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There are two major approaches to prevent the microbial
colonization and biofilm formation on a surface. The active
approach is to “attack”, by killing bacteria with a wide range
of antimicrobial materials or drugs including but not limited
to cationic polymers, antimicrobial peptides, antibiotics, silver
ions, nitrous oxide.'* However, poor biocompatibility or
drug resistance is of great concern. The passive approach is to
“defend”, by resisting bacteria by using nonfouling coatings,
such as poly(ethylene glycol) (PEG), zwitterionic, and their
derivative coatings.”>*! However, once bacteria are attached
on a surface, there is no mechanism to kill them. Ideally,
a surface is able to perform the interswitchable functions each
at a time, such as to kill attached bacteria, release killed
microbes, and either return to the initial killing state or
maintain the final nonfouling state. We reported a “kill-and-
release” strategy based on a cationic ester.’! The cationic
ester surface was able to kill attached bacteria and release
dead microbes upon the hydrolysis of ester groups, resulting
in the nonfouling zwitterionic surface.®) Unfortunately, this is
a one-time action and the surface cannot be regenerated back
to its original form, because the hydrolysis of ester groups is
not reversible. It is highly desirable but challenging to develop
a single material that switches reversibly and easily between
attacking (e.g., cationic) and defending (e.g., zwitterionic)
forms.

Herein we overcome these challenges with a smart
polymer capable of switching repeatedly between its two
equilibrium states, a cationic N,N-dimethyl-2-morpholinone
(CB-Ring) and a zwitterionic carboxy betaine (CB-OH,
Figure 1) to achieve attacking and defending functions in
a controlled manner. Herein, we show that a CB-Ring surface
kills over 99.9% of Escherichia coli K12 (E. coli K12)
attached on it under dry conditions. In neutral or basic
aqueous environments, CB-Ring is hydrolyzed to CB-OH
immediately. The CB-OH surface releases dead bacteria and
at the same time resists bacteria adhesion in the aqueous
media. CB-OH can finally be converted back to CB-Ring
under acidic conditions, thereby regenerating the bacteria-
killing function. As compared with the “one-time-switch”
surface mentioned above, switching of this smart material is
fully reversible and triggered under practical conditions; the
bacteria-killing function can be regenerated with weak acid
(e.g. acetic acid), and in physiological environment the
function immediately shifts to releasing and resisting bacteria.
We have reported the synthesis of CB-OH and studied its
equilibrium with CB-Ring driven at acidic and basic con-
ditions."”) Herein we propose and demonstrate the use of this
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Figure 1. A smart polymer coating repeatedly switches between the
attacking function (CB-Ring, to kill bacteria under dry conditions) and
defending function (CB-OH, to release and resist bacteria under wet
conditions). CB-Ring can be hydrolyzed to CB-OH in neutral or basic
aqueous solutions and can be regenerated by dipping CB-OH in acidic
media.

smart material in killing, releasing, and resisting bacteria in
a reversible manner.

The bacteria-attacking function of CB-Ring was hypothe-
sized based on its structural characteristics, the cationic,
quaternary amine group and its similarity to 2-morpholinone.
It is well-known that quaternary amine compounds are able to
efficiently kill a variety of microorganisms both on surfaces
and in bulk solutions.®'"'*l Moreover, 2-morpholinone deriv-
atives (with unsubstituted nitrogen atoms) have shown
pronounced activity against bacterial and fungal species.'”!
The preparation of the CB-Ring film followed the method we
previously established. CB-OH monomer (Figure 2a) was
first synthesized and its thin polymer film (film thickness
(26.6 £0.6) nm) was developed through surface-initiated
atom-transfer radical polymerization from thiol initiators on
gold substrates.'”! Since CB-OH has a half-life of 14 min in
trifluoroacetic acid (TFA) before being fully converted to
CB-Ring,"! we dipped CB-OH surface in TFA for 20 min to
generate a sufficient amount of CB-Ring on the surface and
subsequently washed the surface repeatedly with acetonitrile.

The bactericidal activity of the CB-Ring surface was
tested on E. coli K12 by using an established assay.%'®l A
typical quaternary amine surface known for its bactericidal
ability (C8N,® film thickness (26.6+0.5) nm) and the zwit-
terionic CB-OH surface were used as the positive and
negative controls, respectively (Figure 2a). It was observed
that cationic CB-Ring generated from TFA killed more than
99.9% of the bacteria sprayed on its surface in one hour under
dry conditions, similar to the cationic C8N surface (Fig-
ure 2b). CB-Ring generated from acetic acid (HAc) had
equally good bactericidal activity and will be further
explained below. As expected, CB-OH, being zwitterionic,
had no bactericidal activity at its dry state (100 % live bacteria
in Figure 2b), showing roughly the same amount of live
bacteria as a bare gold surface.

It should be pointed out that CB-Ring can be regenerated
from two methods: with TFA, an established method,'"” or
with HAc. Herein we show the use of HAc to convert CB-OH
to CB-Ring surface and examine the bactericidal activity of
the resulting CB-Ring surface. As a weak acid HAc does not
erode away the gold layer on our substrates and can be used
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Figure 2. a) Chemical structures of cationic CB-Ring, zwitterionic CB-OH, and cationic C8N monomers. X™: counterion. b) Bactericidal activity of
the surfaces against E. coli K12 under dry condition. The y axis represents the percentage of live E. coli K12 colonies grown relative to the number
of colonies grown on CB-OH control (n=3). Note that zwitterionic CB-OH cannot kill the bacteria. In the other three cases more than 99.9% of
the bacteria were killed. c) Bacterial cell density of E. coli K12 on the surfaces before and after the releasing procedure (gently shaking in PBS for
one hour; n=3). Initially (before release), bacteria were equally sprayed on CB-Ring, CB-OH, and C8N surfaces and dried for 15 min. Note that
only the bacterial coverage on C8N was recorded*. After the releasing procedure, the remaining bacterial coverage was recorded. *The bacterial

coverage for CB-Ring and CB-OH surfaces was the same as C8N but could not be directly measured; staining required wet conditions that
released bacteria on CB-Ring and CB-OH surfaces. d) Bacterial cell density of E. coli K12 attached on the surfaces after incubating with the
bacteria under wet conditions (10% cellsmL™" for 0.5 h; n=3). The labels CB-Ring, CB-OH, and C8N represent the types of the surfaces before the
incubation with bacteria; note that CB-Ring was converted to CB-OH during the incubation.

to repeatedly treat the surface without destabilizing the
polymer coating. The potential conversion from CB-OH to
CB-Ring was examined by dissolving CB-OH monomer into
[DJHACc at a concentration of 0.2M and the characteristic
peaks in the '"HNMR spectrum of CB-OH and CB-Ring
(Figure S1 in the Supporting Information) were compared. It
was found that treatment with [D]JHAc for 20 h led to 50 %
conversion of CB-OH to CB-Ring. After 40 h the equili-
brated product was precipitated in ethyl ether, dried in
vacuum, and placed into pH 7.3 buffer made by titrating
a solution of Na,CO; (200 mm) in D,O with DCIL. '"H NMR
spectroscopy indicated a fast hydrolysis of CB-Ring back to
CB-OH with nearly full conversion in less than 10 min
(Figure S2 in the Supporting Information). A mechanism for
the equilibrium between CB-Ring and CB-OH was proposed
(Figure S3 in the Supporting Information). The conversion
from CB-OH to CB-Ring is catalyzed by the protonation of
the carboxylate group leading to an intramolecular Fischer
esterification involving the neighboring hydroxy group. A
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strong acid is the ideal catalyst for the reaction as is the case
for TFA, which gave almost complete conversion to CB-ring
in one hour,'" whereas HAc, a weak acid, yielded 50%
conversion after 20 h. We re-examined the bactericidal
activity of CB-Ring surface generated by HAc treatment
for 20 h. Even the surface that was not fully converted to CB-
Ring was as efficient as the previous TFA-generated CB-Ring
surface, by killing more than 99.9% E. coli K12 in the dry
condition (Figure 2b). Furthermore, we tested the polymer-
film stability by switching the surface between CB-OH and
CB-Ring repeatedly, through various cycles of treatment with
HAc for 20 h and with phosphate buffered saline (PBS) for
two hours (CB-OH—CB-Ring and CB-Ring—CB-OH,
respectively). No obvious film deterioration was found as
indicated by a constant film thickness of CB-OH over seven
repeated cycles (Figure S4 in the Supporting Information).
For these reasons, we chose HAc as an alternative to TFA in
repeatedly manipulating this “smart material”.
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For the bacteria-defending function, we examined the
ability of this “smart material” to release the previously
attached/dried (killed) bacteria in wet conditions and to
further resist bacteria attachment. To test the bacteria-
releasing capability, surfaces previously sprayed with E. coli
K12 and dried for 15 min, were gently shaken in PBS for one
hour. Bacteria were stained with FM® 1-43 and their densities
on the surface before and after the shaking (releasing) were
monitored under a fluorescence microscope (quantitative
data in Figure 2c¢; representative images in Figure S5 in the
Supporting Information). It was found that CB-Ring surface
was able to release 90% of the previously attached/dried
bacteria, similar to CB-OH. It was expected that upon the
contact with PBS, cationic CB-Ring was quickly converted to
CB-OH within minutes (Figure S2 in the Supporting Infor-
mation). Previously was shown that CB-OH surface was ultra-
low-fouling with respect to resisting fibrinogen and undiluted
human plasma, with less than 5 ngcm 2 adsorbed proteins.'
As a reference, a monolayer of protein results in a surface
coverage of 100-500 ngcm 2. The nonfouling nature of CB-
OH accounts for the efficient release of the attached/dried
bacteria. In contrast, the permanent cationic C8N exhibited
no observable bacteria release (p > 0.6, one-way analysis of
variance (ANOVA), Figure 2c).

To test the bacteria resistance in wet conditions, surfaces
were incubated with E. coli K12 solution (10° cellsmL ™" in
PBS) for 0.5h and shaken in fresh PBS for one hour to
remove unbound bacteria. Bacteria that remained on the
surfaces were stained with FM 1-43 for visualization. It was
found that the smart surface in its initial state at both CB-
Ring and CB-OH effectively resisted the bacteria adhesion,
whereas C8N had large amounts of bacteria adhesion owing
to its cationic and hydrophobic nature (quantitative data in
Figure 2d; representative images in Figure S6 in the Support-
ing Information). An established ultra-low-fouling zwitter-
ionic surface made from polycarboxy betaine (PCBMA )&
was tested as a negative control (film thickness (32.2+
0.3) nm), showing an extremely low bacterial coverage of
(6.443.2) x 10* cellscm 2 The density of bacteria on the CB-
OH surface was (7.8 +5.8) x 10* cellscm 2, which was as low
as on the PCBMA control (p > 0.6, one-way ANOVA). As
a reference, a single observable bacterial cell under the field
of the microscope in our setup represented a bacterial density
of 3.2 x 10* cellscm ™.

Finally, we examined the bacteria-attacking ability of CB-
Ring after one cycle of switch. The CB-Ring surface was
sprayed with E. coli K12, dried for one hour, and shaken in
PBS for another hour to release the killed bacteria. The
resulting CB-OH surface was treated with HAc for 20 h to
regenerate the CB-Ring surface. The resulting CB-Ring
surface was tested for bactericidal activity and was found to
be as good as it was in the previous cycle (i.e., it killed more
than 99.9% of E. coli K12).
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Many smart polymers have been developed to modulate
various properties (e.g., permeability and wettability as well
as adhesive, mechanical, and optical properties, etc.).'”] But
none of these established materials was able to switch
between bacteria-attacking and -defending functions repeat-
edly. It is also worth noting that the smart material studied
herein can be readily implemented on different types of
surfaces (e.g., metal, glass, polymer, etc.). An adhesive
anchoring moiety will be chosen depending on the nature of
these substrates, and the polymer coating can be obtained by
either “graft-from” or “graft-to” methods.”
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