500 nm with a
heating rate of 0.5 °C/min with a UV−vis spectrometer.
Bacterial Cultivation. P. aeruginosa PAO1 was streaked onto a

Luria−Bertani (LB) agar plate and incubated at 37 °C overnight. A
single colony was transferred into 5 mL of LB broth and grown
overnight in a shaker incubator at 200 rpm and 37 °C. Stationary-
phase hydrophobic bacterial cells with maximal lectin activity38,39 were
harvested by centrifugation at 4000g and 4 °C for 5 min. After
decanting the supernatant, the pellets were resuspended in a 10 mM
CaCl2 solution. The centrifugation (4000g, 5 min) and resuspension
procedure was repeated twice to remove traces of growth media and
suspended extracellular polymeric substances from the solution.40

Studying the Bacteria−Polymer Interactions by QCM-D.
Bacteria−polymer interactions were studied on a gold-coated QCM-
D. Polymer aqueous solutions (1 mg/mL) were pumped into the
sensor chambers at 20 °C with a flow rate of 50 μL/min to modify the
gold-coated QCM-D sensor. When the frequency shifts were stable in
the QCM-D (indicating that the polymer adsorption on the sensor
surface was complete), the sensor surfaces were washed with DI water
and then 10 mM CaCl2 (0.15 mL/min) to remove weakly bound
polymers from the surfaces. The bacterial suspension (107cells/mL) in
10 mM CaCl2 was injected into the sensor chambers at 20 or 37 °C
with a flow rate of 50 μL/min until the resonant frequencies of the
sensors became stable.
Bacterial numbers on QCM-D sensor surfaces were counted with a

fluorescent microscope (Microscope Axio Imager.M2, Carl Zeiss,
Germany); for bacterial adhesion studied at 37 °C, temperature was
controlled at 37 °C during the cell counting to avoid cell release from
the thermal sensitive polymer surfaces.41 All measurements were
performed in duplicate with separately cultured bacteria.
After QCM-D measurement, bandwidths (Γ) were calculated using

Γ = Df/2, where D is the dissipation shift measured by QCM-D and f
is the frequency at each overtone (i.e., 5, 15, 25, 35, and 45 MHz at the
fundamental frequency, third, fifth, seventh, and ninth overtone,
respectively). The normalized shifts in frequency (Δf) and bandwidth
(ΔΓ) with the number of bacteria per unit area (Δf/Nb and ΔΓ/Nb)
were then analyzed by small loading approximation. The small-loading
approximation is an essential concept of QCM-D analysis, which
includes the well-known formalism of QCM data analysis for planar

layer systems (i.e., the Sauerbrey equation). The relationship is given
as
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where f F is the fundamental frequency (5 MHz), Zq is the acoustic
impedance of AT-cut quartz crystal (8.8 × 106 kg/m2/s), k is the
spring constant, and fosc is the oscillator strength (0 < fosc <1). When
bacterial cells interact with a sensor surface strongly (k ≫ mω2, Δf* =
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be termed as inertial loading in the Sauerbrey sense. For weak elastic
bonding (k ≪ mω2), the frequency shift is positive and the equation
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loading.
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with radii proportional to the adhesive bond stiffness k:
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where γ is the introduced damping rate, as the ratio of the drag
coefficient (ξ) and the mass of the particle (m), with the dimension of
frequency.24,30,31,42,43 The radius of the circles in polar diagrams
representing bacterial adhesion on different surfaces were then
calculated in MATLAB with the Taubin method.

■ RESULTS AND DISCUSSION

Characterization of Thermally Responsive Diblock
Copolymers. Glyco-homopolymers, NIPAAm homopolymer,
and their corresponding thermally responsive diblock copoly-
mers were synthesized by RAFT polymerization using
dithiobenzoate as the RAFT agent. The RAFT process, which
is applicable to a wide range of monomers under various
conditions, enables one to control the polymer molecular
weight and molecular weight distribution during the polymer-
ization. Another advantage of RAFT polymerization is that the
terminal dithioester groups can be used to directly interact with
a gold surface33 or can be reduced to thiol groups to introduce
various functional groups.44 RAFT polymerization was used
here to have access to controlled telechelic polymer structures
facilitating the interaction with the gold coated QCM-D
surface.
Detailed characterization data of the synthesized polymers is

shown in Table 1. The synthesized polymers showed relatively
narrow molecular weight distributions. The copolymer
compositions were determined by 1H NMR (Figure S1,
Supporting Information).

Table 1. Molecular Weight (Mn), Glycopolymer Content (φ), PDI (Mw/Mn), and Interactions with Bacterial Cells of Polymers
Synthesized by RAFT

bacterium−polymer interactions

polymera φ (%)
Mn

(GPC, g/mol)
Mw/
Mn 20 °C 37 °C

P(GAPMA39) 100 12 490 1.33 weak protein−carbohydrate
interaction

weak protein−carbohydrate interaction

P(LAEMA28) 100 13 338 1.30 strong protein−carbohydrate
interaction

strong protein−carbohydrate interaction

P(NIPAAm40) 0 4546 1.58 weak hydrophobic interaction strong hydrophobic interaction
P(LAEMA2-b-
NIPAAm40)

4 5656 1.31 weak hydrophobic interaction strong protein−carbohydrate and hydrophobic interactions

P(GAPMA2-b-
NIPAAm46)

4 6119 1.38 weak hydrophobic interaction weak protein−carbohydrate and strong hydrophobic
interactions

aP(GAPMA): glucose-derived glycopolymer; P(LAEMA): galactose-derived glycopolymer.
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LCSTs of NIPAAm based polymers are shown in Figure 1.
The LCST of the NIPAAm homopolymer is around 32 °C,
which agrees with the results from other reports.45−48 However,
in the case of the diblock copolymers, the LCSTs were found to
increase to around 36 °C (Figure 1a), which conflicts with
previous reports.49,50 The hydrophilic pendent carbohydrate
residues in the polymer chains may play an important role in
this observation. In our current study, the carbohydrate
residues can be considered as the end functional group of the
polymer and, therefore, would be expected to decrease
intermolecular aggregation51 and hence cause an increase in
LCST of the diblock copolymers. Although the carbohydrate
repeating units presented in P(LAEMA2-b-NIPAAm40) and
P(GAPMA2-b-NIPAAm46) were the same (Table 1), P-
(LAEMA2-b-NIPAAm40) shows a slightly higher LCST (Figure
1a). The LCST of poly(N-isopropylacrylamide) [P(NIPAAm)]
has been reported to be inversely dependent on the molecular
weight of the polymer;52,53 therefore, the difference in LCST
between P(LAEMA2-b-NIPAAm40) and P(GAPMA2-b-NI-
PAAm46) may be accounted for by the difference in molecular
weight of the diblock copolymers (Table 1).
Although some studies claimed that, when the thermally

responsive polymer was immobilized on a surface, its coil-to-
globule transition temperature varied from its LCST in
solution,48 more recently, by measuring the thickness and
contact angle changes of P(NIPAAm) brush in water as a
function of temperature, Xue et al.54 and Ko et al.55 suggested
that the polymer’s coil-to-globule transition occurs at the
temperature range of 23−32 °C and the polymer turns to its
hydrophobic state at a temperature above the LCST. In this
study, we also examine the P(NIPAAm) based polymers’ coil-

to-globule transition by QCM-D (Figure 1b). The results
showed that, at a temperature range between 28 and 34 °C, the
thermally responsive polymers (P(NIPAAm40), P(LAEMA2-b-
NIPAAm40), and P(GAPMA2-b-NIPAAm46)) undergo coil-to-
globule transition, which results in the dissipation decreases due
to the dehydration of the polymer chains.48 This result shows a
good correlation with the LCSTs measured by UV−vis (Figure
1a) and indicates that the thermally responsive polymers are
either completely hydrophilic or hydrophobic when we
compare the bacterial adhesion at 20 and 37 °C, respectively.

Polymer Modification of Gold-Coated QCM-D Sensor
Surfaces. The polymers synthesized by RAFT polymerization
were directly deposited on gold-coated QCM-D surfaces at 20
°C due to the strong interactions of the dithioester end
terminal groups on the gold surface.33 The thickness and
density of the polymer layer on the QCM-D sensor surface
were calculated using the Sauerbrey function provided by
QTools as shown in Figure 2. All polymers were successfully
immobilized on gold-coated QCM-D surfaces and generated
polymer films with the thickness in a range of 3 to 5 nm (Figure
2a), which is comparable to the result from other researchers.56

Since we are using the “grafting to” technique to anchor
polymers on the gold-coated QCM-D sensor surface, the
polymer film thickness is around half of the theoretical chain
length values due to the polymers mushroom-like configuration
at the sensor surface.48 The polymers grafting density ranges
from 0.02 to 0.09 nmol/cm2 (Figure 2b). Compared to the
results from Haddleton et al. that polymers with a dithio end
group created less than 0.05 nmol/cm2 surface coverage on a
gold-coated QCM-D sensor surface,33 the higher grafting
density values that we obtained may be due to the shorter

Figure 1. LCSTs of NIPAAm based polymers measured by (a) UV−vis and (b) QCM-D.

Figure 2. Thickness (a) and density (b) of polymer layers on QCM-D sensor surfaces.
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NIPAAm based polymers [P(NIPAAm40), P(LAEMA2-b-
NIPAAm40), and P(GAPMA2-b-NIPAAm46)] used. As ex-
pected, the glycopolymers [P(GAPMA39) and P(LAEMA28)]
showed lower grafting densities possibly due to their higher
molecular weights and molecular crowding on the sensor
surface.28

P. aeruginosa PAO1 Adhesion to QCM-D Sensor
Surfaces Varied with Different Polymer Modifications.
Although P. aeruginosa PAO1 surface properties (e.g., LPS57

and lectin58 expression) may vary at different temperatures, and
thereby affect bacterial adhesion,59 previous studies suggested
that P. aeruginosa adhesion on both hydrophilic (glass or
poly(ethylene oxide) (PEO))60 and hydrophobic (polystyr-
ene)61 surfaces can be barely affected within the temperature
range of 20 and 37 °C. Therefore, in the present study, the
effect of temperature in bacterial adhesion on thermally
responsive polymers modified sensor surfaces is expected to
be minimal.
The numbers of P. aeruginosa PAO1 adhesion to different

polymer modified surfaces at 20 and 37 °C are shown in Figure
3. Compared to bacterial adhesion on glycopolymer modified

surfaces, a significantly (p < 0.05) smaller amount of P.
aeruginosa PAO1 is observed from a carbohydrate-free
P(NIPAAm40) surface when temperature is controlled at 20
°C. Interestingly, although there are no glucose specific binding
lectins present on the P. aeruginosa PAO1 membrane,18,24 the
bacteria can still interact with the P(GAPMA39) surface and
show a larger amount of cells adhered on the surface as
compared to the galactose containing P(LAEMA28) one. This
observation might relate to the P. aeruginosa PAO1 cells
interaction by their glucose transporters,62,63 and the differ-
ences on bacterial cells adhesion on P(GAPMA39) and
P(LAEMA28) surfaces might be explained by the “glycoside
cluster effect”.64−67 On the other hand, an increase of the
temperature from 20 to 37 °C seems to have negligible effect
on P. aeruginosa PAO1 on P(LAEMA28) and P(GAPMA39)
surfaces (p = 0.97, Figure 3); however, a significantly higher

amount of bacterial cells could be found on the thermally
responsive polymers surface [P(NIPAAm40), P(LAEMA2-b-
NIPAAm40), and P(GAPMA2-b-NIPAAm46)] as compared to
the study performed at 20 °C (Figure 3). These observations
can be explained as follows, at a temperature above the
thermally responsive polymers LCST, the QCM-D surfaces
become more hydrophobic, which would promote the bacterial
adhesion.41

Different bacterium−substratum interactions are also deter-
mined by QCM-D. At 20 and 37 °C, P. aeruginosa PAO1
adhesion to different polymer modified surfaces resulted in
positive frequency shifts (Figures S2 and S3, Supporting
Information), which indicated that the bacteria linked elastically
to the polymer surfaces.13,24,30,43 The frequency and bandwidth
shifts were normalized with numbers of bacteria (Figure 3) on
each QCM-D sensor (ΔF/Nb and ΔΓ/Nb, respectively), and
the bacterium bond stiffness on different polymer surfaces were
quantitatively analyzed by comparing the diameters of the
circles in the polar diagrams (Figure 4).30,42

Figure 4 shows the polar diagrams of P. aeruginosa PAO1
adhering to different polymer surfaces at 20 and 37 °C. The
largest radius (RP(LAEMA28) = 294.93 μHz cm2) in the polar
diagram for P. aeruginosa PAO1 adhering to a P(LAEMA28)
modified QCM-D sensor surface at 20 °C in Figure 4a indicates
a high bacterium−polymer bond stiffness,24,30,42 which is
probably due to the specific ligand−receptor interactions
between galactose moieties on the glycopolymer backbones37

and lectin (PA-IL) moieties on the bacterial membranes.18,24

Although higher numbers of P. aeruginosa PAO1 were observed
on the glucose-derived P(GAPMA39)

36 modified surface as
compared to the galactose based glycopolymer [P(LAEMA28)]
surface (Figure 3), the bacterial adhesion on the P(GAPMA39)
surface was found to be less elastic and showed a smaller radius
in the polar diagrams (RP(GAPMA39) = 135.48 μHz cm2, Figure
4a) as compared to the bacterial adhesion event on the
P(LAEMA28) surface,

24 and this could be due to the fact that
there are no glucose specific binding lectins on the P. aeruginosa
PAO1 membrane.17

Interestingly, the radius for bacterial adhesion to the
P ( L A EMA 2 - b - N I P A Am 4 0 ) m o d i fi e d s u r f a c e
(RP(LAEMA2‑b‑NIPAAm40) = 66.89 μHz cm2) at 20 °C was found
to be much smaller than RP(LAEMA28) but closer to that on the
P(NIPAAm40) modified surface (RP(NIPAAm40) = 45.29 μHz
cm2) (Figure 4a). On the basis of the “glycoside cluster effect”
which implies that multivalent saccharide ligands can improve
the binding affinity of carbohydrate−lectin interactions,64−67

the above observation may be due to the number of galactose
residues accessible on the P(LAEMA2-b-NIPAAm40) modified
sensor surface. At 20 °C, P(LAEMA2-b-NIPAAm40) chains on
the sensor surface are more hydrophilic, and hence, due to the
random coil conformation of the chains, some of the
carbohydrate residues may be buried within the polymer
chains and may not be accessible on the surface to interact with
the P. aeruginosa PAO1 membrane (Scheme 2).41,49,68,69

Therefore, in this condition, P. aeruginosa PAO1 adhesion to
P(LAEMA2-b-NIPAAm40) modified sensor surfaces was similar
to that on P(NIPAAm40) surfaces, providing the stiffness values
presented in Figure 4a.
At 37 °C, the RP(GAPMA39) value for bacterial adhesion to the

P(GAPMA39) modified surface is 136.49 μHz cm
2 (black circle,

Figure 4c), which is close to the result obtained on the same
surface at 20 °C (135.48 μHz cm2, black circle in Figure 4a).
Interestingly, for the P(LAEMA28) modified surface, the

Figure 3. Numbers of P. aeruginosa PAO1 adhering to different
polymer modified QCM-D surfaces at different temperatures. Values
are presented as the mean ± SD (n = 3). The “asterisk” indicates
significant differences (p < 0.05) on numbers of bacterial cells adhering
on a surface at different temperatures.
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RP(LAEMA28) value was reduced to 138.61 μHz cm2 at 37 °C

(pink circle, Figure 4c) as compared to the one obtained for

bacterial adhesion on the same surface at 20 °C (294.93 μHz

cm2). This could be due to the decrease in binding affinity of

the PA-IL to galactose residues as the temperature was
increased from 20 to 37 °C.50

Both the numbers of P. aeruginosa PAO1 (Figures 3 and 5)
and the radii in polar diagrams (RP(NIPAAm40) = 2073.40 μHz
cm2, Figure 4b) for bacterial adhesion on the P(NIPAAm40)

Figure 4. Polar diagrams of bandwidth and frequency shifts for (a) P. aeruginosa PAO1 adhesion to different polymer surfaces at 20 °C [RP(LAEMA28)
> RP(GAPMA39) > RP(LAEMA2‑b‑NIPAAm40) > RP(NIPAAm40)], (b) P. aeruginosa PAO1 adhesion to different polymer surfaces at 37 °C [RP(NIPAAm40) ≫
RP(GAPMA39) ≈ RP(LAEMA28))], and (c) P. aeruginosa PAO1 adhesion to glycopolymers surfaces at 37 °C. [black: P(GAPMA39); red: P(LAEMA28);
blue: P(NIPAAm40); pink: P(LAEMA2-b-NIPAAm40); green: P(GAPMA2-b-NIPAAm46)].

Scheme 2. Schematic Representation of P. aeruginosa PAO1 Adhesion on a Thermally Responsive P(LAEMA2-b-NIPAAm40)
Modified QCM-D Sensor Surface at Different Temperatures
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surface were found to increase significantly at 37 °C. These
results showed a stronger bacterium−substratum bond stiffness
formed on the P(NIPAAm40) modified surface at 37 °C
indicative of the hydrophobic nature of the P(NIPAAM) where
the temperature is above the LCST.46,47 However, this may not
be a valid explanation due to the aggregation of the P.
aeruginosa PAO1 cells on the P(NIPAAm40) modified surface at
37 °C making the cell counting difficult, and hence, the bond
stiffness predicted in the polar diagrams may be incorrect
(Figure 5). In addition, it was not possible to determine the
bond stiffness involved in bacterial adhesion to P(LAEMA2-b-
NIPAAm40) and P(GAPMA2-b-NIPAAm46) surfaces using the
coupled resonance model, as the frequency shifts were positive
at all overtones (Figure S3, Supporting Information) and no
zero crossing frequencies could be observed from the polar
diagrams (Figure 4c).31 To address these issues and compare P.
aeruginosa PAO1 adhesion to different polymer surfaces at 37
°C, ΔF/ΔD values were instead used to cancel out the effect of
bacterial numbers in the bacterium−substratum connection
analysis. A higher ΔF/ΔD value is usually associated with a
stronger elastic connection.13

The ΔF/ΔD values of P. aeruginosa PAO1 adhesion to
different polymer surfaces at 20 and 37 °C are shown in Figure
6a,b, respectively. The values for bacterial adhesion to different
polymer surfaces at 20 °C (Figure 6a) and the P(LAEMA28)
surface at 37 °C (Figure 6b) showed good agreement with the
results from the polar diagrams (Figure 4a,c). Interestingly,
although bacterial adhesion to the P(GAPMA39) modified
surface showed a similar bond stiffness at different temperatures
in the polar diagrams (Figure 4a,c), ΔF/ΔD values calculated at
different temperatures gave different results. At low overtones,
ΔF/ΔD values for bacterial adhesion to the P(GAPMA39)
surface were positive at 37 °C but became less positive at higher
overtones (n > 5) (Figure 6b). This behavior may be due to the
increasing flexibility of bacterium−polymer chains at higher
temperature. Negative ΔF/ΔD values at high overtones are due

to the viscous takeover as this is the predominant factor in the
viscoelastic bacterium−substratum connection.13

Interestingly, at 37 °C, although bacterial adhesion to the
P(NIPAAm40) modified surface showed the highest bond
stiffness in the polar diagrams (Figure 4b), this result was not in
agreement to the data shown in Figure 6b. The lowest ΔF/ΔD
values obtained for P. aeruginosa PAO1 adhesion to the
P(NIPAAm40) modified surface at 37 °C suggested that the
bacterium interacted weakly with the hydrophobic P-
(NIPAAm40) surface. As bacterial cells aggregated on the
P(NIPAAm40) surface at 37 °C (Figure 5), an increase in
dissipation was observed, possibly due to the large amount of
water entrapped between bacterial cells or by viscous friction at
the liquid gaps on bacterium−bacterium and bacterium−
substratum interfaces.13 The highest ΔF/ΔD values were
observed when bacterial adhered on the P(LAEMA2-b-
NIPAAm40) surface at 37 °C. Since the thermally responsive
glycopolymer (P(LAEMA2-b-NIPAAm40)) turned to its hydro-
phobic state and exposed more carbohydrate residues
(galactose) during the coil-to-globular transition at a temper-
ature higher than its LCST, an enhanced P. aeruginosa PAO1
adhesion on the P(LAEMA2-b-NIPAAm40) surface was noted
to be possibly driven by both hydrophobic14 and lectin−
carbohydrate interactions (Scheme 2).24

To further illustrate the role of lectin−carbohydrate and
hydrophobic interactions in bacterial adhesion on the surface,
we performed a competitive assay, in which the interaction
between galactophilic lectin (PA-IL) and galactose containing
glycopolymers was competitively blocked by the addition of an
excess of galactose containing compound (lactobionic acid)
into the bacterial suspension. The ΔF/ΔD values of P.
aeruginosa PAO1 adhesion to different polymer surfaces in
the presence of lactobionic acid at 20 and 37 °C are shown in
Figure 7a,b, respectively.
Compared to the bacterial adhesion to galactose containing

glycopolymer surfaces [P(LAEMA28) and P(LAEMA2-b-
NIPAAm40)] at 20 °C (Figure 6a), the ΔF/ΔD values shifted
to negative values when lactobionic acid was added in the
bacterial suspension (Figure 7a), indicating contact between
bacterium and carbohydrate substratum has changed from
elastic to a weaker viscous connection (Figure 7d). These
changes might relate to the blocking of the interaction between
the bacterial galactophilic PA-IL and galactose containing
glycopolymers, as the numbers of P. aeruginosa PAO1 on
P(LAEMA28) and P(LAEMA2-b-NIPAAm40) surfaces are
reduced significantly in lactobionic acid solution at 20 °C
(Figures 7c and S4, Supporting Information). On the other
hand, compared to P. aeruginosa PAO1 adhesion on polymer

Figure 5. P. aeruginosa PAO1 adhesion to a P(NIPAAm40) modified
sensor surface at different temperatures (a: 20 °C; b: 37 °C).

Figure 6. ΔF/ΔD values calculated at the end of P. aeruginosa PAO1 adhesion to different surfaces. (a) 20 °C; (b) 37 °C.
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surfaces in 10 mM Ca2+ (Figures 3 and 6a), neither bacterium−
substratum interaction (Figure 7a) nor numbers of bacterial
cells (Figure 7c) on P(GAPMA39), P(GAPMA2-b-NIPAAm46),
and P(NIPAAm40) surfaces has been changed significantly in
lactobionic acid solution. These observations might suggest that
the addition of lactobionic acid only affects the lectin−
carbohydrate interaction between P. aeruginosa PAO1 and
galactose containing polymers.
At 37 °C, although the galactophilic PA-IL has been blocked

by lactobionic acid, the numbers of P. aeruginosa PAO1
observed on the three thermally responsive polymer [P-
(NIPAAm40), P(GAPMA2-b-NIPAAm46), and P(LAEMA2-b-
NIPAAm40)] surfaces are close (Figure 7c). The above
observations might be due to the increased hydrophobicity of
the surface enhancing the bacterium−substratum affinity. On
the other hand, similar to bacterial adhesion to the
P(LAEMA28) and P(LAEMA2-b-NIPAAm40) surface at 20 °C
(Figure 7a), the ΔF/ΔD shifted to negative values at 37 °C
when lactobionic acid was introduced to the bacterial
suspension (Figure 7b). Interestingly, although no galactose is
present on P(NIPAAm40) and P(GAPMA2-b-NIPAAm46), in
lactobionic acid solution, the ΔF/ΔD values also change their
signs at 37 °C (Figure 7b) as compared to the results obtained
in 10 mM Ca2+ (Figure 6b). These results showed a very good
agreement to Marcus et al.’s study13 in which the hydrophilic P.
aeruginosa PAO1 adhered to a surface. Therefore, when the
negatively charged lactobionic acid (pKa = 3.8) is bound to the

galactophilic PA-IL on the P. aeruginosa PAO1 membrane, the
bacterial surface become more hydrophilic so that more water
would appear on the bacterium−substratum interface, which
may alter the bacterium−substratum interaction or increase the
viscous friction to make the ΔF/ΔD values closer to zero
(Figure 7b).

■ CONCLUSION

Well-defined thermally responsive glycopolymers carrying
galactose residues as pendant groups were successfully
synthesized by the one-pot RAFT process and subsequently
immobilized on gold-coated QCM-D sensor surfaces. Inter-
actions between the polymers and P. aeruginosa PAO1 were
studied by QCM-D at 20 and 37 °C and analyzed by a coupled
resonance model. Although a significantly higher number of P.
aeruginosa PAO1 adhered to a hydrophobic surface [P-
(NIPAAm40)] at 37 °C than at 20 °C, the bond stiffness was
much lower as compared to bacterial adhesion to glycopolymer
homopolymers [P(LAEMA28) and P(GAPMA39)] and bio-
mimetic cell surfaces [P(LAEMA2-b-NIPAAm40) and P-
(GAPMA2-b-NIPAAm46) modified sensor surfaces]. These
results suggest that bacterial adhesion is regulated by specific
lectin−carbohydrate interactions and is expected to be the
dominant factor in pathogen infection.

Figure 7. ΔF/ΔD values calculated when P. aeruginosa PAO1 adheres to different surfaces in the presence of lactobionic acid. (a) 20 °C; (b) 37 °C.
(c) Numbers of P. aeruginosa PAO1 adhering to different polymer modified QCM-D surfaces at different temperatures. The “asterisk” indicates
significant differences (p < 0.05) on numbers of bacterial cells adhering on a surface at different temperatures. Values are presented as the mean ±
SD (n = 3). (d) Schematic illustration of nonspecific and lectin−carbohydrate based bacterium−substratum interactions.
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