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ABSTRACT

Enhancing the dispersion stability and self-antibacterial properties of cationic
waterborne polyurethane materials is of vital importance to its various appli-
cations. In this work, a novel UV-curable waterborne polyurethane with pen-
dant amine (PWPU) from 4-NCO prepolymer and modified by guanidinoacetic
acid (GAA) was prepared by a simple method. The 4-NCO prepolymer is
originated from the progressively grafting of tridentate polycaprolactone. The
GAA, which is rarely used in coating industry, plays a positive reinforced role in
our self-antibacterial coatings. Taking fully advantage of the merits of pendant
amine and GAA, PWPU without bactericides possesses excellent properties in
gram-negative (92.05%) and gram-positive (94.77%) antibacterial tests. Com-
pared with the linear amine waterborne polyurethane (LWPU), PWPU has
significant superiority in stability, and the increase in antibacterial efficiency is
about 50%. Moreover, antibacterial efficiency still maintained 87.94% after 12
times washing. AFM results display that GAA and pendant amine increase the
hydrophilic groups of coating surface, which improves the antibacterial per-
formance. The experiments of thermal, mechanical performance and chemical
resistance proof the reliability of the coatings. Therefore, this work has large
potential in the applications of antibacterial materials.
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furniture and other fields [1-5]. Most antibacterial
coatings are functionalized by the addition of extra
antibacterial agents such as triclosan, peroxides, sil-

Introduction

With the escalation of hygiene requirements, the
antibacterial coatings have been extensively applied
in medical equipment, oil storage, children’s toys,
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ver ions, guanidine compounds and quaternary
ammonium salts (QAS) [6-12]. However, those
antibacterial coatings have been brought many

@ Springer


http://orcid.org/0000-0002-7813-9710
http://orcid.org/0000-0002-5837-5417
http://orcid.org/0000-0003-3826-9665
http://orcid.org/0000-0001-9442-651X
http://orcid.org/0000-0003-2899-1646
http://orcid.org/0000-0002-2846-9113
http://orcid.org/0000-0002-3665-903X
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-017-1527-2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-017-1527-2&amp;domain=pdf

216 J Mater Sci (2018) 53:215-229

controversies, such as toxicity, pollution, high cost,
drug resistance and unsustainable antibacterial
activity, which restrict their service durability and
scope of application [1, 3-6].

Nowadays, there have been attracted considerable
attentions on self-antibacterial coatings due to their
beneficial antibacterial property and durability. For
instance, Garrison et al. [13] prepared cationic poly-
urethane and studied the effects of amine ratio on
antibacterial properties. Ho et al. [14] developed an
integrated self-antibacterial coating, in which the
polyethylene glycol has anti-adhesion effect for bac-
teria. It has also been reported that the introduction of
small molecular QAS into coating polymers by chem-
ical grafting can bring about the dissolution of bacterial
membranes [15, 16]. Furthermore, since the guanidine
is prone to produce more formidable double hydrogen
bonds with the bacteria membrane, several investiga-
tors employed guanidine polymers to construct the
self-antibacterial coatings, and the effects of antibac-
terial groups’ location were also investigated [17-20].

Among various strategies, cationic UV-curable
waterborne polyurethane as a widely available mate-
rial is a competitive solution due to the inherent QAS
structure, favorable biocompatibility, environmental
friendly, rapid cross-linking and outstanding perfor-
mance [3, 21-23]. Currently, the polyurethane
antibacterial coatings are typically prepared by a con-
ventional method of incorporating amine groups into
the polymer backbone. However, there exist three
major drawbacks of current method: the limited
antibacterial performances, complicated synthetic
process and instability of dispersions [24]. Fortunately,
attributed to the chemical features, polyurethane is
suitable for the customization of molecule structure to
acquire a stable dispersion and better antibacterial
effect. Meanwhile, guanidinoacetic acid (GAA) is a
derivative of glycine, which is innocuous, inexpensive
and conveniently available, and is currently employed
as feed additives in livestock cultivation [25]. How-
ever, so far a study of GAA in coating antibacterial
performance has been rarely reported and such
research is thus highly meaningful.

Herein, we present a novel self-antibacterial UV-
curable PWPU and modified by GAA via a simple
method to address the above challenges. The 4-NCO
prepolymer was prepared at first step. Then, other
materials with -OH were mixed to terminate in a
single step. Neutralized PWPU was obtained after the
addition of the acetic acid and GAA. This strategy is
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based on cationic polyurethane which links the GAA
to the pendant position of whole chain to form
macromolecular QAS, which containing guanidine
and supplemented by polyethylene glycols. Those
antibacterial parts work together to achieve repro-
ducible and self-antibacterial effects. By the charac-
terization, detection and comparison of PWPU and
LWPU, PWPU has remarkable superiority on stabil-
ity, and the increase in antibacterial efficiency is
about 50%. As the method has advantages on simple,
cheap and green, this work not only provides a new
idea for preparing PWPU but also has large potential
in the applications of antibacterial materials.

Experimental
Materials

Isophorone diisocyanate (IPDI, 222.3 g mol ™", Indus-
trial grade) was purchased from Covestro Greater Co.,
China (Shanghai, China). Polycaprolactone triol
(PCL3050, 500 g mol !, Industrial grade) and poly-
caprolactone diol (PCL2054, 500 g mol™'; PCL2000,
2000 g mol !, Industrial grade) were supplied by
Pestorp Co., UK (Warrington, UK). Bicat8113 was
provided by Shepherd China Rep., office (Shanghai,
China). N,N-dimethyl ethanolamine (DMEA,
89.1 gmol™!), N-methyldiethanolamine (MDEA,
119.1 g mol "), acetic acid (HAc, 60 g mol "), ethyl
acetate (EA, 88.1 gmol '), methoxypolyethylene
glycols (MPEG, 350 g mol™'), B-hydroxyethyl
methacrylate (HEMA, 130.1 g mol™Y), Darocur 1173
(photo-initiator, Industrial grade), guanidinoacetic
acid (GAA, 117.1 g mol™') and other reagents were
purchased from Sino pharm Chemical Reagent Co.,
China (Shanghai, China). Escherichia coli (E. coli) and
Bacillus subtilis (B. subtilis) were purchased from HKM
Co., Ltd (Guangdong, China). Deionized water was
homemade. All drugs that are not specifically indi-
cated are analytical grade, and reagents and contain-
ers involved in synthesis must be dried.

Synthesis of waterborne polyurethane
resins

Preparation of PWPU

The synthesis process of PWPU and PUDs is shown
in Fig. 1. A four-necked flask equipped with N,
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Table 1 Basic information of waterborne polyurethane resins

Resins PWPU-A PWPU-B PWPU-C PWPU-D LWPU-E
DMEA(MDEA):MPEG:HEMA (mol) 2:0:2 2:0.5:1.5 2:1:1 2:1.5:0.5 2:0:2
Functionality of double bonds 4 1.5 1 0.5 2
Functionality of -NCO 4 4 4 4 2
Functionality of -NR3 2 2 2 2 2
Theoretical Mn (g mol ™) 3272 3382 3492 3602 3388
Experimental Mn (g mol™") 4009 3872 3734 3826 3865
Theoretical double bond contents (mol) 7.952% 5.770% 3.726% 1.806% 7.680%
Experimental double bond contents (mol) 7.577% 5.676% 3.645% 1.781% 7.393%
Theoretical Amine values (mgKOH g mol™") 24.45 23.65 2291 2221 23.61
Experimental Amine values (mgKOH g mol™") 19.21 18.98 18.53 18.46 21.33

Figure 2 Preparation of
coatings.

o

Water Drying

e ——
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& 55°C 0.5h

atmosphere, reflux condenser, mechanical stirrer and
a thermometer was charged with IPDI and half of
Bicat8118. The mixture was stirred and heated to
70 °C, and the initial -NCO value was measured.
PCL3050 dissolved in EA was dropped into the
solution within 2 h, and the -NCO value was con-
tinuously measured until it reached half of initial
value. Then, PCL2050 was mixed in, and the reaction
was carried out for further 2 h to produce the 4
-NCO prepolymer. After -NCO value reached the
one-third of initial value, the temperature was cooled
to 55 °C. The mixture of DMEA, MPEG, HEMA and
other Bicat8118 was dropped for 5 h to ensure that
the -NCO could not be detected. Finally, HAc (80%
neutralization degree) was added into the container
and stirred at 25 °C for 1 h. The colorless and trans-
parent PWPU resin was obtained.

Preparation of the LWPU

The LWPU was synthesized by conventional meth-
ods while ensuring that the amine group was iden-
tical with PWPU. A same four-necked flask was
charged with IPDI, PCL2000, Bicat8118 and EA under
the N, atmosphere. The mixture was stirred and
heated at 70 °C for 1 h for pre-polymerization. Then,
MDEA was slowly dropped into the flask to extend
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UV irradiation 2min

the chain at 55 °C for 3 h. When -NCO value reached
one-fourth of the initial value, HEMA was dropped
into the flask to terminate for further 3 h. The -NCO
value in synthesis, final amine value and double
bond contents of resins were determined according to
HG/T2409-92, 1SO 25761-2014, GB/T 601-2002 and
GB 1676-81, respectively. The Mn was measured by
GPC (10-mg sample was dissolved in 1 ml of THF
and measured at 40 °C). Afterward, the HAc (80%
neutralization degree) was added and stirred at 25 °C
for 1 h. The basic information of waterborne poly-
urethane resin is listed in Table 1.

Preparation of PUDs and coatings

The dispersions (30 wt%) were prepared by adding
the resins, Darocur 1173 (4 wt% of monomer) and
deionized water into a dispersion vessel with stirring
for 1 h at room temperature. The solvent in the dis-
persion was distilled off by vacuum distillation.
Then, the dispersions were prepared and named as
PUD-A, PUD-B, PUD-C, PUD-D and PUD-E,
respectively.

As shown in Fig. 2, 10 mL PUDs was poured in
glass dishes (¢ 90 mm), coated by the rod and dried
at 25 °C for 1 h. Then, the coated dishes were trans-
ferred to oven, slowly heated and baked at 55 °C for
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0.5 h. After evaporation of water, the dishes were
moved to the UV curing machine for curing in 2 min.
UV lamp has main wavelength of 365 nm, 1000 W
power, UV energy 1000 J s~". The center of UV light
from the film sample is 10 cm, and conveyor speed is
20 m min~'. The coatings were named serially as F,,
Fg, Fc, Fp and Fg.

0,0.25,0.5,0.75 and 1% GAA (wt. of the dispersion)
were added to PUD-B, and those dispersions were
called sequentially as PUD-B;, PUD-B,, PUD-Bs,
PUD-B4 and PUD-B5 while coatings designated as B,
Bz, Bg, B4 and B5.

Antibacterial experiments
Antibacterial experiments of PUDs

The E. coli (gram-negative) and B. subtilis (gram-
positive) bacteria have a special ultraviolet absorp-
tion at 600 nm, which is used to evaluate the
antibacterial properties of PUDs. The PUD-E and
PUD-Bx (x: 1, 2, 3, 4 and 5 Were selected to test. One
milliliter of second-generation bacteria suspension
with an ODggg values of 0.5-0.8 (contained nutrient
solution) was aspirated into sterilized tube, and the
original ODgyy value was determined as blank con-
trol. Fifty microliters of PUD-Bx was added into the
bacteria suspension and incubated at 4 °C for 2 h.
The ODggp values were determined to compute the
antibacterial efficiency of PUDs.

Antibacterial experiments of coatings

The Bx (x: 1, 2, 3, 4 and 5) and Fg coatings were detected
for colony forming units on PTFE petri dish (¢
90 mm, 10 g of peptone, 10 g of NaCl, 5 g of yeast
extract, 15 g of agar, pH 7.0). Three-milliliter bacterial
suspension was injected into a sterile and uncoated
PTFE petri dish and incubated at 37 °C for 4 h as
blank control. Then, another 3 mL bacterial suspen-
sion was added to well-coated petri dishes of PWPU-
B (Bx) and LWPU-E (Fg) coatings and incubated with
cover at 37 °C for 4 h. After that, the bacterial sus-
pension was diluted to a suitable concentration
(1 x 10° cells mL™"); 50 L diluted suspension was
coated on petri dishes which were numbered and
cultured with cover in a shaker at 37 °C for 24 h.
After incubation, the colony forming units (CFU)
were calculated.
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Figure 3 FTIR spectra of a 4-NCO prepolymer, b PWPU resin
and c coatings.

Repeat antibacterial challenges

The repeat antibacterial challenges of coatings were
carried out by washing with water [1, 8]. Firstly, the
B. subtilis suspension was incubated with Bs coating
at 37 °C for 4 h and then washed the dishes by run-
ning water for next antibacterial test. The ODgq val-
ues of bacterial suspensions were determined before
and after the incubation of each test.

Characterization methods
Characterization of the PUDs

The particle size and distribution were measured by
laser diffraction particle size (Mastersizer-2000, Mal-
vern, UK), with the range of 0.4-10000 nm.

The zeta potential of the PUDs was tested by laser
zeta potentiometer (Mastersizer-2000, Malvern, UK).

The UV absorption spectra were determined by the
UV-Vis (UV2450, Hitachi, Japan).

The filtered PUDs was added to a tube and cen-
trifuged at 3000 r min~' for 30 min in a high-speed
centrifuge (TG16MW, Hexi, China). Then, it was
allowed to stand for 24 h to observe whether the
dispersion had been precipitated or delaminated.

According to GB/T6753.3-1986, the PUDs were
placed in an oven at 50 £ 2 °C for 30 d to test the
storage stability.

The ODgg values of PUDs and bacterial suspen-
sions were determined by UV-Vis (UV2450, Hitachi,
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Table 2 Basic properties and stability tests for PUDs

PUDs PUD-A PUD-B PUD-C PUD-D PUD-E
DMEA(MDEA):MPEG:HEMA  2:0:2 2:0.5:1.5 2:1:1 2:1.5:0.5 2:0:2
(mol)
Solids content (%) 32.04 31.56 31.49 31.93 31.40
Appearance
Transparent, slightly = Transparent, slightly ~ Transparent, slightly = Transparent, Milky,
blue blue blue blue white
Storage stability Slightly layered Stable Stable Stable Layered
Centrifugal stability Stable Stable Stable Stable Layered
30
‘ (a)
25
E(120.31)
20
2 c(3789)
=2
z 15 i
£ D(31.92) © E
10
B(39.75)
5
A(47.4)
0.1 1 10 100 1000 10000
Size/nm . , . , . , . , . , .
. . . 200 300 400 500 600 700 800
Figure 4 Average particle sizes of PUDs without GAA.
Wavenumber/nm
(b)50
Japan). Antibacterial efficiency of the coatings was
calculated by the formula: 40+
. . .. 0 X 0
Antibacterial efficiency (%) = (ODj, — ODgg)/ODgqo
x 100% 30

Zata/mV

where ODY, is the values of the initial ultraviolet
peak at 600 nm for blank control bacterial sample and

ODY,, is the values for different samples.

N
o
1

Characterization of the coatings

Pencil hardness of coatings was tested by GB/T6739- A B ¢ D E
1996. Adhesion test and the impact resistance were
performed according to GB/T9286-1998 and GB/T
1732-1993, separately.

Chemical resistance tests were carried out at room

Figure 5 a UV—Vis spectrum and b zeta potentials of PUDs
without GAA.

The contact angle of water on the coatings surface
temperature and referred the method of Chaudhari was measured by using CAM (GT-CAMB3, Gentian,
[26]. China).
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The micro-topography of the coatings on the silicon
wafer was observed by AFM (MMS, Brucker, USA);
the scanning size of the probe is 10 x 10 pm.

The thermal stability of different coatings was
studied by the TG-DSC (STA449C, Netzsch, Ger-
many). Samples of 15-20 mg were heated from 25 to
600 °C at a heating rate of 10 °C min~' under argon
atmosphere.

The reduced rate of colonies for different coatings
was calculated through the equation:

Reduced rate of colonies(%) = (No — Nx)/Ny x 100%

where N is the colonies numbers of the blank control
and Ny is the colonies numbers of different coating
samples.

Results and discussion
FTIR spectra analysis

The FTIR (FTIR-800S, Shimadzu, Japan) spectra are
utilized to determine the material structure and the
degree of the reaction. As shown in Fig. 3a, there is no
obvious O-H stretching vibration at 3500 cm™", indi-
cating that -OH of PCL3050 has almost completely
reacted. The stretching vibration absorption peak at
3385 cm ™' is assigned to -NH-, and the peak at
1722 ecm™! belongs to C-O-C (ester bond), which
reflecting the formation of wurethane groups
(-NHCOO-). Meanwhile, the peak at 2270 cm ™!
ascribed to the characteristic absorption of -NCO is
observed [27, 28]. In Fig. 3b, the peak at 2270 cm™' is
disappeared, which illustrates that the -NCO has
reacted with the -OH completely. The peaks at 1640
and 814 cm™' show the HEMA grafts smoothly, and
the peaks of 1090 (C-O-C, ether bond) and 1470 cm ™!
(-OCH3) are provided by the MPEG, and the peak at
1169 cm ™" is classified to the C-N of DMEA. All above
results clearly demonstrate the successful synthesis of
PWPU. The most obvious changes after curing are
displayed in Fig. 3c, where the absorption peaks area
decreases drastically at 1640 and 814 cm™'. These
changes resulted from the C=C have transformed into
the free radicals under the ultraviolet light.

Stability analysis of PUDs

The appearance, storage and centrifugal stability of
PUDs with different molar ratios of end-capped

i
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Figure 6 a TGA and b DSC analyses of Fg, Ff, and Bs.

agents are shown in Table 2. Previous studies have
mentioned that the main factors affecting dispersion
stability include the concentration, numbers and
location of hydrophilic groups, degree of neutraliza-
tion and strength of hydrophobic segments [24, 29].
Due to the other factors, we mainly discuss the amine
position and strength of hydrophobic segments on
dispersion stability.

On the one hand, Table 2 and Fig. 4 display that
the PUD-E has the worst stability and the largest
particles size (120.31 nm), while the dispersions of
PUD-A, B, C and D are more stable and smaller in
size (about 40 nm), separately. Since the amine
groups located in pendant position of PWPU molec-
ular that brings about the hydrophilic groups
exposing adequately so that the entanglement and
encapsulation of amine groups in linear chain are
prevented. On the other hand, the particle size of
PWPU dispersions (PUD-A, B, C, D) reduces as the
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decrease in the hydrophobic C=C content. When
other factors are identical, particle size depends on
the strength of hydrophobic segments, because the
molecular chains are more easily to entangle and fold
for constituting larger particles due to the presence of
hydrophobic segments.

UV-Vis spectrum experiments can explain the
number of hydrogen bonds [30]. As shown in Fig. 5a,
polyurethane acrylate molecule has an absorption
peak at around 280 nm, and the half width of PWPU
dispersion s is narrower, which demonstrates the
particle size of PWPU dispersions is smaller. Conse-
quently, there is less micelles and more opportunities
to form hydrogen bonds due to intermolecular colli-
sion in the PUD-A, B, C and D. However, when the
particle size is too large (PUD-E), there will be more
micelles and becoming harder to approach each other
due to the electrostatic repulsion. As a result, the
hydrogen bonds are reduced, and the stability is
deteriorated.

The zeta potentials of all dispersions are above
+35 mV in Fig. 5, and the zeta potentials of PWPU
dispersions are increased with the promotion of
MPEG contents. According to the Stern double-layer
model, ions of the Stern layer are in equilibrium with
the diffusion layer [31]. When the molecular weight
increases with the addition of MPEG, the electrolyte
in the dispersion will be reduced that contributes to
increasing the thickness of diffusion layer. After-
ward, the counterions entered Stern layer will be
decreased, resulting in a growth in zeta potential. The
difference of the two dispersions in stability further

Table 3 Coating properties tests for polyurethane coatings

confirms that the amine is successfully grafted to the
pendant position of polyurethane chain.

The PUDs accelerated storage experiments at dif-
ferent temperatures were also carried out. The results
of Table S1 in electronic supplementary material
show the PWPU dispersions still have good stability
even at harsh temperatures (0 and 65 °C). A high
C=C content sample is more prone to instability at
65 °C, which may be due to the occurrence of free
radical polymerization of C=C bonds.

Thermal resistance analysis of coatings

Thermal resistance analysis shows the thermal
decomposition of different types and the effects of
GAA on coating thermal stability. In Fig. 6a, weight
loss of all coatings before 200 °C is resulted from the
evaporation of residual water and solvents. The
thermal loss of coatings decreases slowly between the
200 and 300 °C, but the declining amplitude of curves
greatly increases after 300 °C. Compared with Fz (no
GAA), it is found that the weight loss velocity of Bs
increases slightly due to the decomposition of GAA.
The upward direction is the endothermic direction,
and there exist two major endothermic peaks of
PWPU coatings (Fg and Bs) in Fig. 6b. The thermal
decomposition of PWPU coatings is divided into two
degradation stages, and the inflection point temper-
atures corresponding to the maximum decomposi-
tion rates are about 365 and 440 °C. The thermal
degradation stability of the hard segment is lower
than that of the soft segment [32]. Thus, the first stage

Coatings Appearance Pencil Adhesion Impact Chemical resistance
hardness resistance . -

Water, Salt (5% NaCl), Acid (5% Alkali (5%
168 h 168 h HCI),120 h NaOH), 48 h

Fa Smooth 2H 0 50 cm Pass Pass Pass Swells

Fg (B1)  Smooth 2H 1 50 cm Pass Pass Pass Swells

Fc Smooth, slightly H 2 50 cm Pass Swells Slightly cracks Removed

sticky
Fp Rough, sticky HB 2 50 cm Swells Partially Removed Removed
removed

Fe Smooth, yellow 3H 0 50 cm Pass Pass Pass Swells

B, Smooth 2H 1 50 cm Pass Pass Pass Swells

Bs Smooth 2H 1 50 cm Pass Pass Pass Swells

B4 Smooth 2H 1 50 cm Pass Pass Pass Swells

Bs Smooth 2H 1 50 cm Pass Pass Swells Swells
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is mainly due to the breakage of relatively weak
urethane bonds (-NHCOO-) in the hard segment.
The second degradation stage is related to the
decomposition of the soft segments that include PCL,
MPEG. As the LWPU coatings (Fg), three endother-
mic peaks are observed at 313, 401 and 440 °C. The
endothermic peak noted at 401 °C is probably
attributed to the chain extender regent (MDEA) that
acts as one part of the hard segment that causes the
degradation temperature of the soft segment (PCL) to
shift backward. In general, the endothermic and
exothermic peaks of PWPU coatings are significantly
shifted backward, and the decomposition stage is
reduced from 3 to 2. These figures show that the
thermal resistance of PWPU coatings is superior to
LWPU coatings.

The glass transition temperature (Ty) is also illus-
trated in Fig S1, whether with or without GAA, the T,
of PWPU coating is higher than that of LWPU. This
may be because the whole PWPU molecular chain is
more rigid due to its branch structure tending to
produce chemical cross-linking and the pendant
polar groups of PWPU. However, the LWPU molec-
ular chain has good flexibility and low Tg due to its
linear structure. When GAA is introduced at the side
of the PWPU molecule, the stiffness of the molecular
chain is stronger, resulting in an increase in Tg.

Coating and mechanical properties
of the polyurethane coatings

Table 1 shows that the experimental value of Mn is
larger than the theoretical value, while the experi-
mental C=C contents and amine values are lower
than the theoretical value. This may be due to the fact
that some double bonds are polymerized in the syn-
thesis, making Mn larger. The molecular chains are

(b)70.5°

(a)76.5° (c)66.8°

(d)60.9°

Figure 7 Contact angles of coatings: a F4, b Fg, ¢ F¢, d Fp and
e FE.
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(a)yn0s (b)65.5° (c)626°

(d)s8.4° (e)s6.1°

Figure 8 Contact angles of antibacterial coatings with 0, 0.25,
0.5, 0.75 and 1% of GAA: a B;, b B,, ¢ B3, d B, and e Bs.

folded or entangled so that some amine groups are
buried, which results in lower experimental amine
values.

The results of Tables 1 and 3 illustrate that the
appearance and most properties of the coatings are

(a) o7

B Bsubtiis | 6

ODg values

S ¢
RS vagt Ny
< Q\) ?\)0'

(b)

100

W = coli
I B.subtilis

80—

60

40

Antibacterial efficiency /%

Control PUD-E PUD-B; PUD-B, PUD-B3 PUD-B4 PUD-Bs

Figure 9 a Average ODg(o values and b antibacterial efficiency
of the different PUDs. *P represents the statistical significance
(P value), *P < 0.05.
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closely related to the C=C contents [33]. UV curing is
a free radical reaction; insufficient C=C will lead the
curing reaction to be incomplete. Thus, coatings of F¢
and Fp, are sticky and rough, in which C=C contents
are only 3.645 and 1.781%, respectively. From F, to
Fp, the pencil hardness and degree of adhesion
declined 2 levels accompanied by the reduction in
C=C contents. In Fig S2, the stress—strain curves are
also measured to study the mechanical properties of
coatings, and the tensile strength and Young’s mod-
ulus are summarized in Table S2. With the reduction
in C=C contents, the mechanical properties of the
coating decreased sharply. Due to the different
molecular structure, the coating stress—strain curves
of the LWPU and PWPU are completely different,
and the LWPU-E with liner molecular has a longer
elongation, while the PWPU-A has a stronger tensile
strength.

Higher C=C contents play a positive role in the
appearance, properties and even chemical resistance of
coatings. Different coatings exhibit apparently dissim-
ilar effects on the films when, respectively, immersed in
water, salt, acid and alkali for a given time period,
whereas in the case of Fc and Fp, coatings partially or
totally removed from the substrate are found in liquid.
Good chemical resistance of coatings is discovered
when the C=C contents are above 5.676%. The sufficient
C=C contents lead to a stronger cross-linking network,
which causes the shielding for chemicals more power-
ful. Additionally, the results of impact resistance show
that all coatings possess excellent flexibility, and whole
tests display that appropriate doses of GAA have little
effect on coating properties.

When other factors are same, the coatings of PWPU
have dissimilar color with the LWPU. We consider
that the PWPU is terminated directly by alcohol
amine and this approach supply more effective
amine, which can prepare dispersions by using much
less amine and acid, thereby preventing the coatings
turning yellow due to the abuse of amine.

Hydrophilic research of coatings

Hydrophilic property is critical to biocompatibility of
material because the hydrophobic surfaces may cause
undesirable biological reactions such as “rejection.”
The measured hydrophilic results of coatings are
presented in Fig. 7, and the contact angle of all
coatings to water is less than 90° which demonstrates
that the coatings have a hydrophilic surface. Along
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B.subtilis

Figure 10 a Bacterial colonies photograph of the E. coli and B.
subtilis suspension after incubation with different coatings for
24 h, b reduced rates of the E. coli and B. subtilis colonies for
different coatings.

with the increase in MPEG, the contact angle of the
PWPU coatings (F4, B, ¢ and p) gradually decreased
from 76.5° to 60.9° and a more hydrophilic coating
was obtained. If the amine contents and the molec-
ular weight of PWPU-B and LWPU are identical, the
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Figure 10 continued.

Fg and Fg should have an equal amount of amine
groups in the same region. However, the Fp has a
smaller contact angle, manifesting that the hydro-
philic groups are more exposed to surface due to the
pendant position.

The contact angle of antibacterial coatings with
GAA is also measured in Fig. 8. Accompanied by the
addition of GAA, the contact angle is declined and
the surface becomes more hydrophilic. Adding the
GAA is equivalent to enhancing the degree of neu-
tralization, which produces a positive reinforcement
in the coating hydrophilicity. These data reflect that
the PWPU has biocompatibility and may be applied
for the surface in contact with the human body.

Antibacterial properties of PUDs
and coatings

Dispersions have unique application in medical,
textile and other aspects so that the study of its
antibacterial properties is necessary. The results of
PUDs are expressed in Fig. 9. On the one hand, the
antibacterial efficiency in the E. coli tests of PUD-E,
PUD-B,, PUD-B,, PUD-B;, PUD-B; and PUD-B;s is
47.16, 84.07, 87.10, 90.93, 90.45 and 92.90%, respec-
tively. On the other hand, there is a similar result in
the B. subtilis tests, that is, 53.44, 86.16, 92.18, 94.93,
98.10 and 98.20%, separately. The detailed *P values
are listed in Table 54 and Table S5, indicating that the
data have obviously statistical significance.

The PWPU dispersions have outstanding antibac-
terial performance against E. coli and B. subtilis.

Particularly, the average antibacterial efficiency of
PWPU dispersions (PUD-Bx) is 34.82% higher than
that of LWPU (PUD-E) even in the absence of GAA.
In the wake of GAA contents increasing from 0 to 1%,
the antibacterial efficiency only improved about 10%.
Therefore, the antibacterial efficiency of PUDs is
mainly attributed to the location of amine groups.
The pendant position of PWPU can expose more
tertiary amine to form QAS in dispersions. Addi-
tionally, the PWPU dispersions have a higher killing
efficiency on B. subtilis, and it is resulted from the
distinction in biofilms of gram-negative and gram-
positive bacteria [8].

The bacterial colonies photographs of different
coatings are posted in Fig. 10a. The number of E. coli
colonies is found to be 31.45 CFU cm 2 in blank
control, LWPU coating (Fg) is 19.91 CFU cm 2, while
colonies of PWPU coatings (B;, By, B3, B4 and Bs) are
12.41, 7.93, 3.18, 3.07 and 2.50 CFU cm~2. Further-
more, the colonies of B. subtilis are 29.44, 16.09, 6.83,
3.62, 2.74, 2.48 and 1.54 CFU cm™2, respectively.
Figure 10b shows that the tendency of colonies
reduction in coatings is broadly consistent with
PUDs, but slightly different. GAA enhances the
average antibacterial efficiencies of dispersions and
coatings by 10.43 and 24.73%, respectively.

Entire neutralized cationic polyurethane is regar-
ded as a macromolecular QAS, and it can be able to
diffuse into every corner of the liquid, so that the
character in the dispersion of GAA is not particularly
pronounced. However, GAA acts a more significant
role on coating surface. Since a portion of QAS is
buried after the coating cured, and when GAA is
attached to the polyurethane molecule, there will be a
QAS with guanidine, and more antibacterial groups
are exposed to the coating surface. The fact is con-
firmed by the images of AFM in Fig. 11; all coating
surfaces have several nanometers of undulations, in
which the dimmed recesses should be polyester or
other hydrophobic segments, and the bright protru-
sions are hydrophilic segments such as QAS, MPEG.
From the morphological results, the amount of pro-
truding parts of Bs is the most, followed by By, and Fg
at least. It is noted that the hydrophilic groups of
PWPU coatings are more intensive than that of
LWPU, and coatings become more hydrophilic after
adding the GAA, which is in agreement with the
CAM outcomes of Fig. 8. More critically, GAA
changes the micro-appearance and increases the
number of arrow-shaped portions forasmuch dense
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Figure 11 AFM images of coatings for a Fg, b B; and ¢ Bs.
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Figure 12 Outcomes of repeat antibacterial challenge tests for B.
subtilis on Bs coating. *P < 0.05.

and sharp arrows are more possibly to pierce the cell
biofilm when bacteria contact the surface.

The repeat antibacterial challenge tests

Figure 12 shows the outcomes of repeat antibacterial
challenge tests of Bs coating which is washed with
running water every 4 h, and the antibacterial effi-
ciency of coating has a tortuous change after wash-
ing. At the first time, the antibacterial parts kill most

Figure 13 Schematic diagram
of antibacterial principle.

227

(94.77%) of the bacteria on coating surface. The
antibacterial efficiency declines after cleaning, but a
peak of antibacterial efficiency appears again at the
fifth time. We speculate that the contact between the
bactericidal groups and new bacteria is hindered by
the dead bacteria absorbed on coating surface. The
antibacterial efficiency quickly recovers after the sixth
time as the prolonging of flushing times and reaches
a steady level in the last two tests. The optical
microscope photograph of B. subtilis washed with
water after each repeat antibacterial test is shown in
Fig S3. This trend reflects that the dead bacterium
adsorbed on coating surface has been removed by
repeated washing, and the reduction in final
antibacterial efficiency is due to the emergence of
partial GAA dissolution after repeat laundering.
Fortunately, the antibacterial efficiency can remain at
87.94% after 12 times washing. It demonstrates that
the major antibacterial compositions of polyurethane
coatings are not attenuated greatly as the increase in
the application times.

The antibacterial principle of coatings

The PWPU is a bactericidal polymer according to the
classification of Siedenbiedel, and the function is
produced by the synergistic effects of its structure [7].
Based on the above results, a possible mechanism
schematically is proposed and illustrated in Fig. 13.
After forming the coatings, MPEG fragments of
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molecular construct a huge network, which generates
a great steric hindrance to repel bacteria. Moreover,
guanidine and amino groups carry powerful positive
charge, and GAA is linked on polyurethane mole-
cules to form a QAS with guanidine, which creates a
double reinforced positive charge. Due to the pro-
duction of double hydrogen bonding between the
phospholipid layers and guanidine, the combinations
of QAS and bacteria are more firm and the contact
chances are greatly enlarged. The arrowhead-like
antibacterial parts develop a strong electrostatic
interaction to the residual negatively charged bacteria
and destroy the cell walls to make the cytoplasm
flows out, leading to bacterial death. There is no
target—target-specific binding between coatings and
bacteria; wherefore, the drug resistance is very
diminutive. Meanwhile, the outer layer of mam-
malian cell is electrically neutral, which causes the
PWPU harmless to human [3].

Conclusions

In this work, a simple method of manufacturing
PWPU and modifying with GAA to obtain self-an-
tibacterial material was provided. Attributed to the
pendant amine, the dispersion is particularly steady
and the coating thermal resistance is improved. The
coating has superior antibacterial property, which is
indicated by a 94.77% killing efficiency even for a
4-h culture due to the benefits of pendant amine and
GAA. Furthermore, a more hydrophilic PWPU
coating owns more powerful antibacterial perfor-
mance and the GAA-modified effect of coatings is
better than that of dispersions. The antibacterial
efficiency reduces only 6.82% after 12 times wash-
ing, which reveals the excellent reproducibility of
PWPU coatings. Considering all aspects, we recom-
mend the PWPU-B as the best comprehensive
schemes for preparing resin and the dosage of GAA
should be 1% (wt. of the dispersions). Overall, this
research has large potential in antibacterial coating
materials.
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