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ABSTRACT: The use of implants carries on a series of problems, among
them infections, poor biocompatibility, high levels of cytotoxicity, and
significant mechanical differences between implants and host organs that
promote stress shielding effects. These problems indicate that the materials
used to make implants must meet essential requirements and high standards
for implantations to be successful. In this work, we present the synthesis,
characterization and evaluation of the antibiofilm, mechanical, and thermal
properties, and cytotoxic effect of a nanocomposite-based scaffold on
polyurethane (PU) and gold nanoparticles (AuNPs) for soft tissue
applications. The effect of the quantity of AuNPs on the antibacterial activity
of nanocomposite scaffolds was evaluated against Staphylococcus epidermidis
and Klebsiella spp., with a resulting 99.99% inhibition of both bacteria using a
small quantity of nanoparticles. Cytotoxicity was evaluated with the T10 1/2
test against fibroblast cells. The results demonstrated that porous nanogold/
PU scaffolds have no toxic effects on fibroblast cells to the S day exposition. With respect to mechanical properties, stress—strain
curves showed that the compressive modulus and yield strength of PU scaffolds were significantly enhanced by AuNPs (by at
least 10 times). This is due to changes in the arrangement of hard segments of PU, which increase the stiffness of the polymer.
Thermogravimetric analysis showed that the degradation onset temperature rises with an increase in the quantity of AuNPs.
These properties and characteristics demonstrate that porous nanogold/PU scaffolds are suitable material for use in soft tissue
implants.

Antibiofilm
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1. INTRODUCTION

Biomaterials in the form of implants are widely used to replace
and/or restore the function of traumatized and damaged tissue
and organs and thus improve the quality of life of patients.
Biomaterials used in implants like menisci, vascular grafts, and
bones must prevent the proliferation of bacteria and subsequent
infections. They should not be toxic to the surrounding tissue
and ideally, and they should promote the adhesion of host

organs. Thus, one of the essential attributes of biomaterials
used in tissue engineering is the capability to encourage cells to
adhere to the biomaterial surface.’ The inability of cells to
adhere to a matrix induces apoptosis.”’

The biocompatible characteristic of biomaterials associated
with the spontaneous formation of a protein layer under
physiological conditions can promote the colonization of
microorganisms and biofilm formation, where the latter

tissue. In addition, they must be able to withstand the
mechanical stress of the body.

Considering that biomaterials are designed to be used in
intimate contact with tissue, it is essential that the implanted
material does not have any harmful effects on host tissue and
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protects bacteria from antimicrobial agents.* Considering the
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susceptibility of some biomaterials to bacterial colonization and
the consequent occurrence of infections, it is ideal that the
biomaterials have the capacity to inhibit adhesion of pathogens
to their surface and prevent biofilm formation. Biofilm is the
main cause of healthcare-associated infections (HAIs) and
implant failure. In 2008, the European Centre for Disease
Prevention and Control reported that an estimated 4.1 million
patients acquire HAIs annually in European hospitals, with an
estimated 370000 deaths annually as a direct result.” This
demonstrates the need to develop implant biomaterials that can
prevent or inhibit the proliferation of microorganisms to avoid
infection and implant failure.

Another important issue about biomaterials is their
mechanical properties, because they must endure the
mechanical conditions of the body. For example, bones are
subjected to stresses of approximately 4 MPa. The mean load
on 2 hip joint is up to 3 times one’s body weight (3000 N), and
the peak load with jumping can be as high as 10 times one’s
body weight.®

Menisci play an important role in weight-bearing and stability
in the knee.” For example, a knee joint deficient in cruciate
ligament and menisci is associated with more rapid cartilage
loss, leading to the development of knee arthrosis. Human
menisci present a compression module of 0.22 MPa® and
typically experience loads 2—5 times that of body weight, which
translates into approximately 1200—3000 N of force.” In
general, the control over stiffness of materials in this kind of
implant is an important requirement. Nevertheless, differences
in stiffness between the implant and the adjacent organ result in
the implant loosening, leading to revision surgery." Therefore,
the mismatch between implant biomaterials and tissue must be
minimal.

Polymers such as poly(lactic acid) (PLA), poly(lactic-co-
glycolic acid) (PLGA), and polycaprolactone (PCL) have been
used for the fabrication of biomaterials exhibiting some of these
properties."'~'* For example, porous PLGA scaffolds have been
used for proliferation of Nucleus Pulposus cells with adequate
mechanical properties for herniated lumbar disc. PLA has been
used for the manufacture of scaffolds with positive effects on
the adhesion and proliferation of fibroblast cells.'" Polyur-
ethanes (PUs) are among the most popular materials for
biomedical applications because of their excellent biocompat-
ible and mechanical properties.'* PUs used in implants of
menisci, bones, and ligaments must have porous structures that
promote cellular regeneration. However, porous scaffold
materials reduce mechanical properties because of the inherent
brittleness of materials with low levels of compaction. Hence,
the mechanical properties of the scaffold must be enhanced to
match the material properties of the replaced tissue. Because
the stiffness of synthetic polymers decreases with increasing
porosity,'>'® a strategy to improve their mechanical properties
is incorporating inorganic fillers like calcium phosphate,
hydroxyapatite, and Bioglass.'”'® Nanostructures like nano-
silica,"” hydroxyapatite,”’ spherical TiO,, carbon nanofibers,
and nanoclay”’ have been incorporated into PU matrices to
improve the mechanical properties of the polymer. The
improvement of mechanical properties with these materials is
related to the greater stiffness of the nanoparticles and the
increased area of matrix—nanostructure interface and the strong
interaction between them. Several models have been employed
to explain the mechanical properties of nanocomposites that
consider factors like the aspect ratio of nanofillers, mixture law,
dispersion, and others.*”

The incorporation of metallic nanofillers like silver, copper,
and gold nanoparticles (AuNPs) in polymeric matrices has
been shown to provide the polymer with responsiveness against
bacterial adhesion and proliferation. Composites of cellulose
and silver nanoparticles have been used to make scaffolds of
tissue with antibacterial activity against Escherichia coli”> Other
materials based on polyacrylates and silver nanoparticles have
shown antibacterial and healing properties in wounds of rats.”*
Silver—copper hybrid core—shell nanoparticles have also been
incorporated into polydopamine to make materials with
antibacterial and antibiofilm capacity; the rapid release of
copper ions and the more controlled release of silver ions have
shown excellent results against E. coli and S. aureus.”> The
antibacterial effects of metallic nanofillers include rupturing
bacterial walls and membranes, generating reactive oxygen
species, forming condensed DNA, and inhibiting ATP
synthesis, among others.”*™** AuNPs are of particular interest
because of their antibacterial capability and the absence of any
toxic effect on epithelial and fibroblast cells.””*" In addition, the
surfaces of AuNPs can be modified in function of compatibility
with the matrix.

Considering that the biomaterials used in medical implants
to restore or replace menisci, bones, or ligaments are
susceptible to bacterial proliferation and the consequent
possibility of infection’’ and bearing in mind that porous
morphology of biomaterials reduces their stiffness, we studied
the effect of adding AuNPs with sea urchin-shaped morphology
to the porous matrices of PU, with the aim of evaluating the
antibacterial, mechanical, thermal, hydrophobic/hydrophilic,
and cytotoxic properties of the nanocomposite. Antibacterial
assays were performed against Staphylococcus epidermidis and
Klebsiella spp., both pathogen bacteria associated with implant
infections. Because most cartilage around menisci is surrounded
by fibrous perichondrium, a tissue layer composed of fibroblasts
and collagen, we chose T10 1/2 fibroblast cells for cytotoxicity
assays. Mechanical properties were evaluated by compression
tests according to ASTM standard D695-10.

2. EXPERIMENTAL SECTION

2.1. Materials. The following materials were purchased from
Sigma-Aldrich: PCL diol with M, of ca. 530, 1,4-butanediol and 1,6-
hexamethylene diisocyanate (HMDI) with M, of 168.9 g/mol,
dimethyl sulfoxide (DMSO) ReagentPlus (>99.5%), silver nitrate,
sodium citrate, adenine, L-ascorbic acid, potassium carbonate,
hydrogen tetrachloroaurate(III) trihydrate (HAuCl,), sodium tetrahy-
droborate, and gelatin.

2.2. Synthesis of AUNPs. AuNPs were synthetized by chemical
reduction of HAuCl, by L-ascorbic acid in a two-step process. First, 25
mg of K,CO; was dissolved in 10 mL of deionized water. Then, 1.5
mL of an aqueous solution 0.02 M was added. The solution was stored
under darkness for 24 h. Finally, this solution was added into 50 mL of
DMSO followed by addition of 2 mL of silver seed, 8 mL of gelatin
type B solution at 2 w/v %, and 2 mL of ascorbic acid 0.1 M, without
stirring. The silver seeds were prepared according to the methodology
outlined by Lu.**

2.3. Synthesis and Characterization of PU. PU was prepared by
the two-step polymerization method. First, 6.9 g of PCL was mixed
with 15 g of HMDI at 80 °C for 4 h under a nitrogen atmosphere to
form a prepolymer. Then, 1,4-butanediol (0.6 g) was added to the
prepolymer with rapid stirring at 80 °C for 72 h to obtain a PU
polymer. The molecular weight and polydispersity index (PDI) were
measured using gel permeation chromatography (Agilent, model 1100,
USA) using dimethylformamide with 0.1 M LiBr as an eluent at a flow
rate of 1.0 mL/min at 40 °C, and monodispersive polystyrene as the
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Figure 1. (a) SEM image of sea urchin-shaped AuNPs stabilized by gelatin, (b) size distribution histogram, (c) XRD pattern of AuNPs, and (d) EDS

spectrum of AuNPs.

calibration standards. The number average molecular weight of PU
was 156 kg/mol with a PDI of 2.2.

2.4. Preparation of Porous Nanogold/PU Scaffolds. Different
quantities of AuNPs (0.16—0.64 wt %) were mixed with 2 g of PU in
DMSO at 70 °C in. The mixture was incorporated into a cylindrical
Teflon template and cooled at —18 °C. Porous samples were obtained
by incorporating 11 g of sodium chloride (sieved to 50—300 ym) in a
gold—PU mixture. The cylindrical porous samples were washed several
times in an ethanol/water solution (30/70%) until complete
dissolution of NaCl crystals. PU and nanocomposites containing
0.16, 0.32, and 0.64 wt % of AuNPs were labeled PU, PU—Au 0.16,
PU—Au 0.32, and PU—Au 0.64, respectively.

2.5. Porosity. The porosity of scaffolds was measured by the liquid
displacement method, according to the method described by Salehi.*®
It consists in immersing the samples in ethanol, which easily penetrates
the pores of the sample without dissolving the polymer. The porosity
is represented by eq 1; here, V| corresponds to the initial volume of
ethanol, V, is the cylinder volume, and V; is the final residual volume
after removing the impregnated ethanol cylinder.

e= (%~ V)/(V; — V) X 100 (1)

2.6. Characterization of Morphology. AuNPs were charac-
terized by transmission electron microscopy (TEM; Philips Tecnai
12). Porous nanocomposites were coated with a thin film of Pt/Pd and
characterized by scanning electron microscopy (SEM; VEGA3
TESCAN). The compositional distributions of AuNPs and their
dispersion into PU were analyzed by energy-dispersive X-ray
spectroscopy (EDS) in a JEOL JSM-IT300LV with an EDS Aztec
Oxford detector.

2.7. Thermal Characterization. A differential scanning calo-
rimeter (TA Instruments, model Q20) was used to evaluate the
thermal characteristics of the samples. The measurements were made
with a constant nitrogen flow with a heating rate of 10 °C/min from
—50 to 350 °C. The thermal degradation of samples was analyzed by
thermogravimetric analysis (TGA; TA Instruments, model QS0).
Samples weighing 8—10 mg were heated at a rate of 10 °C/min from
10 to 800 °C under a constant purge flow rate of nitrogen.

2.8. Mechanical Test. 2.8.1. Compressive Test. Compressive tests
were performed according to ASTM standard D695-10, using
cylindrical shaped 1-by-2 cm specimens. Scaffold compressive

13363

stress—strain curves were measured at room temperature using a
tensile tester (Instron, model 3365) with a 5 kN cell load at a cross-
head speed of 1.3 mm/s. The compressive modulus was calculated by
taking the slope of the initial linear portion of the stress—strain curve,
while yield strength was calculated by intersecting a line parallel to the
linear region beginning at 0.2% deformation.

2.8.2. Cyclic Load. Scaffolds were immersed in phosphate buffered
saline (PBS) at 37 °C during 24, and then, the samples were tested
under cyclic loading conditions. Samples were compressed and
reverted toward the original length five times at a displacement rate
of S mm/s. The lower limit was set to 10 kPa and upper limit to 35
kPa.

2.9. Contact Angle and Water Absorption. Contact angle was
measured and was determined on a contact angle device (Drop Shape
Analyzer DSA25S, KRUSS) controlled by ADVANCE software
(KRUSS) on PU scaffold surfaces and porous nanogold/PU scaffolds.
Contact angles on the polymer surfaces were measured by the sessile
drop or static drop method at a temperature of 25 °C. Drops of 5 uL
of different solvents, water, or ethylene glycol were deposited on the
polymer surfaces.

Water absorption of the PU scaffolds and porous nanogold/PU
scaffolds were measured by immersing the scaffold nanocomposites in
distilled water for a predetermined time. The samples were then
removed and excess water was removed with filter paper and
subsequently weighed. The resulting weight is termed W). Finally,
the samples were completely vacuum-dried and weighed again; this
second weight is termed W,. Water absorption was calculated
according to the method described by Cai.**

2.10. In Vitro Degradation Assay. In vitro degradation of the
samples was evaluated by recording the weight loss and changes in
mechanical properties over time in PBS buffer solution at 67 °C. Each
PU sample was cut into cylindrical shapes of 10 mm (height) by 15
mm (diameter) with the weight of about 170 mg. The samples were
immersed in tubes with 10 mL PBS solution (pH = 7.4). The tubes
were placed in a 67 °C water bath with gentle shake of approximately
80 rpm to accelerate the degradation rate. At each time point of week
1, 2, 3, and 4, four tubes of each kind of material were sampled, rinsed
for 1 h by deionized water, and vacuum-dried for 3 days before analysis
of weight loss. The weight remaining was calculated as
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Figure 2. (a) SEM image of porous nanogold/PU scaffolds, (b) SEM image of AuNPs incorporated into the PU scaffold in back scattering mode, (c)
secondary electrons mode, and (d) EDS-Au mapping for two regions of porous scaffold sample with its EDS spectrum respective.

Weight remaining (%) = 100 X W,/W,

where W, and W, are the weights of samples before and after
degradation assay, respectively.>®

2.11. Antibacterial Assessment. 2.11.1. Bacterial Viability.
Antibacterial capability was assessed against S. epidermidis and
Klebsiella spp. Bacteria were grown in Mueller Hinton culture broth
at 37 °C for 16 h. The resulting culture was then transferred to a fresh
medium and standardized to 10° CFU/mL by measuring optical
density at 600 nm. One drop of this solution was deposited on the
surface of the porous nanocomposites 1 cm in diameter and then
incubated for 24 h. Samples were washed with 10 mL of a solution
containing 0.88 wt % NaCl and 1 wt % Tween 80. This was done to
remove the bacteria incubated on the surface of the nanocomposite.
Subsequently, 50 pL of the solution with entrained bacteria was
transferred to a nutrient Mueller Hinton agar medium and incubated
for 16 h at 37 °C. Colonies were counted after incubation. The
experiments were repeated five times.

2.11.2. Scanning Electron Microscopy. Porous samples were
inoculated with 400 yL of bacterial suspension and incubated at 37 °C
for 16 h. The samples were then rinsed twice with 0.01 M of sodium
cacodylate/0.15 M NaCl buffer at pH 7.0 for 15 min and fixed with 1%
glutaraldehyde in 0.01 M of sodium cacodylate/0.15 M NaCl buffer at
pH 7.0 for 2 h at room temperature. The samples were then rinsed
twice in 0.01 M of sodium cacodylate/0.15 M NaCl buffer at pH 7.0
for 15 min. Finally, the samples were dehydrated in ascending grades
of ethanol (30, 50, 70, 80, 90, and 100%), after which they were coated
with a thin film of Pt/Pd.

2.12. In Vitro Cytotoxicity Assay. T10 1/2 fibroblasts were
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Life
Technologies) supplemented with 100 U/mL of penicillin, 100 yug/mL
of streptomycin (Gibco, Life Technologies, USA), and 10% (v/v) fetal
bovine serum (Biological, USA) at 37 °C in a 5% CO, atmosphere.
Cells were seeded at a density of 5000 cells per well and left for 1 h
until the cells adhered to the 96-well plate. Then, PU and PU—Au

scaffolds were then immersed in 1 mL of DMEM for 24 h, and finally,
samples were placed directly on top of the cell monolayer and covered
by cell culture medium for 1, 3, and 5 days. The cell viability and
morphology was determined using MTS reduction assay or calcein-
AM dye. MTS was bioreduced by cells into a formazan product that is
soluble in the cell culture medium. The absorbance of the formazan
was determined by a colorimetric end point kit, according to the
manufacturer’s instructions (Promega, USA). Fibroblast viability
(mean + SEM) is expressed as the percentage of live cells relative
to control cultures. When using the calcein-AM dye, the cells were
incubated with PU and PU—Au 0.64 for 24 h. Then, the culture
medium was removed, and the cells were gently washed three times
with PBS. Cells were then incubated at room temperature for 10 min
with PBS containing 2 mM calcein-AM ester and washed three times
with PBS to allow complete dye de-esterification. Finally, randomly
chosen fields were examined per culture well per experimental
condition.

3. RESULTS AND DISCUSSION

3.1. Morphological Characterization of the AuNPs
and Porous Nanogold/PU Scaffolds. Figure la shows the
TEM image of AuNPs. Highly monodisperse AuNPs have a sea
urchin-shaped morphology. The histogram of size distribution
(Figure 1b) measured by the dynamic light scattering technique
reveals a mean nanoparticle diameter of 33 nm. The
morphology of nanoparticles is related to the orientation of
the gelatin chains on silver seeds. As the working pH used in
the synthesis was lower than the isoelectric point, the gelatin
was positively charged, which allowed its adsorption on silver
seeds negatively charged by the citrate, preferentially adsorbing
on the {100} crystal faces.®> This behavior promotes the
formation of the sea urchin-shaped AuNPs. To evaluate the
purity of the AuNPs, X-ray diffraction (XRD) analysis and EDS
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Figure 3. (a) TGA curves of the PU scaffold and porous nanogold/PU scaffolds with different quantities of AuNPs; (b) DSC thermograms of the
PU scaffold and porous nanogold/PU scaffolds with different quantities of AuNPs.

were performed to observe signals associated with the presence
of nanoparticles or other species. The diffractogram in Figure
1c shows the typical diffraction peaks at 38.5°% 44.4°; 64.7°;
77.4°, and 82.2° which correspond to (111), (200), (220),
(311), and (222) Bragg’s reflection, resgectively, based on the
cubic structure centered on the faces.”® No additional signals
are observed in the diffractogram, indicating the purity of the
nanoparticles. EDS spectrum in Figure 1d displays the purity
and chemical composition of AuNPs showing strong signals for
gold at 2.12 and 9.71 keV. The other signals correspond to
oxygen, nitrogen, and carbon present in gelatin. The presence
of copper is due to the copper grid used as support for the
nanoparticles.

The sea urchin-shaped AuNPs were incorporated into the
PU at 80 °C. To verify the successful preparation of PU, the 'H
NMR spectrum was obtained. Figure S1 (Supporting
Information) shows the 'H NMR spectrum of PU with the
typical resonance signals. Each signal is associated with the
corresponding proton of the proposed structure. Signals at
4.04—4.08 ppm (t-Hike), at 3.14—3.16 ppm (d-Hf), at 2.29—
2.31 ppm (m-Ha), at 1.61-1.69 ppm (m-Hb,d,j), at 1.44—1.49
ppm (m-Hgh), and 1.24—1.39 ppm (m-Hc) match with the
corresponding protons.”” The Fourier transform infrared
spectroscopy (FT-IR) spectrum of the PU is shown in Figure
S2 (Supporting Information). The absence of NCO stretching
vibration at 2270 cm™" indicates the completion of the reaction
of synthetized PU. A characteristic band of urethane
absorbance at 3334 cm™' is attributed to H-bonded —NH
groups.” The peaks at 2925 and 2865 cm™ are associated with
the asymmetric and symmetric —CH, groups and absorbance at
1445 and 1355 cm™' corresponding to the other modes of
—CH, deformations. The peak around 1717 cm™" is assigned to
stretching vibration of free C=0O groups. The C=0 group
involved in hydrogen bonding absorbs at 1665 cm™". The peak
of urethane ether linkage absorbs at 1125 and 1140 cm™.

The porous structure was achieved by the salt leaching
technique, resulting in gold—PU scaffolds with a porosity of
82—85%. Figure 3 shows the SEM images of porous nanogold/
PU scaffolds. The porous microstructure of the nano-
composites (Figure 2a) consists of interconnected open
micropores with diameters between 50 and 300 um. The
presence of AuNPs (bright areas) in the PU is shown in the
backscattered electron image (Figure 2b). The same region in
secondary electron mode is shown in Figure 2c. The
nanoparticles are larger than those observed in the TEM
image in Figure la, indicating aggregation and formation of
clusters when they are incorporated into the polymer. The
mean agglomerate size of the particles was 320 nm in diameter.
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Figure 2d shows a representative EDS map of elemental
distribution of two different regions of a scaffold sample, where
a red color indicates the presence of gold. For each region, the
respective EDS spectrum is showed. In both cases, the spectra
reveal that the main composition of the sample is nitrogen and
oxygen, both present in the PU, while carbon was not analyzed
because the sample was covered with this element. The gold
signal at 2.13 eV associated to AuNPs” is small because of low
concentration of these nanoparticles. The table inset in the
spectra shows similar atomic percentages which indicate a
chemical composition uniform inside the sample.*

3.2. Thermal Analysis of Porous Nanogold/PU
Scaffolds. Thermal degradation of porous PU scaffolds
containing different quantities of AuNPs was also evaluated
by TGA. Figure 3a shows thermograms for PU, PU—Au 0.16,
PU—Au 0.32, and PU—Au 0.64. Weight loss at 250—350 °C is
attributed to the dissociation of urethane bonds to form
isocyanates, alcohol, amines, and COZ.41 In general, the
degradation-onset temperature increased with the addition of
AuNPs. As well, the weight loss at 290 °C decreased with the
quantity of AuNPs. These results indicate that thermal
resistance is enhanced by the addition of adding AuNPs.

The PU structure is composed of alternating soft and hard
segments. The soft segments have a low glass transition
temperature (T,) and form a continuous flexible matrix. The
hard segments have high melting points (T,,) and tend to self-
assemble into domains through physical cross-linking.*” PUs
generally have several thermal transitions, corresponding to the
microstructure of the hard segments. It is possible to observe by
differential scanning calorimetry (DSC) thermograms the
melting points of three hard segments at 60—80, 120—190,
and over 200 °C, associated with short-range, long-range, and
microcrystalline ordering of hard segment domains.* In our
case, the thermograms in Figure 3b show three melting peaks
for neat PU at 30—95, 125—175, and 245—280 °C, for PU—Au
0.16 and PU—Au 0.32 at 25—120, 130—225, and 230—-280 °C,
while PU—Au 0.64 at 25—100, 110—160, and 160—280 °C,
respectively. This behavior suggests that the presence of 0.64 wt
% of AuNPs change significantly the microstructure of the PU,
with an increase in microcrystalline hard segments and decrease
in long-range hard segments. Hsu et al.** also studied the effect
of AuNPs on the PU morphology, although the changes in the
structure obtained in their work were revealed by atomic force
microscopy; the thermograms obtained by DSC only shows
one melting peak (at 46.9—48.2 °C). It is likely that the
morphological changes obtained by Hsu et al. were only short-
range because of the small quantity of AuNPs incorporated into
the polymer. The change in the crystalline of the polymer due
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to the effect of the AuNPs was confirmed by XRD. The XRD
patterns of PU and PU—Au 0.64 are depicted in Figure S3
(Supporting Information). Both samples show a peak at 26 =
20°. In both cases, the broadened peak might be due to the
presence of small crystalline structures or diffraction from
crystals of PCL, whereas the sharp peak at 26 = 24.5° is related
to the formation of crystalline structures in hard segments.**
The peaks in the diffractogram of PU—Au 0.64 are intensified
and narrowed, which would indicate an increase in crystallinity
because of the presence of AuNPs. The broad peaks at 20 =
38—39° in PU—Au 0.64 correspond to the crystal faces of
(111) and (200) of zero-valent gold in the face-centered cubic
structure, confirming the presence of AuNDPs.

3.3. Mechanical Behavior. Mechanical tests (compressive
modulus and yield strength) evaluated the effect of the quantity
of AuNPs on the stiffness of the PU. Compressive modulus and
yield strength were evaluated from the stress—strain curves
(Figure 4a). The yield strength values were computed by using
the offset-yield point at 0.2% of strain. Figure 4b shows
compressive modulus values of 1.057 + 0.001, 3.909 =+ 0.001,
7.617 + 0.001, and 11.182 =+ 0.001 MPa and yield strength (ay)
values of (2.3 +0.1) X 1072, (7.1 £ 0.1) X 1072, (1.8 + 0.02) X
107", and (2.6 + 0.1) X 10" MPa for nanocomposites with 0,
0.16, 0.32, and 0.64 wt % of AuNPs, respectively. These results
demonstrate a relationship between the stiffness of porous
nanogold/PU scaffolds and the quantity of AuNPs. Thus, an
increased stiffness could be associated to changes in the
microstructure of the hard segments of the PU because of
increase of AuNPs (Figure 3b). The thermograms show a slight
increase in the area under the curve of endotherms associated
with the microcrystalline domains of hard segments for the
nanocomposites with larger quantities of AuNPs (0.32 and 0.64
wt %) relative to PU without AuNPs. This suggests that AuNPs
act as nucleation centers that promote the formation of
microcrystalline domains of hard segments. The primary
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driving force for hard domain aggregation (microcrystalline
domains) is the strong intermolecular interaction between
urethane units that are capable of forming interurethane
hydrogen bonds.*” Considering that AuNPs are stabilized by
gelatin, it is probable that amide groups in the gelatin form
hydrogen bonds with the urethane groups of the polymer. This
interaction facilitates the hard segments to orient themselves
around the nanoparticles by promotin§ the formation of
microcrystalline microdomains. He et al.™ argued that if the
more polar urea linkages are incorporated into the molecular
backbone, the order degree of the hard domain structure will
increase considerably because of the formation of bidentate
hydrogen bonding. Given that microcrystalline domains act as
the reinforcing filler of the polymer, an increase in these hard
domains improves the stiffness of the nanocomposite.”

An important point in the work of Hsu et al.** is that the
difference in the compression module of the PU with and
without nanoparticles did not exceed 60%, while in our case the
value of the module for PU—Au 0.64 was 1000% greater than
that for the PU without nanoparticles (10 times as high). It is
important to compare the results because these clearly confirm
the effect of the quantity of AuNPs on the structural changes of
PU. In future studies, it would be interesting to determine the
critical concentration range associated with this transition.
Meanwhile, considering that the aim of our work is to develop a
material with applications in soft tissue implants, the stiffness
value obtained with 0.64 wt % of AuNPs is adequate for our
studies. The values of the Young’s modulus of the scaffolds are
near to the mechanical properties of the human meniscus or
hyaline cartilage, where the compression modulus is approx-
imately 0.22 and 8.4—15.3 MPa, respectively.”

Considering that the daily activities of living beings involve
repetitive effort of the tissues, the cyclic behavior of the
scaffolds was evaluated. The cyclic behavior of PU and PU—
AuNPs under wet conditions is shown in Figure 4c. Different
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Figure S. Profiles of 5 uL water droplets on PU, PU—Au 0.16, PU—Au 0.32, and PU—Au 0.64, showing contact angle values as a function of time.
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Figure 6. Degradation behavior of PU, PU—Au 0.16, PU—Au 0.32, and PU—Au 0.64. (a) Average retention weight as a function of degradation in
PBS during 4 weeks and (b) average retention compression modulus as a function of degradation in PBS during 4 weeks.

deformation ranges were observed when the samples were
subjected to a constant stress of 10—35 kPa. The PU sample
reached a maximum deformation of 16% and a large hysteresis
loop in each cycle. It is possible to observe that as the quantity
of nanoparticles increases, the deformation decreases. Thus,
PU—AuNPs 0.64 reached a maximum deformation of 2% with a
lower hysteresis loop. However, for the dry tests (Figure 4d)
the samples showed no measurable deformation when
subjected to a stress of 10—35 kPa. Given the difference in
stiffness with respect to the wet samples, a large stress was
applied to the samples, sufficient to reach a 20% deformation.
The maximum stress required for PU was 130 kPa, which
increased with the increase in nanoparticles as seen in Figure
4b. For PU—AuNPs 0.64, the maximum stress required was 560
kPa, S times higher than that of PU.

3.4. Contact Angle Measurements and Water Absorp-
tion. Figure 5 shows the contact angle profiles obtained for PU,
PU—Au 0.16, PU—Au 0.32, and PU—Au 0.64 as a function of
time. It can be observed that the contact angles of PU—Au 0.32
and PU—Au 0.16 are the lowest, indicating a significant
reduction of the hydrophobic character of the nanocomposite,
whereas PU—Au 0.64 shows a larger value of the contact angle.
We believe that the presence of nanoparticles stabilized with
gelatin play an important role in the hydrophilic/hydrophobic
character of the samples. Although gelatin has a relative
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hydrophilic character, on solid surfaces this could be influenced
by the orientation of the gelatin chains in the polymer. A typical
structure of gelatin has a sequence Ala-Gly-Pro-Arg-Gly-Glu-
4Hyp-Gly-Pro," containing hydrophobic domains associated to
the presence of alanine (Ala), glycine (Gly), and proline (Pro).
On the basis of this assumption, we believe that the sample
with the highest quantity of nanoparticles (PU—Au 0.64)
contains a larger number of gelatin chains whose orientation
exposes the hydrophobic domains toward the polymer or the
surface, whereas hydrophilic domains interact with nano-
particles, giving a more hydrophobic character to the sample.
Figure S4 (Supporting Information) shows the percentage of
water absorbed by each sample. For all nanocomposites, the
amount of water absorbed is greater than the weight of the
samples (absorption values are >100%). The water absorption
behavior is consistent with the change of the contact angle in
the time shown in Figure S, where the maximum percentage of
water absorbed at 1 h was 615 + 2.65% for PU—Au 0.32,
followed by PU—Au 0.16 with 432.5 + 0.95%, PU—Au 0.64
with 286 + 4.11%, and finally PU with 28.7 + 1.14%. This
critical maximum absorption concentration for PU—Au 0.32
could be influenced by the presence of AuNPs and built-in
gelatin, particularly related to the orientation of the hydro-
phobic domains of gelatin, as explained for the contact angle
behavior.
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3.5. In Vitro Degradation Assay. In vitro degradation
assay was performed by weight loss (Figure 6a) and
compression module (Figure 6b) measurements of the samples
immersed in PBS buffer. Figure 6a shows the degradation
curves as a function of the weight retained for PU, PU—-Au
0.16, PU—Au 0.32, and PU—Au 0.64 for 1, 2, 3, and 4 weeks.
The scaffolds show a progressive weight loss during the 4 weeks
varying between 1.1 and 2.0% for PU, 2.2—9.4% for PU—Au
0.16, 3.1—-11.9% for PU—Au 0.32, and 1.6—7.1% for PU—Au
0.64. The degradation rate for PU—Au 0.32 is higher than that
for the rest of the samples. The increase in degradation follows
the same behavior as observed in the water absorption curve. It
is likely that the increase in the hydrophilic character due to the
effect of nanoparticles accelerates polymer degradation. This is
based on the fact that the increase in hydrophilicity promotes
the incorporation of water molecules inside the internal
structure of the polymer and therefore the hydrolytic
degradation. On the other hand, it is known that the interaction
between the polymer chains resist the attack of the water
molecules on the ester group. Therefore, the presence of hard
segment microdoamins would act as a tortuous path for the
diffusion of water.”” In this way, as the increase in AuNPs
promotes the formation of microcrystalline domains, degrada-
tion of PU—Au 0.64 is expected to be slower than that of PU—
Au 0.16 and PU—Au 0.32.

3.6. Antibacterial Properties. The antibacterial activity of
porous nanogold/PU scaffolds was evaluated against Klebsiella
spp. and S. epidermidis by the viable cell count method and
SEM images.

Figure 7 shows the colony forming units (CFUs) of S.
epidermidis and Klebsiella spp. on the agar plates. In both cases,
the number of colonies decreased when the AuNP concen-
trations increased. The viability of Klebsiella spp. and S.
epidermidis incubated on nanocomposites with 0.32 wt % of
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Figure 7. Photograph of colonies of Klebsiella spp. (top row) and S.
epidermidis (bottom row) on agar plate for (ae) PU, (bf) PU—Au
0.16, (c,g) PU—Au 0.32, and (d,h) PU—Au 0.64. (i) Percentage of
viability of S. epidermidis and Klebsiella spp. as a function of the
quantity of AuNPs.

AuNPs was less than 10%. No viable CFUs of Klebsiella spp.
and S. epidermidis were observed at 0.64 wt % of AuNDPs,
achieving over 99.99% reduction of the colonies (Figure 7i).
These results demonstrate the antibacterial efficacy of porous
nanogold/PU scaffolds.

SEM images of the surface PU and porous nanogold/PU
scaffolds were obtained after 24 h of incubation to determine
the presence or absence of Klebsiella spp. and S. epidermidis
(Figures 8 and 9). A large population of bacteria can be
observed within and outside the pores on the PU surface.

It can be seen in the images that the population of S.
epidermidis on PU is less abundant than that of Klebsiella spp.,
even though both cultures were standardized to 10° CFU. This
suggests that the PU slightly inhibits the adhesion of S.
epidermidis. Studies have shown that S. epidermidis adheres less
to hydrophilic PU than to hydrophobic surfaces.***’ In our
case, it is likely that the presence of AuNPs and gelatin used as
a capping agent of AuNPs provided a more hydrophilic
character to the polymer, which contributed to inhibiting
adhesion of S. epidermidis. In general, bacteria adhere
preferentially on hydrophobic surfaces because of a thermody-
namic stability. Rosenberg and Kjelleberg argue that most
bacteria contain hydrophobic surface components, which can
be important in adhesion to other surfaces because hydro-
phobic interactions tend to increase with the increasingly
nonpolar nature of one or both of the surfaces involved.”
Given that increasing the presence of AuNPs stabilized with
gelatin in PU enhances the hydrophilicity of the polymer, we
believe that the change from a hydrophobic to hydrophilic
character also contributes to the antibacterial activity of porous
nanogold/PU scaffolds.

It is interesting to consider that the quantity of AuNPs in
polymer is lower than those of other antibacterial metal—
nanocomposites. Some studies have shown silver—PU nano-
particles require up to 10 wt % of silver nanoparticles to reduce
E. coli and S. typhimurium by 99.9%.°" Similarly, nano-
composites based on PU and copper nanoparticles need
between 5 and 10 wt % of nanoparticles to inhibit the growth of
E. coli and B. subtilis.”” Tt is likely that the scaffolds require a
lower amount of AuNPs because of the kind of antibacterial
and antibiofilm effects that are carried out and the character-
istics of this material. To understand the possible phenomena
that could be carried out and clarify if there is an effect of
repulsion or attraction between the surface of the scaffolds and
the bacteria, the Z potential of the nanoparticles, PU, and PU—
AuNPs were measured. The values so obtained were —6.85,
—0.25, and —15.1 mV, respectively. On the basis of these
results, we believe that the antibiofilm effect is mainly due to a
phenomenon of repulsion. Considering that the Z potential of a
bacterium lies between —17 and —48 mV approximately,” the
greater repulsion effect will be observed in PU—AuNPs, while
the weak negative charge of PU will favor the adhesion of the
bacteria, as shown in Figures 8 and 9. On the other hand,
according to what was observed in the bacterial viability tests,
the reduction of bacterial colonies for PU—Au 0.64 is 99.9%
(Figure 7), which indicates that the scaffolds induce the death
of the bacterium. It is probably that the bacterial death is
associated to a bactericidal mechanism where the Au** ions
penetrate the membrane and the cell wall, generating their
destabilization.”>> This hypothesis is based on inductively
coupled plasma (ICP) analyses performed to PU—AuNP
immersion media obtaining a maximum value of 0.017 mg/g
of gold released. In our case, the sea urchin-shaped morphology
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Figure 9. S. epidermidis incubated for 24 h on (ae) PU, (b,f) PU—Au 0.16, (c,g) PU—Au 0.32, and (d,h) PU—Au 0.64.
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Figure 10. (a) Test of T10 1/2 fibroblast cell viability exposed to PU, PU—Au 0.16, PU—Au 0.32, and PU—Au 0.64 scaffolds for 1, 3, and S days.
The results are expressed as percentage of live cells relative to untreated cells (control). Values represent the mean + SEM of three independent
experiments, in triplicate, *p < 0.0S. T10 1/2 fibroblast morphologies and viability loaded with calcein-AM were visualized by confocal microscopy.
Representative images of fibroblast control (b), exposed to PU—Au (c) and PU—Au 0.64 (d) scaffolds for 24 h. Scale bar, 100 ym.
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of nanoparticles may increase the quantity of ions released and
thus improve their antibacterial activity associated with a larger
exposed surface compared with gold nanospheres or nanorods.

Some authors have argued that the antibacterial effect of
AuNPs is the result of electrostatic attraction of the positively
charged nanoparticles and the negatively charged cell surfaces.
Other studies have indicated that cells can approach the
substratum, followed by conformational changes in the polymer
surfaces that lead to other functional groups approaching the
surface for the formation of short-range attractive polymeric
interactions.*® However, the Z potential values obtained in our
work demonstrate that AuNPs present a repulsion effect, which
enhanced when AuNPs are incorporated into the polymer.

In summary, we believe that the possible effects of porous
nanogold/PU scaffolds against S. epidermidis and Klebsiella spp.
are: electrostatic repulsion, release of Au®* ions as a bactericidal
agent, and unfavorable surface energy for adhesion (hydro-
philicity). These could act simultaneously by enhancing the
antibiofilm/antibacterial capacity of the scaffolds.

3.7. Cytotoxic Assays. Test of T10 1/2 fibroblast cell
viability was carried out to assess the effect of PU and PU—Au
scaffolds on fibroblast cell viability. The cytotoxicity assays were
evaluated after 1, 3, and 5 days of exposure to scaffolds. The
percentages of cell viability relative to controls shown in Figure
10a reveal that the scaffolds incubated have a reduction of 30%
in the cell viability for PU and PU—Au 0.16 and 50% for PU—
Au 0.32 and PU—Au 0.64 after 1 and 3 day of exposure to
scaffolds, which can be considered as a slight and moderate
cytotoxicity respectively.”” However, this moderate cytotoxicity
was reverted at 5 day of exposure, where percentages of viability
reached almost 100%, hence not affecting the cell viability.
Therefore, the moderate cytotoxicity induced for PU and PU—
Au was transient, restoring the proliferative status of fibroblast
cells as well as viability. To confirm morphology and adhesion
in live fibroblasts after incubation of cultures for 24 h with PU
scaffolds. The fibroblast cells were loaded with calcein-AM, and
live cells were identified by their green calcein fluorescence.
The confocal microscopy images compared with the control
(Figure 10b) indicate that the live fibroblast cells exposed to
PU (Figure 10c) and PU—Au 0.64 (Figure 10d) scaffolds did
not produce substantial changes in morphology and adhesion
capacity of fibroblast cells. These results are consistent with
those reported by Barrioni,”® who also synthesized PU-based
PCL and HMDI monomers.

In in vivo assays, the toxic effects of AuNPs generally depend
on their size, charge, and surface hydrophobicity.”” Regarding
size, it has been observed that small nanoparticles (15 nm) can
permeate the skin and intestine,”’ whereas the larger nano-
particles (250 nm) remain in the blood, liver, and spleen.®'
Nanoparticles of intermediate size (50 nm) are able to
overcome the blood—brain barrier.”” On the other hand, it
has been observed that functionalized nanoparticles with
amphiphilic chains decrease the phagocytosis of cells in the
liver, allowing a greater circulation time in the blood. In relation
to surface loading, it has been shown that negatively charged
nanoparticles remain longer in the liver and spleen, whereas
positively charged nanoparticles can cause little damage to the
peripheral blood system.”> Other in vivo studies in rats have
shown that the nanoparticles of smaller sizes (3 and S nm) and
larger sizes (50 and 100 nm) are not toxic at a dose of 8 mg
gold/kg, whereas the nanoparticles of intermediate size range of
8—37 nm had lethal effects in mice, inducing loss of appetite,
weight loss, change in skin color, and a shorter half-life.**

Considering these antecedents, in our study, we quantified by
ICP spectrometry, the amount of nanoparticles that could be
released from the nanocomposite, obtaining values of 0.017 mg
per g of sample after 30 days of immersion. Estimating that a
meniscus implant has a mass of S g, the amount of AuNPs
released would be 0.085 mg, and if an adult man weighs 80 kg,
the dose of nanoparticles present in the body would be 1.06 X
1073 mg/kg, whose value is much lower than that used in the in
vivo tests, which would allow us to rule out its toxicity.

4. CONCLUSIONS

Developing biomaterials that solve the current problems in the
use of medical implants is a major challenge. In this work, we
have presented the synthesis, elaboration, and evaluation of the
mechanical, thermal, cytotoxic, and antibiofilm properties of a
biomaterial based on PU and AuNPs stabilized with gelatin.
The results show that small increase in the quantity of AuNPs
enhances antibiofilm activity of the nanocomposite, inhibiting
99.99% of Klebsiella spp. and S. epidermidis, both bacteria
associated with implant infections. Cytotoxicity assays revealed
that porous nanogold/PU scaffolds do not exhibit toxic effects
on fibroblast cells, with nearly 100% viability to S days of
incubation, in addition the morphology and adhesion capability
cells is not different to untreated cells. The incorporation of
AuNPs also changed the microcrystalline structure of the hard
segments of the PU, increasing by up to 10 times the values of
the compressive modulus and strength, while improving the
thermal properties of the PU. These results demonstrate that
porous nanogold/PU scaffolds are an ideal biomaterial for soft
tissue implants.
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