ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Development of self-stratified antibacterial

i") Check for updates‘
polymers via click chemistry

Cite this: RSC Adv, 2019, 9, 13159
Kaimei Peng, (2P
and Weiping Tu®

7 N
/WT”’«) *b

Jianging Hu, {2*° Xuexin Dai,? Zaibo Yang,? Runping Wang?®

An azide-modified long perfluorinated tail quaternary ammonium methacrylate compound (M2) was
designed and synthesized. The fluorine containing polyurethane (PU-F) with strong antibacterial
properties was prepared via click reaction of M2 and a clickable polymer (PU-Al), which exhibited surface
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1. Introduction

Bacterial infection is a global concern. Nosocomial infections
are due to an infection or toxin that has been acquired from
a hospital or healthcare service unit. Such infections are major
public health problems, and are the sixth leading cause of
death. There were about 75 000 deaths caused by nosocomial
infections in the USA in 2011, resulting in an estimated $4.5-11
billion worth of damage annually."* The media of nosocomial
infections are biomedical surfaces contaminated with bacteria.
These infection surfaces are the cause of about 4-10% (30% in
intensive care units) of the prevalence rate of nosocomial
infections in developed countries,*”® and >15% in developing
countries.® Therefore, antibacterial surfaces are an increasingly
important area in sterilization.

Various approaches have been developed to endow materials
with antibacterial function.””® The common way to prepare
bactericidal materials is to incorporate antibacterial agents
such as quaternary ammonium compounds (QACs),"*™** silver
ions,* ¢ antibiotics,"”*®* and halogens™?*° into them. Although
the release-killing method is effective and easy-to-use, the
antibacterial activity decreases with the release of the active
component. Also, leaching of toxic biocides into the surround-
ings contaminate the environment and cause bacterial resis-
tance.**?* Therefore, fabricating the antibacterial materials with
contact-killing capability (without releasing toxic agents) is
a concern.”***

Polyurethanes are a versatile class of materials due to the
ability to tailor their properties via introducing wide range of
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was excellent, and covalent conjugation of the QACs to the polymers prevented leaching.

chemicals into the polyurethane composition.>**” QACs grafted
antibacterial polymers have been successfully prepared and
studied extensively.”® The antibacterial mechanism of positively
charged QACs is based on a strong electrostatic interaction with
negatively charged bacterial cell membrane, and the QACs with
long hydrophobic tails* exhibit the excellent antibacterial
activity via disrupting the bacterial cell membrane.* For these
reasons, QACs grafted polyurethanes have been attracting a lot
of interest because of its application in antibacterial
materials.>*

Generally, the antibacterial polymer was evenly distributed
in the bulk and on the surface of a material, but antibacterial
activity is linked to surface properties. The antibacterial moie-
ties in bulk not only impact material performance but also
weaken surface antibacterial activity.®® Therefore, the self-
stratified polymers are rapidly becoming a major focus of
contact-killing materials. Click chemistry, especially the copper-
catalyzed azide-alkyne cycloaddition (CuAAC), is an orthogonal
and efficient reactor,***” which is a powerful linkage method for
designing antibacterial polymeric materials. Herein, we report
the design and synthesis of self-stratified antibacterial polymers
(PU-F) containing QACs via click chemistry, and the physi-
ochemical properties and the antibacterial performance of the
PU-F were investigated. To analyse the antibacterial activity of
PU-F, Gram-negative Escherichia coli (E. coli) and Gram-positive
Staphylococcus aureus (S. aureus) were selected as the test
organisms because they are very common strains, have faster
doubling time and belong to the type strains.

2. Experimental
2.1 Materials

Monomers including poly(propylene glycol) (PPG, M,, ~ 1000)
and 1,1,1-tris(hydroxymethyl)propane (TMP, 98%) and
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isophorone diisocyanate (IPDI, 98%) and 1,6-hexanediol (99%)
were purchased from J&K chemical Ltd. N-Methyldiethanol-
amine (98%) and propargyl bromide (98%) and 2-dimethyla-
minoethyl chloride hydrochloride (99%) and sodium azide
(99%) and 1-iodo-1H,1H,2H,2H-perfluorodecane (98%) were
from Aladdin Chemical Ltd. All other materials and solvents
were purchased from Sigma. The two bacteria strains used were
Gram-negative Escherichia coli (E. coli, ATCC 25922) and Gram-
positive Staphylococcus aureus (S. aureus, ATCC 29213).

2.2 Methods

2.2.1 Synthesis. N,N-Bis(2-hydroxyethyl)-N-methylprop-2-
yn-l-aminium bromide (M1) was synthesized by one-step qua-
ternization reaction. Briefly, to a 250 mL flask charged with N-
methyldiethanolamine (10 g, 84 mmol) and N,N-dime-
thylformamide (DMF, 30 mL), propargyl bromide (9.8 g, 84
mmol) was slowly added with stirring at room temperature.
Then, stirring was continued for another 24 hours, and
a precipitate occurred. The upper clear liquid was removed. The
solid was washed three times in acetone, and dried. The product
(18.9 g) was obtained in 95% yield.

N-(2-Azidoethyl)-heptadecafluoro-N,N-dimethyldecan-1-aminium
iodide (M3) was synthesized according to the following procedure.
To a 250 mL flask charged with 20 g of 2-dimethylaminoethyl
chloride hydrochloride (139 mmol) and 150 mL of water and 10 g of
sodium azide (154 mmol) and catalytic amount of sodium iodide,
the mixture was stirred until fully dissolved. The reaction mixture
was heated to 80 °C, and stirring was continued for 36 hours. After
being cooled to room temperature, and the mixture was neutralized
with sodium carbonate, and the pH was adjusted to 11. 100 mL of
ethyl acetate (EA) was added and subsequently extracted with diethyl
ether (60 mL x3). The combined organic phase was washed by
saturated brine (50 mL x3) and dried with sodium sulfate. The
diethyl ether in the mixed solvents was removed at room tempera-
ture, and the 2-azido-N,N-dimethylethan-1-amine (M2) in ethyl
acetate was obtained. 100 g of 1-iodo-1H,1H,2H,2H-perfluorodecane
was added to the M2 solution and stirred at 75 °C for 12 hours, and
a yellow precipitate occurred. The upper clear liquid was removed.
The solid was washed three times in ethyl acetate, and dried under
vacuum at 45 °C for 2 days. The M3 (57 g) was obtained in 60% yield.

The clickable alkyne functional polyurethane (PU-Al) was
prepared according the following procedure. Briefly, IPDI (60 g,
270 mmol) and PPG 1000 (55 g, 55 mmol) and catalytic amounts
of dibutyltin dilaurate (DBTDL) were charged into a 500 mL
dried four-necked flask equipped with a mechanical stirrer,
a thermometer, a condenser, and a nitrogen in/outlet. The
reaction mixture was heated to 80 °C for 2 hours and then
cooled to 40 room temperature. 280 mL of DMF and 6 g of TMP
(44 mmol) and a certain amount of 1,6-hexanediol (14 g, 119
mmol) and M1 (2.5 g, 11 mmol) were added. The reaction was
kept at 80 °C for another 7 hours. The clickable PU-Al in DMF
was prepared.

Fluorine-containing polyurethane (PU-F) was synthesized
according to the following procedure. 6 g of PU-Al in DMF
solution and 10 mL of DMF and a certain amount of M3 (8 mg,
15 mg, 21 mg or 40 mg) were added into a 100 mL flask. The
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mixture was degassed for 20 minutes with nitrogen and 0.2 g of
CuBr and 0.36 mL of pentamethyldiethylenetriamine (PMDETA)
were added, and stirred at room temperature for 1 hour. The
antibacterial polyurethanes PU-F1 (0.40 wt%), PU-F2 (0.71 wt%),
PU-F3 (1.05 wt%) and PU-F4 (1.97 wt%) were prepared.

2.2.2 Spectroscopic characterization. The chemical struc-
tures of small molecules and polyurethanes were verified via
"H/"*C NMR spectra (Bruker AVANCE III HD 400 spectrometer)
and FT-IR spectrum (Bruker VERTEX 70 in the range of 4000-
600 cm ™).

2.2.3 Contact angle. The static contact angles of films were
conducted on a JC2000C1 Powereachl contact angle analyser.
The average contact angle was obtained from five tests of each
sample.

2.2.4 Gel permeation chromatography (GPC). Molecular
weight distribution of the PU-F was studied with gel permeation
chromatography (GPC) using a Thermo Scientific chromato-
graph equipped with a RefractoMax 521 refractive index
detector and an isocratic Dionex UltiMate 3000 pump. The
mobile phase was tetrahydrofuran at a flow rate of 1 mL min™—".
The calibration was performed using polystyrene as standard.

2.2.5 Thermogravimetric analysis (TGA). Thermogravi-
metric analysis (TGA) of antibacterial polyurethanes was con-
ducted using NETZSCH, TG209 under N, flow. The samples
were heated from room temperature to 600 °C with a heating
rate of 10 °C min~".

2.2.6 Differential scanning calorimetry (DSC). DSC tests
were conducted using a Netzsch DSC204 differential scanning
calorimeter. Polyurethane sample of 5 mg of each material was
first heated from room temperature to 150 °C at a heating rate
of 10 °C min~" and held in the melting state for 2 minutes to
erase the thermal history. This process was followed by
quenching to —80 °C at 10 °C min " and held for 8 minutes to
reach equilibrium. Subsequently, the polymer sample was
heated from —80 °C to 150 °C at 10 °C min~ " again to obtain the
thermal property.

2.2.7 X-ray photoelectron spectroscopy (XPS). XPS
measurements were performed using an X-ray photoelectron
spectrometer (Kratos Axis Ultra DLD, Kratos, UK) with a mono
Al-Ka excitation source (1486.6 eV) and operated at 15 kV under
a current of 5 mA. Polymer samples were placed in an ultrahigh
vacuum chamber (5 x 10~° torr) with electron collection by
a hemispherical analyzer at the angle of 90°.

2.2.8 Antibacterial activity determination. The antibacte-
rial activity of PU-F was assessed using the antibacterial drop-
test.*® Gram-positive S. aureus (ATCC 29213) or Gram-negative
bacterial E. coli (ATCC 25922) was cultured on agar plate at
37 °C for 24 h, and then a single colony was picked and cultured
in culture medium (Mueller-Hinton broth) at 37 °C for 12
hours. The cell suspension was diluted to 10> CFU mL'. The
samples (20 x 20 x 0.6 mm) were placed into sterile Petri
dishes. 100 uL of the 10° CFU mL ™" cell suspension was added
dropwise onto the surface of each sample, and pure PU was
used as a control. The samples were evaluated at 37 °C for 8
hours. 10 mL sterile double-distilled water was applied to the
sample. 100 puL of the suspension in the Petri dish was
dispersed on the nutrient agar plate. The plate was incubated

This journal is © The Royal Society of Chemistry 2019
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for 24 hours at 37 °C, and the numbers of colonies on the agar
plates were counted. The above experiment was repeated at
least three times and the polymer samples were washed with
ethanol and sterile double-distilled water and dried at 75 °C
before the experiment.

The disk diffusion of some representative samples was
conducted according to the following procedure. The cultured
active bacterial suspensions (E. coli) were plated on the solidi-
fied agar media. Films (1 x 1 cm) were adhered to the medium
with their active side on the agar and the plates were incubated
at 37 °C for 24 hours.

3. Results and discussion
3.1 Monomers synthesis

M1 was synthesized by one-step quaternization reaction in
Fig. 1A and the structure was confirmed by '"H/">C NMR and FT-
IR spectra shown in Fig. 2A and B. "H NMR peaks of proton at
0 2.41 ppm was assigned to alkyne hydrogen (-C=CH) and the
infrared absorption of alkyne group was observed at 2125 cm ™.

The basic strategies employed for the synthesis of M3 are
based on the nucleophilic substitution and quaternization
reaction. M2 was first synthesized according to the route in
Fig. 1B. Its chemical structure was confirmed by "H NMR
result and azide group infrared adsorption at 2104 cm ™' in
Fig. 2C and D. The synthesis of M3 involved the reaction of M2
with 1-iodo-1H,1H,2H,2H-perfluorodecane in ethyl acetate
(Fig. 1C). "H/**C/*°F NMR and FT-IR spectra confirmed the
successful synthesis of M3 (Fig. 2E-H). The advantage of these
synthesis is that the operation of experiments is simple and
convenient, and the purification of products is without
chromatography.

3.2 Polymer design and synthesis

The strategy employed in this study is schematically illustrated
in Fig. 3. Step-growth polymerization was used to directly
prepare clickable polymer (PU-Al) and antibacterial poly-
urethane (PU-F). Prepolymer was prepared from the reacting
between PPG and IPDI. Subsequently, the M1 with alkyne was
introduced into the polyurethane chain, and the clickable
polyurethane (PU-Al) was synthesized. The chemical structure
of PU-Al was investigated via "H NMR in Fig. 4. Compared with
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pure PU, several new peaks appeared at 6 3.18, 6 3.74, 6 4.08, and
0 4.51, which could be assigned to the chemical shifts of the
protons on the -N*(CHj)-, -N'CH,-CH,-OH, -N'CH,-, and
-C=CH.

3.3 Thermal properties

DSC and TGA were used to assess the thermal properties of PU-
Al and PU-F. As shown in Fig. 6, compared with PU, the glass
transition temperature (Ty) of clickable polyurethane PU-Al
increased by 5.7 °C when the percent content of clickable
monomer (M1) is 1.86%, which may be caused by the intro-
duction of alkyne side chain. The glass transition temperatures
(Tgs) for PU-F 2 and PU-F 3 were 30.2 and 32.3 °C, respectively.
The T,s of PU-F were larger than PU-Al, and they increased with
the proceeding of click reaction, which was attributed to the
formation of rigid triazole rings by CuAAC click reaction.*?**

TGA results provide the information, including volatile
content and decomposition temperature (T4). The degradation
of polyurethane is a step-by-step process.*>** In the first stage,
the PU polymer chains were decomposed due to the C-NH bond
breaking.** The PU, PU-Al and PU-F started to decompose at
200 °C as shown in Fig. 7. The first peak of decomposition rate
occurred as the temperature rose about 326 °C. At this point, the
hard segments of polyurethanes were almost degraded because
of the breaking of urethane bonds. In the second stage, the
ether bond (C-O) began to break down, and then the soft
segments were decomposed. At the second peak, the tempera-
ture of PU-Fs were larger than that of PU and PU-Al because the
formation of the thermal stable triazole ring.** The results is in
accordance with the increase of T, of PU-F in comparison to PU.
Hence, the CuAAC reaction combine providing the efficient
method for fabricating functional polymer and improving the
thermal stability.

3.4 XPS analysis and contact angle measurements

XPS was used to investigate the film surface chemical compo-
sitions, and the fluorine over total carbon (F/C) ratio was
measured. As can be seen in Fig. 8, the C1s peak for the PU-F 3
(1.05 wt%) film was curve fitted into four peaks (Fig. 8B), and
these peaks are assigned to different carbon environments: C-
C/C-H (~285 €V; its peak area was A;), C=0 (~289 eV; A,), CF,
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Fig. 1 Synthetic routes for the monomers.
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Fig. 2 H NMR and FT-IR spectra of M1 (A and B), M2 (C and D), M3 (E and F) and **C/*°F NMR spectra of M3 (G and H).
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Fig. 3 Two synthetic strategies for the polymers. The synthesis of fluorine-containing polyurethane (PU-F) involved the reaction of PU-Al with
compound M3 via click chemistry. The FT-IR spectra provided the evidence of the successful synthesis of PU-F. Fig. 5 shows the successful
transformation of PU-Al into PU-F4 by monitoring the disappearance of an azide peak at 2104 cm™? after click reaction. The PU-F 3 was
determined by GPC analysis. The number average molecular weights (M,,) and the polydispersity indexes (PDI) of the PU-F 3 was 1.019 x 10% g
mol~! and 1.786, respectively.
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Fig. 4 IHNMR spectra of non-clickable polyurethane (PU), clickable Fig.5 The FT-IR spectra of reaction mixture containing the PU-Aland
polyurethane with side-chain alkyne (PU-AL). M3 before or after the click reaction.

In Fig. 8B, F/C ratio for the PU-F 3 film surface was 0.116, and
(~292 eV; A3), and CF; (~294 eV; A,). The F/C ratio was esti- that for the estimated bulk average was about 0.0035. Obviously,

mated according to eqn (1).>>* fluorine enrichment occurred at the film surface, and the
F  2A;+3A, surface enrichment factor was 33. The XPS results showed that
c- i (1) PU-F film resulted in a much higher F/C ratio than its bulk
DA value, which was in line with static contact angle of PU-AI (69°),
i=1

PU-F 2 (83°), PU-F 3 (101°), and PU-F 4 (104°).
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Fig. 6 DSC curves of PU, PU-AL (wt% = 1.86%), PU-F 2 (wt% = 0.71%)
and PU-F 3 (wt% = 1.05%).
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Fig.7 TGA (A) and DTG (B) curves of PU, PU-Al (wt% = 1.86%), PU-F 2
(wt% = 0.71%) and PU-F 3 (wt% = 1.05%).

3.5 Antibacterial activity

Antibacterial activities of the films were monitored by using the
Gram-positive  Staphylococcus
Escherichia coli, through the antibacterial

aureus and Gram-negative

“drop test”
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Fig.8 XPS Clssignals at a takeoff angle of 90 °C; (A) PU and (B) PU-F 3
(1.05 wt?%).

method.*® PU was used as control, and the percentage of
bacteria kill was evaluated via eqn (2) as below:

Percentage of bacteria kill = x 100% (2)
Here A = CFUs after control (PU) surface contact, B= CFUs after
PU-Al or PU-F surface contact.

Notably, all PU-F samples, especially PU-F 2 and 3, exhibited
strong antibacterial behavior against both S. aureus and E. coli.
As shown in Fig. 9 and 10, the PU-F 2 (0.7 wt%) film surface
exhibited bacteria kill rate about 86% and 95% against S. aureus
and E. coli, respectively. 1.0% fluorine-containing monomer
(M2) content in polymer is enough to inhibit S. aureus or E. coli.
Due to its hydrophobic long perfluoroalkyl chains, M2 was an
efficiently diffusing QAC towards the material surface and
resulted in the increase of positive charge density on the
surface, which is consistent with the mechanism that the
cationic charge density at a surface is the key determining factor

This journal is © The Royal Society of Chemistry 2019
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Fig.9 Antibacterial activity of PU (blank, A and E), PU-AL (B and F), PU-F 2 (C and G), PU-F 3 (D and H) for Staphylococcus aureus and Escherichia

coli, respectively.
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Fig. 10 The comparison of antibacterial capability of PU-Al PU-F 2
and PU-F 3.

in the antibacterial activity.**® Interestingly, clickable poly-
urethane PU-Al (1.86 wt%) exhibited antibacterial properties,
and its surface showed a bacteria kill rate about 47% and 44%
against S. aureus and E. coli, respectively. This may be ascribed
to the QAC structures on the main chains.

Free QACs are effective antibacterial agent, and they will be
unfriendly to the environment and trigger antibiotic-resistance.
To confirm that the QACs were covalently bonded with the
polymer chains via click chemistry, the disk diffusion of PU-F
was carried out on E. coli. As shown in Fig. 11, there was no
leaching of free QACs and no zones of inhibition around PU-F
film, which is proof that PU-F is a non-leaching contact-killing
polymer and the CuAAC is an efficient tool to fabricate the
antibacterial polymer. In sum, the antibacterial mechanism of
PU-Fs are similar to that of QACs, but the antibacterial moieties
in bulk not only impact material performance but also weaken
surface antibacterial activity. Therefore, the self-stratified poly-
mers (PU-Fs) were fabricated by introducing the fluorines.

This journal is © The Royal Society of Chemistry 2019

Fig. 11 Disk diffusion of antibacterial polyurethane (PU-F) for
Escherichia coli.

4. Conclusions

A self-stratified antibacterial polymer (PU-F) was developed via
click reaction between clickable polyurethane and azide-
modified long perfluorinated tail QAC (M2). The click chem-
istry is efficient method for the connection of antibacterial
functional blocks, and no antibacterial ingredient leaching was
observed. The prepared self-stratified PU-F films exhibited
strong antibacterial activities against both Gram-positive S.
aureus and Gram-negative E. coli bacteria at low concentrations
due to the surface enrichment of the quaternary ammonium
moieties. Moreover, the clickable polyurethane (PU-Al) showed
the antibacterial activity because of the positive charges on the
polymer chains. Hence, we conclude that the click chemistry is
the optimal approach for preparing the functional surface
materials.

RSC Adv., 2019, 9, 1315913167 | 13165
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