International Journal of Nanomedicine

3

Dove

ORIGINAL RESEARCH

Antibacterial properties of silver nanoparticles
in three different sizes and their nanocomposites
with a new waterborne polyurethane

Hung-Li Liu'
Shenghong A Dai'

Keng-Yen Fu?
Shan-hui Hsu?

'Department of Chemical Engineering,
National Chung Hsing University,
Taichung; 2Institute of Polymer
Science and Engineering, National
Taiwan University, Taipei, Taiwan,
Republic of China

Correspondence: Shan-hui Hsu

Institute of Polymer Science and
Engineering, National Taiwan University,
No.I, Sec. 4 Roosevelt Road, Taipei
10617, Taiwan, Republic of China

Tel +886 233 665 313

Fax +886 233 665 237

Email shhsu@ntu.edu.tw

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

18 November 2010

Number of times this article has been viewed

Abstract: Silver nanoparticles (AgNPs) are strong bactericidal agents but they are also cytotoxic.
Embedding them in a polymer matrix may reduce their cytotoxic effect. In the present study,
AgNPs in three average sizes were tested for their antibacterial activities and cytotoxicity.
Nanocomposites from a new waterborne polyetherurethane (PEU) ionomer and AgNPs were
prepared without the use of any crosslinker. It was observed that the antibacterial activity of
AgNPs against Escherichia coli started at the effective concentration of 0.1-1 ppm, while that
against Staphylococcus aureus started at higher concentrations of 1-10 ppm. Cytotoxicity of
AgNPs was observed at the concentration of 10 ppm. AgNPs with smaller average size showed
greater antibacterial activity as well as cytotoxicity. The PEU synthesized in this study showed
high tensile strength, and the addition of AgNPs at all sizes further increased its thermal stability.
The delicate surface features of nanophases, however, were only observed in nanocomposites
with either small- or medium-sized AgNPs. PEU-Ag nanocomposites had a strong bacteriostatic
effect on the growth of E. coli and S. aureus. The proliferation of endothelial cells on PEU-Ag
nanocomposites was enhanced, whereas the platelet adhesion was reduced. The expression of
endothelial nitric oxide synthase gene was upregulated on PEU-Ag containing small-sized
AgNPs (30 ppm) or medium-sized AgNPs (60 ppm). This effect was not as remarkable in
nanocomposites from large-sized AgNPs. Overall, nanocomposites from the PEU and 60 ppm
of the medium-sized (5 nm) AgNPs showed the best biocompatibility and antibacterial activity.
Addition of smaller or larger AgNPs did not produce as substantial an effect in PEU, especially
for the larger AgNPs.
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Introduction
Bulk silver possesses relatively good biocompatibility. Silver nanoparticles (AgNPs)
on the other hand show outstanding antibacterial properties. Many investigations have
focused on their bactericidal effect and applications in the plastics, health, textile, and
paint industries.'? For example, AgNPs coated on a water filter are resistant to washing
and could serve to remove bacteria from water.> AgNPs mixed with bone cement show
high antibacterial activity against many strains.* However, enthusiasm for AgNPs has
been hampered by their cytotoxicity and genotoxicity.” The in vitro cytotoxicity of
AgNPs in mammalian cells has been reported.® AgNPs may inhibit the segregation of
chromosomes.” Genotoxicity, including DNA damage and chromosomal aberrations,
has also been observed in human glioblastoma cells treated with AgNPs.#
Conventional polyurethane processes involve the use of a significant amount of
organic solvents. The products sometimes contain residual solvent and even free
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isocyanate monomers that are highly toxic to organisms.
Because of the environmental advantages, waterborne poly-
urethane has gained great attention in many commercial fields,
such as coatings and adhesives for various substrates.”!!
Waterborne polyurethane has many advantages relative to
conventional solvent-borne polyurethane, including low
viscosity at high molecular weight, and can be extensively
used in many applications.'> However, a few properties of
waterborne polyurethane need to be further modified for
specific uses, including water resistance and thermal stability.
It has been reported that addition of gold nanoparticles to
waterborne polyurethane could upregulate expression of the
endothelial nitric oxide synthase (eNOS) gene,"* which is
an important regulator of cell proliferation and migration.
When AgNPs are dispersed in waterborne polyurethane at
low concentrations, thermal and mechanical properties, as
well as biostability and antibacterial ability, are improved.'
More importantly, the cytotoxicity of AgNPs may be reduced
if they are embedded in a polymer matrix.

Most waterborne polyurethane (polyurethane emulsion)
requires reacting with a crosslinker before being cast into the
final products. The crosslinker is toxic, and may react or inter-
act with AgNPs. In this study, we synthesized a new polyether
type of polyurethane (PEU ionomer) that did not require a
crosslinker. We tried to optimize the size/concentration of
AgNPs using AgNPs in three different sizes. The surface
characteristics and cellular response (by bacteria, endothelial
cells, platelets, and monocytes) of the nanocomposites were
investigated.

Materials and methods
Antibacterial activity of silver

nanoparticles

In this study, we used AgNPs of three different sizes, ie,
3—4 nm (small, Ag-S), 5-7 nm (medium, Ag-M) and 1040 nm
(large, Ag-L), supplied from Gold NanoTech, Taipei, Taiwan.
These AgNPs were produced by physical manufacturing
and did not contain any surface modifiers or stabilizers.!
The initial concentration was determined by an inductively
coupled plasma mass spectrometer (Sciex Elan 6100 DRC;
Perkin Elmer, Daytona Beach, FL). The sizes were confirmed
by a transmission electron microscope (JEM-1200; JEOL,
Tokyo, Japan) operated at 110 kV. The size distribution and
average size were computed by software based on more than
a hundred particles on the images. Staphylococcus aureus
(ATcc6538p) and Escherichia coli (JM109) were used for
the antibacterial experiments. The bacteria were activated
and then collected by centrifugation. After resuspension in

1 mL of phosphate-buffered saline, bacteria were diluted to
1-4 % 10° colony-forming units (CFU)/mL. After incubation
at 35°C for 24 hours, AgNPs with different concentrations
were laid on agar. After further incubation for 18 hours,
the bacterial colonies were counted. Double-distilled water
served as the control. AgNO, of the same concentration was
included for comparison.

Cytotoxicity of silver nanoparticles

L929 (NCTC Clone 929) mouse skin fibroblasts were cul-
tured in low-glucose Dulbecco’s modified Eagle’s medium
(Gibco, Tulsa, OK) containing 10% fetal bovine serum.
An initial density of 5 x 10* cells were seeded in each well
of a 24-well tissue culture plate. After 24 hours of incuba-
tion, the medium was replaced by fresh medium containing
AgNPs at final concentrations of 1 and 10 ppm. The treat-
ment containing only culture medium was used as the nega-
tive control, while that containing culture medium and 5%
dimethyl sulfoxide was applied as the positive control. The
cells were cultured in an incubator at 37°C and 5% CO, for
24 hours. After treatment, the adherent cells were trypsinized,
centrifuged, and resuspended. The number of the cells was
counted by a hemocytometer under an inverted phase contrast
microscope (TE-300; Nikon, Tokyo, Japan).

Preparation of waterborne

polyetherurethane and polyesterurethane
Two types of polyurethane were synthesized in this study.
The schematic diagram for preparing the new waterborne
PEU ionomer is shown in Figure 1. Bis(hydroxymethyl)
propionic acid (DMPA; Fluka, St. Louis, MO) and the mac-
rodiol poly(tetramethylene oxide) (PTMO) were mixed at
50°C in methyl ethyl ketone (Fluka). After complete disper-
sion, dicyclohexylmethane diisocyanate (H ,MDI; Bayer,
Pittsburg, PA) and 4,4-diphenylmethane diisocyanate (MDI;
Bayer) were added to react at 75°C. Triethylamine (TEA;
RDH, Chicago, IL) was then added after the previous reaction
was finished. Distilled water was introduced and isophorone
diamine (IPDA) was finally added to complete the synthesis
of PEU emulsion (with 30% solid content in distilled water).
The molar ratio of DMPA: PTMO: H ,MDI: MDI: TEA:
IPDA was 1.2:1:2.33:1.4:1.2:1.53.

Waterborne polyesterurethane (PSU) that required a
crosslinker was prepared for comparison purposes according
to the method previously reported in the literature.!'¢ Briefly,
the PSU emulsion (with 50% solid content in distilled water)
was synthesized using hexamethylene diisocyanate and
the macrodiol poly(butadiene adipate, average molecular
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Figure | Schematics for the synthesis of waterborne polyetherurethane ionomer.

weight 2000) at a molecular ratio 3:1 and chain-extended by
ethylene diamine sulfonate sodium salt and ethylene diamine.
The crosslinker was a mixture of the isocyanurate trimer of
hexamethylene diisocyanate and 6% Bayer hardener (made
from the isocyanurate trimer of hexamethylene diisocyanate
and polyethylene glycol). PSU was prepared by mixing
the emulsion with the crosslinker (1% of the total weight).
To make thin membranes used for biologic tests, 10%
polyurethane emulsion (PEU emulsion or PSU emulsion/
crosslinker) was loaded onto coverslip glass (15 mm diameter;
Matsunami, Osaka, Japan) and cast by a spin coater (PM-490;
Synrex, Taipei, Taiwan) at 2300 rpm for 30 seconds. Thick
membranes for other tests were made by pouring polyurethane
emulsion into a Teflon mold. The cast samples were dried in

ol OO »O{\A ]LW gigﬁjﬁ N

the vacuum at 60°C for 48 hours to guarantee that there was
no residual water in the sample. These samples were stored
in the drying cabinet for later experiments.

To obtain the mechanical properties of the two elastomers,
the polyurethane specimens were cut in 20 mm X 1 mm
(length x width) samples and tested by a universal testing
instrument (HT-8504; Hung Ta, Taipei, Taiwan). The Young’s
modulus, tensile strength, and elongation were obtained at a
constant speed (1 m/min).

Fabrication of PEU-Ag

nanocomposite films
The PEU emulsion was adjusted to 10% solution (w/w) by
distilled water or by water suspension of AgNPs. The mixture
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was then sonicated for 30 minutes. The prepared emulsion
and their cast films either contained no AgNPs or contained
AgNPs (PEU-Ag). The PEU-Ag films were divided into three
groups based on their silver particle sizes, including PEUS
(PEU mixed with small-sized AgNPs), PEUM (PEU mixed
with medium-sized AgNPs), and PEUL (PEU mixed with
large-sized AgNPs). The final concentrations of AgNPs in
dried PEU were 0, 15, 30, 60, 120, and 240 ppm. Nanocom-
posite films were prepared following the same procedure for
fabricating the polyurethane films as described earlier.

Characterization of PEU-Ag

nanocomposites

Thermogravimetric analysis of PEU-Ag nanocomposites was
performed with a thermogravimetric analyzer (TGA2050; TA
Instruments, New Castle, DE). The pyrolytic temperatures
(Topee

analysis curves. The glass transition temperature (Tg)

and T)) were determined by the thermogravimetric

was determined using a dynamic scanning calorimeter
(SSC/5200; Seiko, Tokyo, Japan).

The surface morphology of PEU-Ag nanocomposites
was examined by an atomic force microscope (CP-II; Veeco,
Plainview, NY). The topography and phase images were
obtained in the tapping mode in air with a triangular cantile-
ver (force constant of 20—80 N/m) supporting an integrated
pyramidal tip of phosphorus-doped silicon (RTESPA-CP,
Veeco). The surface zeta potential of PEU-Ag films was
determined by a zeta potential and particle size analyzer
(Delsa Nano S; Beckman Coulter, Osaka, Japan).

Antibacterial activity of PEU-Ag

nanocomposites

The protocol to measure the antimicrobial activity of PEU-
Ag nanocomposites followed the JIS 2801 standard for
microbiostasis of film-type materials. The test bacteria were
S. aureus and E. coli. These bacteria were cultured in broth
for 24 hours. The broth was prepared by peptone (Himedia,
Mumbeai, India), beef extract (Himedia) and NaCl (Sigma,
St Louis, MO) dissolved in distilled water and sterilized
by an autoclave at 103 kPa for 20 minutes. Film samples
were cut to squared shape (5 cm X 5 cm). The samples were
placed in 9 cm Petri dishes after sterilization by 70% ethanol
and washed twice with distilled water. The bacteria were
cultured overnight and diluted to 2.5-10 x 10° CFU/mL by
diluted broth. The diluted broth was the broth diluted from
the nutrient broth (1/500) by purified water. The inoculum
was 0.4 mL bacterial suspension and placed on the surface of
each sample. In order to spread inoculum solution uniformly,

a polyethylene film was used to cover the sample surface.
The plain PEU samples were used as the control material
and were separated into two parts, ie, the immediate and the
tested groups. The immediate control group was performed
by immersion of the specimen containing the covered film
immediately after the inoculation. The digestion in a steril-
ized tube with 10 mL soybean-casein digest broth (Becton,
Dickinson and Company, Franklin Lakes, NJ) and lecithin
polysorbate (MP Biomedicals, Santa Ana, CA) was carried
out in an ultrasonic bath. All other samples of plain PEU
or nanocomposites in Petri dishes were inoculated with the
test bacteria and incubated for 24 hours under a relative
humidity of not less than 90% and a temperature of 35°C.
These samples were treated using the same procedures as the
immediate control group. The digestive solution containing
bacteria was serially diluted and plated on agar plates. The
colony growth was counted and the microbiostasis ratio was
calculated as:

[CFU in immediate group of control — CFU in tested
group of control or CFU of the samples/CFU of immediate
control group of control] x 100%

Cell attachment and proliferation

on PEU-Ag nanocomposites

Bovine carotid arterial endothelial cells were purchased from
the American Type Culture Collection. These cells can be
cultured for higher passages without appreciable loss of phe-
notype or growth rate. Cells from 15-20 passages were used
in this study. Endothelial cells were cultured in low-glucose
Dulbecco’s modified Eagle’s medium supplemented with 1%
fetal bovine serum, 2 mM glutamine and 1% (v/v) antibiotics
(10000 U/mL penicillin G and 10 mg/mL streptomycin).
Polyurethane and nanocomposites coated on coverslip glass
were individually sterilized by 70% ethanol, washed using
phosphate-buffered saline, and placed in each well of the
24-well tissue culture plates. Cells cultured in a blank well
(tissue culture polystyrene, TCPS) were used as the control.
One mL of cell suspension containing 2 x 10* cells was placed
into each well of the plate. After 72 hours of incubation,
the adherent cells were trypsinized, and their number was
counted under the inverted microscope. In addition, the
viability of adherent cells was determined by MTT assay.
For the MTT assay, 300 UL 3-(4,5-dimethylthiazol-2-yl)-2,
S-diphenyltetrazolium bromide solution (0.5 mg/mL,
1 x phosphate-buffered saline) was added. After four hours of
incubation at 37°C in the dark, the supernatant was removed
and 600 UL dimethyl sulfoxide was added into each well to
dissolve the resulting formazan crystals. A microplate reader
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(Molecular Devices, Sunnyvale, CA) was used to measure
the optical density at wavelength 550 nm, which represented
cell viability on the surface of the samples.

RNA extraction and real-time

polymerase chain reaction analysis

The total RNA from endothelial cells was extracted by the
Trizol® reagent (Invitrogen, Carlsbad, CA) following the
manufacturer’s instructions. cDNA was synthesized from
1 g of total RNA using RevertAid™ First Strand cDNA
synthesis kit (MBI Fermentas, St. Leon-Rot, Germany).
The aliquot of cDNA was amplified by polymerase chain
reaction (PCR) using the PCR Master Mix Kit (Applied
Biosystems, Foster City, CA). The mixture of PCR reaction
was 25 UL containing 10 mM targeted gene oligonucleotide
primers. Gene expression of eNOS and GAPDH (internal
control) was performed by PCR consisting of denaturing
at 94°C for 30 seconds, annealing at 52°C for 30 seconds,
and extension at 72°C for 50 seconds with 35 cycles using
a Thermal Cycler (GeneAmp PCR System 2700; Applied
Biosystems). The primer sequence used for eNOS was 5’
ATAGAATTCACCAGCACCTTTGGGAATGGCGAT3’
(forward) and 5" ATAGAATTCGGATTCACTGTCTGT-
GTTGCTGGACTCCTT 3’ (reverse), and for GAPDH
was 5’TCCCTCAAGATTGTCAGCAAZ’ (forward) and 5
AGATCCACAACGGATACATT3’ (reverse). Semiquantifica-
tion of eNOS/GAPDH ratio was conducted by densitometric
analysis (LabWork Image Acquisition and Analysis software;
Applied Biosystems).

Platelet adhesion on nanocomposites

For platelet adhesion, 0.5 mL platelet-rich plasma (~2 x 10°
platelets/uL, obtained from the Chinese Blood Foundation,
Taiwan) was added on the surface of testing material in a
24-well culture plate. The testing material was gently washed
with HEPES-buffered saline after incubation for one hour.
The adherent platelets in one of the duplicates were counted
by a blood cell counter (KX-21; Sysmex, Kobe, Japan) after
treatment with trypsin."”

Monocyte response to nanocomposites

Human blood monocytes were obtained from the venous
blood of unmediated donors and isolated by density gradi-
ent centrifugation using Percoll (Sigma).!” The protocol was
approved by the Institutional Review Board. The medium of
RPMI-1640 (Gibco) containing 10% fetal bovine serum and
1% (v/v) antibiotics (10000 U/mL penicillin G and 10 mg/mL
streptomycin) was used to suspend the monocytes, and the

concentration was adjusted to 1 x 103 cells/mL. The 1 mL
aliquot of the monocyte suspension was added to the surface
of nanocomposites placed in a 24-well culture plate. After
incubation for 96 hours, cells were treated by trypsin and
counted by a cell counter (Multisizer 3; Beckman Coulter).
The numbers of cells including nonactivated monocytes and
activated monocytes (macrophages) were determined based
on their sizes (6—9 um for nonactivated monocytes and
9-25 um for activated macrophages). The percent activa-
tion of monocytes was calculated as the ratio of the number
of adherent macrophages and the sum of monocytes and
macrophages.!’

Statistical analysis

The values were expressed as the mean = standard deviation.
Three similar experiments were performed for each type of
experiment in this study. The statistical differences among the
experimental groups were determined by analysis of variance
using the Student’s #-test. P values < 0.05 were considered
statistically significant.

Results

The average particle size of AgNPs used in this study was
3.08+1.16 nm, 5.75 £ 1.12 nm, and 24.85 + 6.06 nm for
Ag-S, Ag-M, and Ag-L, respectively, based on transmission
electron microscopy image analysis.

The antibacterial activity of AgNPs (Ag-S, Ag-M, and
Ag-L) against E. coli and S. aureus is shown in Figure 2.
AgNPs of all sizes showed excellent antibacterial effects.
The antibacterial activity against E. coli started about
0.1 ppm, while that against S. aureus started at about 1 ppm,
ie, a 10-fold increase. At these critical concentrations, the
antibacterial activity against E. coli could be distinguished
among Ag-S, Ag-M, and Ag-L. The smaller the average size
of the AgNPs, the greater the antibacterial effect observed.
Silver ions on the other hand were strongly bactericidal at a
concentration of 0.1 ppm.

The cytotoxicity of AgNPs is shown in Figure 3. Sig-
nificant cytotoxicity was detected at higher concentrations
(10 ppm) of small-sized AgNPs, but not at 1 ppm. Silver
ions at both concentrations (1 and 10 ppm) showed marked
cytotoxicity. Ag-M and Ag-L at 10 ppm, although it killed
all bacteria, did not show significant cytotoxicity.

The tensile properties of the synthesized PEU and
PSU are shown in Table 1. Based on the result, the Young’s
modulus of PEU and the previously reported PSU was
similar. However, the tensile strength was higher for PEU.
The attachment and proliferation of endothelial cells seeded
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Figure 2 Antibacterial activity of silver nanoparticles against A) Escherichia coli and
B) Staphylococcus aureus, shown as bacterial colony-forming units after exposure
to silver nanoparticles of different sizes and concentrations for 24 hours. Double-
distilled water served as the control. Silver ion (Ag') of the same concentration was
included for comparison.

Note: *P < 0.05 relative to double-distilled water.

on PEU and PSU are shown in Figure 4. The attachment of
endothelial cells on both PU was comparable at 24 hours.
The number of cells on PSU was a little higher than that on
PEU after 72 hours.

The thermal stability of the PEU-Ag nanocomposites
is shown in Table 2. The T of PEU (238°C) increased up

to 244°C in PEU-Ag. T increased from 402°C to 404°C.
T, slightly decreased from —72.3°C to —73.7°C, indicating
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Figure 3 Cytotoxicity of silver nanoparticles for L929 fibroblasts. The cells were
incubated in culture medium containing silver nanoparticles (of different sizes) at the
concentrations of | ppm (I p) and 10 ppm (10 p) for 24 hours.

Note: *P < 0.05 relative to negative control.

more microphase separation between the soft and hard
segments of the bulk materials.

Figure 5 presents the phase diagrams of PEU mixed with
different sizes of AgNPs at different prepared concentrations.
The bright area indicated the hard segment, whereas the dark
area indicated the soft segment. The surface microstructure
of PEU changed upon addition of AgNPs. The roughness
was not significantly altered. The surface microphase sepa-
ration of PEU increased when the concentration of small or
medium sized AgNPs increased. This phenomenon was not
observed for larger AgNPs. In addition, the micellar and
lamellar structure in the plain PEU changed when smaller
AgNPs were added. For example, at 15-30 ppm of small
AgNPs, the soft domains (ie, darker regions in the image)
were more dispersed and smaller in size, indicating a more
delicate nanostructure. Beyond 60 ppm, the soft and hard
domains became larger. At 15-60 ppm of medium-sized
AgNPs, the soft domains were also more dispersed and the
structure was more delicate as well. These delicate surface
domain structures were absent in PEU when large AgNPs
(ie, PEUL) were added.

The values of the surface zeta potential for PEU and
PEU-Ag are shown in Table 3. All the films were negatively
charged. The charge increased with the elevation of AgNP
concentration, and then slightly decreased for higher concen-
trations of AgNPs. The most negative surface zeta potential
occurred in PEU containing 30 or 60 ppm of Ag-M (ie,
PEUM 30 ppm and PEUM 60 ppm).
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Table | The tensile properties of waterborne polyurethane synthesized in this study

Materials Young’s modulus Tensile strength Elongation (%)
(x mPa) (mPa)

Polyetherurethane 207+ 1.8 20.5+28 368 +£0.22

PSU 252+23 10534 412+031

Note: *PSU was a waterborne polyesterurethane that required a crosslinker during synthesis and was described previously.'®

The antibacterial activity of the nanocomposites is shown
in Figure 6. PEU showed only weak antibacterial ability (68%
of microbiostasis ratio against £. coli). The microbiostasis
ratio for E. coli increased to about 94% in PEU-Ag con-
taining 30 ppm Ag-S (ie, PEUS 30 ppm). Moreover, the
microbiostasis ratio was about 96% for PEU-Ag containing
60 ppm Ag-M (ie, PEUM 60 ppm). The AgNP-dose depen-
dent phenomenon of antibacterial effect was not evident for
PEU-Ag against E. coli. The microbiostasis ratio of PEU
was only 16% for S. aureus. The microbiostasis ratio for S.
aureus was increased to above 80% for PEU-Ag containing
120-240 ppm Ag-S, 120-240 ppm Ag-M, or 240 ppm Ag-L.
The antibacterial effect of PEU-Ag against S. aureus was in
a AgNP-dose-dependent manner.

The attachment and proliferation of endothelial cells
on nanocomposites are shown in Figure 7. The attach-
ment of endothelial cells evaluated at 24 hours by either
the direct cell counting or MTT assay showed no obvious
difference between PEU and PEU-Ag nanocomposites.
The proliferation of endothelial cells evaluated by the
number of cells at 72 hours in each group was the highest
for the nanocomposites containing Ag-S at 30 ppm, Ag-M

75000 -
5 50000 -
e
S
=)
=
8 250004 0
o LB B B
RPN TN
K &L
24 h 72 h

Figure 4 Proliferation of endothelial cells on the waterborne polyurethane
(polyetherurethane and polyesterurethane) at 24 and 72 hours.
Note: *P < 0.05.

at 60 ppm, or Ag-L at 15 ppm. Concentrations below or
above the aforementioned concentrations gave a lower cell
proliferation. The highest proliferation among all groups
was PEUM 60 ppm. The gene expression of eNOS at
72 hours for endothelial cells on different nanocompos-
ites is shown in Figure 8. The eNOS gene expression was
lower for cells grown on PEU than that on TCPS. The
eNOS gene expression was upregulated on a few PEU-Ag
nanocomposites, including PEUS 30 ppm, PEUS 240 ppm,
PEUM 60 ppm, and PEUL 15 ppm. The greatest level of
eNOS gene expression was observed for PEUM 60 ppm,
followed by PEUS 30 ppm.

Table 4 shows the platelet adhesion on the nanocompos-
ites, which is a way to evaluate blood compatibility in vitro.
The number of platelets adhered on each plain PEU sample
was about 11 x 10°. The amount of platelet adhesion was
reduced in nearly all nanocomposites, especially for PEUS
60 ppm and PEUM 30 ppm. On the other hand, the inflam-
matory response, as measured by monocyte activation, did
not show a dramatic difference between PEU and PEU-Ag
nanocomposites. Monocyte activation was reduced from
about 26% in PEU to about 22% in PEUS 15-30 ppm,
PEUM 60 ppm, or PEUL 15 ppm (P < 0.05). The other
nanocomposites did not show significantly different results
from PEU.

Discussion

The antibacterial activity of AgNPs against E. coli was
found to be higher than that against S. aureus, with almost
one order of difference in the applied concentrations.
Kim et al'® reported that the minimum inhibitory concentra-
tion of AgNPs for E. coli (>3.3 nM) was lower than that for
S. aureus (>33 nM), which was a 10-fold difference. This
may be attributed to the fact that Gram-negative bacteria
have relatively thin cell walls and thus are more prone to
physical destruction.'® The data further showed that smaller
AgNPs had higher antibacterial activity against £. coli and
S. aureus. Antibacterial activity decreased with the increased
size of AgNPs. This finding is in agreement with previous
reports in the literature suggesting that the larger specific
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Table 2 The measurement of T Tp and Tg for polyetheruret-

onsett”

hane and polyetherurethane-silver

Materials T, .. °C) Tp (°C) Tg °C)
PEU 238.0 402.6 -72.3
PEUSI15 242.6 402.7 -733
PEUS30 243.9 403.2 -73.5
PEUS60 243.4 403.0 -73.1
PEUSI120 242.2 402.5 -72.7
PEUS240 2382 403.1 -72.5
PEUMI5 242.7 403.7 -73.1
PEUM30 243.2 404.2 -73.7
PEUM60 244.1 404.2 -733
PEUMI20 242.3 403.6 -73.0
PEUM240 239.1 403.5 -72.5
PEULI5 242.2 404.3 -73.7
PEUL30 239.5 403.2 -72.3
PEUL60 2385 403.4 -72.3
PEULI120 242.0 404.4 -733
PEUL240 240.1 404.3 -73.0

Abbreviations: T__, onset temperature of pyrolysis obtained from thermogravi-
metric analysis curves at 95% weight; Tp, peak pyrolytic temperature obtained from
thermogravimetric analysis curves at 50% weight; Tg, glass transition temperature
obtained from the first derivative of differntial scanning calometry curves; PEUS
30, 60, 120, and 240 represents polyetherurethane containing 15, 30, 60, 120, and
240 ppm small-sized silver nanoparticles; PEUM 15, 30, 60, 120, and 240 represents
polyetherurethane containing 15, 30, 60, 120, and 240 ppm medium-sized silver
nanoparticles; PEUL 15, 30, 60, 120, and 240 represents polyetherurethane
containing 30, 60, 120, and 240 ppm large-sized silver nanoparticles.

surface area in smaller AgNPs may increase the opportu-
nity for interaction with the bacterial surface and promote
a stronger antibacterial effect.”” On the other hand, AgNPs
was reported to have significant cytotoxicity from many
studies.5® The cytotoxicity was found at 10 ppm AgNPs for
a liver or neuron cell line after 24 hours of culture. In our
study, comparable cytotoxicity at 10 ppm was detected only
for small-sized AgNPs. A similar finding was reported for
macrophages.' Therefore, the particle size may play a critical
role in the cytotoxicity of AgNPs.

Even without a crosslinker, the tensile strength of PEU
ionomer was obviously higher than that of PSU, by about
twofold. This meant that PEU was a tougher material
and a more durable elastomer than PSU. Therefore, PEU
synthesized in this study should be more advantageous when
used in various applications, including as a cardiovascular
biomaterial. Although cell proliferation on PEU was slightly
lower than that on PSU, this could be improved by addition
of AgNPs, as also shown in this study. PSU requires reacting
with a crosslinker before fabrication into the final product.
After synthesis, PEU was in the form of an emulsion, and
could be directly cast into films just like the conventional
solvent-borne polyurethane. Compared with the conventional
polyurethane, waterborne PEU still had lower tensile strength
but was adequate for most biomedical applications. The

cellular attachment and proliferation were better than those
of the conventional polyurethane.

The changes in microstructure and AgNPs dispersion in
PEU were associated with the thermal stability of PEU-Ag.
When AgNPs were added into PEU, the values of three
thermal parameters (Tg/Tp/T

onset

) were changed slightly, sug-
gesting the bulk structure was only slightly altered. The most
significant increase in T, and decrease in T, were observed
at 30 ppm for PEUS, 60 ppm for PEUM, and 15 ppm for
PEUL. These were probably the critical concentrations for
dispersion of AgNPs. Beyond these concentrations, aggrega-
tion of AgNPs may have occurred, which led to deterioration
of the positive effect.

Opposite to the slight effect on the bulk structure, the addi-
tion of AgNPs in different sizes and concentrations influenced
the surface microstructure of PEU significantly. The better

Figure 5 Atomic force microscopy phase images of polyetherurethane-silver
nanocomposites containing different sizes and concentrations.
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Table 3 The values of surface zeta potential of polyetherurethane containing silver nanoparticles of different sizes

Surface zeta potential (mV)

Polyetherurethane -1555+1.14

Silver concentration (ppm) PEUS PEUM PEUL

15 —14.11 £ 1.41 —18.5+0.85 —17.04 £0.94
30 —13.55 £ 0.45 -21.22+2.12 —16.83 £0.53
60 —18.19 £0.92 -21.18 £ I.11 —19.76 £ 1.66
120 —17.95+0.62 —20.40 £ 2.65 —19.64 £0.90
240 —17+0.26 —20.07 £2.17 —18.89 +0.89

Abbreviations: PEUS, polyetherurethane mixed with small-sized silver nanoparticles; PEUM, polyetherurethane mixed with medium-sized silver nanoparticles; PEUL,

polyetherurethane mixed with large-sized silver nanoparticles.

dispersion of soft domain and more delicate nanostructure
were observed on the surface of PEUS 30 ppm, PEUM
60 ppm, and PEUL 15 ppm. The concentration-dependent
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Figure 6 Microbiostatic effects against A) Escherichia coli and B) Staphylococcus
aureus by polyetherurethane-silver nanocomposites containing silver nanoparticles
of different sizes and concentrations after 24 hours.

Notes: *P < 0.05, greater than polyetherurethane; **greater than PEULI5.
Abbreviation: PEULI5 polyetherurethane containing |5 ppm large-sized silver
nanoparticles.

influence of AgNPs on the surface of PEU was in a similar
trend to that in the bulk but was more remarkable. Based
on the previous study,'’ the zeta potential of the particles was
the largest for Ag-M (15.43 + 2.72 mV), followed by Ag-S
(13.69 £ 0.25 mV) and Ag-L (5.35 £ 1.26 mV). Particles
with the more positive zeta potential are more stable and
do not easily aggregate. Therefore, the upper limit of AgNP
dispersion in PEU was probably ranked in the order of
PEUM > PEUS > PEUL. Furthermore, the difference in
particle size between Ag-S and Ag-M was small, so the dis-
persion largely depended on their zeta potential. Ag-L had a
larger size and aggregated more easily (at 15 ppm). According
to the previous study,”® AgNPs influenced the distribution of
hard segment (light) and soft (dark) segment domains of the
polyurethane matrix. The optimal concentration of AgNPs
was thus highly associated with their dispersion (nonaggre-
gated state) in the polymer matrix. On the other hand, the
largest microphase separation in the PEU ionomer occurred
at 60 ppm of medium-sized AgNPs, while in PSU it was at
30 pm.?® This may be attributed to the extra charges on the
PEU ionomer, which contributed to the binding capacity
for AgNPs.

The values of surface zeta potential were more negative
for PEU-Ag nanocomposites compared with that of PEU.
Ferraz et al®! indicated that zeta potential shifts towards
negative charges resulted in a higher rate of cell prolifera-
tion and increased functional activity for human osteoblastic
bone marrow-derived cells. The highest cell proliferation on
PEUM 60 ppm in this study also corresponded to the most
negatively surface zeta potential, although the zeta potential
for all nanocomposites was relatively close.

The plain PEU possessed certain antibacterial activity
because of its amine group. The amine group can contact
the bacterial surface to inhibit growth.?? The antibacterial
activity of PEU-Ag nanocomposites was different from that
of AgNPs. In addition, the antibacterial activity exhibited a
dose-dependent increase for S. aureus, but not for E. coli.
Generally, AgNPs had a better antibacterial effect for E. coli
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Figure 7 A) Number and B) mitochondrial activity of endothelial cells grown on
polyetherurethane-silver.
Notes: *P < 0.05 relative to polyetherurethane; **P < 0.05, ***P < 0.05.

than for S. aureus.'* The maximal antibacterial activity
against E. coli was observed in PEUS 30 ppm, PEUM
60 ppm, and PEUL15 ppm, corresponding to the respective
concentration for the maximal microphase separation for
each group. Therefore, the antibacterial effect of nanocom-
posites against E. coli seemed to be related to the dispersion
of AgNPs in PEU instead of the amount of AgNPs. This
suggested that the only the nonaggregated well dispersed
AgNPs exposed on the surface of PEU may inhibit the
growth against E. coli efficiently. On the other hand, the
mechanism of growth inhibition against S. aureus appeared
to be different. The correlation of antibacterial activity with
maximal phase separation/dispersion of AgNPs was absent
for S. aureus. The maximal antibacterial activities against

GADPH

eNOS

eNOS/GAPDH ratio

Figure 8 A) The expression of endothelial nitric oxide synthase gene and
B) semiquantification of endothelial nitric oxide synthase/GAPDH ratio for
endothelial cells cultured on the materials for three days.

Note: * P < 0.05 relative to polyetherurethane.

S. aureus were the highest at the concentration of 240 ppm
for AgNPs of three different sizes. We assumed that, in
addition to the exposed AgNPs on the surface, a higher
concentration of AgNPs in PEU must be applied to release
more free silver ion from the polymer matrix to inhibit the
growth of S. aureus.

The proliferation of endothelial cells at 72 hours for each
group of PEU-Ag nanocomposites was strongly associated
with microphase separation. The highest proliferation was
observed in PEUM 60 ppm among all groups. A previous
study reported best cell compatibility at 30 ppm of Ag-M
for a different PU (ie, PSU in this study).?’ The difference
may be caused by the binding between AgNPs and charged
functional groups (ionomers) of PEU as mentioned. Again,
expression of the eNOS gene in endothelial cells was further
upregulated by the nanocomposites, especially for PEUS
30 ppm and PEUM 60 ppm. It has been reported that the
addition of gold nanoparticles in PSU induced eNOS gene
expression and promoted cell proliferation and migration.'?
Therefore, a greater level of eNOS expression was a highly
desired characteristic of the nanocomposites, but could
only be achieved when AgNPs were at the optimal sizes and
concentrations.
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Table 4 The number of adhered human blood platelets on
the surface of polyetherurethane-silver nanocomposites after
incubation for one hour

Concentration of PEUS PEUM PEUL
AgNPs (ppm) (x 10° (% 10% (x 10°
0 11.0£04

15 79+04 7.5+0.3*% 7.9 £0.3*%
30 7.8 +0.2* 6.4 £ 0.4% 9.1 £03
60 6.1 +0.4*% 8.0 + 0.4* 9.9+0.6
120 83+ 0.3* 84+ 0.7* 7.8 £ 0.6*
240 8.5 +0.3* 89+03 8.2+ 0.6*

Note: *P < 0.05 relative to polyetherurethane.

Abbreviations: AgNPs, silver nanoparticles; PEUS, polyetherurethane mixed with
small-sized silver nanoparticles; PEUM, polyetherurethane mixed with medium-
sized silver nanoparticles; PEUL, polyetherurethane mixed with large-sized silver
nanoparticles.

Platelet adhesion is a very important index for cardiovas-
cular applications. Monocyte activation triggers the inflam-
mation cascade and can reflect the inflammatory response.
The nanocomposites in this study were found to reduce plate-
let adhesion. Monocyte activation was reduced only in those
nanocomposites with better surface microphase separation,
again suggesting the dominant role of surface nanostructure
on the biocompatibility of polyurethane polymers.

Overall, PEU nanocomposites with the medium-sized
AgNPs (~5 nm) showed the best performance in all aspects.
The inclusion of AgNPs with a smaller (~3 nm) or larger
(~24 nm) average size was not as effective. This suggested
that the size of AgNPs was critical to their positive effect in
nanocomposites, including biocompatibility and antibacte-
rial properties. Because 5 nm was very close to the typical
characteristic length of polyurethane, we hypothesized that
nanoparticles at the comparable size could manipulate the
hard-soft interface and change the two-phase morphology of
polyurethane and hence the performance more effectively. The
results of this study also indicate that the antibacterial effect of
AgNPs embedded in a polymer depends on the size, concentra-
tion, and distribution of AgNPs in the polymer matrix.

Conclusion

In this study, AgNPs of smaller sizes had better antibacterial
properties but higher cytotoxicity. Nanocomposites from a
new polyurethane ionomer and AgNPs had no cytotoxicity.
The nanocomposites had excellent antibacterial activity.
Nanocomposites with 60 ppm of medium size (5 nm) AgNPs
had the best antibacterial activity, biocompatibility, and eNOS
gene expression. We believe that this was due to the effec-
tiveness of these AgNPs in producing a delicate two-phase

nanostructure on their surface. The good dispersion of AgNPs
in the structure allowed exposed nonaggregated AgNPs to the
surface and cause growth inhibition of E. coli. The delicate
nanostructure also contributed to the biocompatibility of the
polyurethane nanocomposites.
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