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silver octahedral nanoparticle-
containing polycaprolactone nanocomposite for
antibacterial bone scaffolds†

Yu Gao,‡a Ammar Mansoor Hassanbhai,‡b Jing Lim,‡b Lianhui Wang*a

and Chenjie Xu*bc

This work investigated the antimicrobial activity of Ag octahedral nanoparticle containing polycaprolactone

scaffolds (Ag–PCL) that is fabricated via cryomilling. The fabricated composite scaffolds exhibited localized

antibacterial activity with no adverse effects on viability and osteogenic differentiation of human fetal

mesenchymal stem cells (hfMSCs). Compared to plain PCL scaffolds, the Ag–PCL scaffolds significantly

reduce bacteria survival to 32.2% over a 4 hour incubation.
Introduction

The frequency and relevance of age-related diseases, such as
healing and regeneration of bone tissue, are rising due to
increasing life expectancy. When bone defects exceed a critical
size, impaired bone formation can occur and surgical inter-
vention becomes mandatory.1,2 The development of biomate-
rials and stem cell therapy spurred the success of bone tissue
engineering with the goal of regenerating bone tissue on porous
scaffolds. Bone tissue engineered (BTE) scaffolds provide not
only mechanical support but also an osteoconductive environ-
ment that allow the regeneration of bone with improved
mechanical properties.3–5

Infections during or post scaffold transplantation are still
challenging which compromise the efficacy of bone healing.6,7

For example, bacteria can adhere to scaffold surfaces before and
during transplantation, then form a protective biolm that
competes with the host for integration with the scaffold.8 Aer
transplantation, infections can also spread to bone scaffold
from other sources of inammation through bloodstream.9

Upon development of infection, surgical debridement of
infected tissue and antibiotic treatment is oen used. The
integration of controlled antibiotic release to BTE scaffold
represent a more attractive manner as it can regenerate the
and Information Displays, Institute of

nal Synergistic Innovation Center for

ersity of Posts & Telecommunications, 9

ail: iamlhwang@njupt.edu.cn

ering, Nanyang Technological University,

il: cjxu@ntu.edu.sg

ne, Nanyang Technological University, 50

tion (ESI) available. See DOI:

s work.

hemistry 2017
bone, and simultaneously control the infection at the localized
location. Various antibiotic (e.g. tetracycline, ciprooxacin and
gentamycin) containing BTE scaffolds have been fabricated
through dip-coating,10 freeze drying11 and compression
moulding.12 Most of them exhibited an initial burst followed by
a sustained antibiotic release, and proved to be effective for
killing bacterial in vitro.

Silver nanoparticles, a new generation of antimicrobials,
have been emerged up in the present scenario owing to the need
of non-drug antimicrobial agents.13 This is because the miss-use
and over use of antibiotics worldwide that cause increase of
occurrence of antibiotic resistance. The nanosized Ag particles
possess large surface area to volume ratio which provide better
interaction with bacteria. The major contribution of antimi-
crobial effects of silver nanoparticles was attributed to the
released Ag ions in most studies.13,14 The Ag ions can bind to the
cell membrane associated proteins leading to membrane
damage.15 The disruption of DNA replication and inhibition of
respiratory chain in bacteria proved to be other mechanisms of
action of Ag ions.16,17 It was reported that Ag triangular nano-
plates withmore {111} facets exhibit more efficient antibacterial
activities than Ag spherical (mainly {100} facets) or rod shaped
({100} and {111} facets) nanoparticles.18 Similar results were
also found in the research of Cu2O nanoparticles, in which
octahedral crystals bounded by {111} facets exhibited higher
antibacterial activities than cubic ones (bounded by {100}
facets).19

In this work, Ag octahedral nanoparticles (mainly {111} fac-
ets) were synthesised and their antibacterial activity was
studied. Later, Ag octahedral nanoparticles were integrated into
polycaprolactone (PCL) scaffold by cryomilling to achieve
homogenous distribution. The fabricated composite scaffolds
exhibited localized antibacterial activity with no adverse effects
on viability and osteogenic differentiation of human fetal
mesenchymal stem cells (hfMSCs).
RSC Adv., 2017, 7, 10051–10056 | 10051
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Fig. 2 Antimicrobial assay of Ag octahedron (40 mg mL�1) cultured
with pseudomonas aeruginosa PAO1 for 4 hours.
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Results and discussions
Synthesis, characterization and antibacterial effect of Ag
octahedral nanoparticles

Ag octahedral nanoparticles were synthesized using the polyol
reduction method, which started rst with the synthesis of Ag
nanocubes.20,21 They were stabilized by polyvinylpyrrolidone
(PVP) and stocked in ethanol before use. The synthesized Ag
octahedron exhibited clear polyhedral structure with high
productivity and homogeneous size distribution (Fig. 1A). By
measuring the particle size in scanning electron microscopy
(SEM) images, its diameter was determined as 328 � 18 nm
(Fig. 1B). UV/Vis spectra was obtained aer the nanoparticle
solution was repeatedly washed with ethanol to remove excess
polymer and ltered. The extinction spectra (extinction ¼
scattering + absorption) of Ag octahedral nanoparticles in
Fig. 1C exhibited highly complex plasmon signature due to their
geometric anisotropy. The spectrum in the range 400 to 600 nm
revealed the ne structure and was assigned to hexapolar and
higher-order modes, while the resonance aer 800 nm were
mainly quadrupolar mode. These ndings conrmed the
structure of synthesized Ag octahedral nanoparticles and were
in good agreement with reported works.20

The antimicrobial assay of Ag octahedral nanoparticles were
performed on a Gram-negative bacteria, pseudomonas aerugi-
nosa PAO1, which is known as a prototypical multidrug resistant
(MDR) pathogen. Ag octahedral nanoparticles (40 mg mL�1)
Fig. 1 Characterization of Ag octahedrons. (A) Representative scan-
ning electron microscopy image of synthesized Ag octahedral nano-
particles. Scale bar, 1 mm. (B) Size distribution of Ag octahedral
nanoparticles (n > 500) measured from SEM images. (C) Extinction
spectra of Ag octahedral nanoparticles.

10052 | RSC Adv., 2017, 7, 10051–10056
were added to the bacteria with a starting inoculum of 2 � 104

CFU mL�1. Aer 4 hours incubation, bacteria were counted by
spread plate method. As shown in Fig. 2, Ag octahedral nano-
particles at the concentration of 40 mg mL�1 exhibited effective
antimicrobial activity with a decrease of bacteria survival (80
CFU mL�1) by ve orders of magnitude in comparison to
control group with no addition of silver nanoparticles (3.7� 106

CFU mL�1).
Aer validating the antibacterial effect of Ag octahedral

nanoparticles against pseudomonas aeruginosa, we set to incor-
porate these nanoparticles into polymeric scaffold. PCL has
been widely used in biodegradable scaffolds and drug con-
taining implants for tissue engineering and cancer therapy.22–25

As PCL is a hydrophobic polymer, dispersing hydrophilic Ag
nanoparticles within the hydrophobic matrix is challenging.
Fortunately, we have developed a method to fabricate inorganic
nanoparticle (e.g. tricalcium phosphate or silica) containing
PCL composites with homogeneous distribution of nano-
particles by cryomilling.22–24 This physical and solvent-free
method was carried out at low temperature (�196 �C) that
also protect the active ingredients such as Ag nanoparticles
against oxidation. Indeed, the fabricated Ag–PCL lm exhibited
even light brown color (the color of Ag octahedrons), whereas
pure PCL (gure below, le) exhibited white color (ESI Fig. S1†).
Fig. 3 Antimicrobial assay of PCL film scaffold, Ag octahedral nano-
particle containing PCL scaffold, and Ag octahedral nanoparticle
containing filter paper against pseudomonas aeruginosa PAO1 after 4
hours culturing. Statistical significance was determined by calculating
the P-value using the Student's t-test (two-tailed distribution and two-
sample unequal variance). * denotes p < 0.05, N ¼ 3.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 hfMSCs proliferation on PCL or Ag–PCL scaffolds examined by
DNA quantities through Picogreen assay.
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The fabricated composite PCL lm scaffold contained 1% (mass
ratio) of Ag octahedral nanoparticles that was approximately 40
mg per lm (12 mm in diameter and 200 nm in thickness)
calculated by measuring the mass of each Ag–PCL lm. Under
this mass ratio, composite lms allow sufficient cargo loading
(Ag octahedrons) with not compromised mechanical properties
compared to pure PCL lm.22–24
Antimicrobial assay of Ag octahedral nanoparticle containing
PCL scaffold

Later, Ag octahedral nanoparticle containing PCL (Ag–PCL) lm
scaffolds and plain PCL lm scaffolds were sterilized and placed
in a 12 well plate. 1 mL of pseudomonas aeruginosa solution (2 �
104 CFU mL�1) was added to each well and cultured for 4 hours.
The unbounded bacteria were removed and the wells were
washed by PBS twice. Then the attached bacteria in each well
were collected by vortex and counted as mentioned above.
According to the antimicrobial assay (Fig. 3), Ag–PCL scaffold
inhibited the bacteria survival to 32.2% in comparison to that of
plain PCL scaffold. This inhibition of survival was not as
effective as that induced by the same amount of free Ag octa-
hedral nanoparticles in Fig. 2 (almost 5 orders of magnitude
inhibition). As shown in Fig. 3, when the same amount of Ag
octahedral nanoparticles were soaked into lter papers (with
same area to Ag–PCL or PCL scaffolds), the prepared lter
papers (Ag-paper) exhibited more efficient antibacterial effect
Fig. 5 hfMSCs osteogenic differentiation on both PCL and Ag–PCL film
by (A) ALP assay, (B) calcium deposition assay, and (C) von Kossa stainin

This journal is © The Royal Society of Chemistry 2017
(8.4% of bacteria survival), owing to its faster dissociation rate
of Ag ions and easier mass transfer of interior Ag ions. Note:
lter paper has a porous structure and Ag nanoparticles all
absorbed on the surface of the bres in the lter paper.

This difference is because only surface bounded Ag nano-
particles in the Ag–PCL scaffold were exposed to the bacteria
and surrounding medium. Most of the Ag octahedral nano-
particles will be released once the scaffold are undergoing
degradation. It renders the Ag–PCL scaffold the ability of pro-
longed release of Ag ions with the scaffold degradation post
transplantation, which is an attractive strategy for chronic
inammation oen happened in a long period aer surgery.26

When placing the Ag–PCL lm scaffold on the surface of
plate cultured with pseudomonas aeruginosa, localized inhibi-
tion effect was observed. Bacteria grew by the side of the lm
scaffold, while no bacteria was found on the scaffold surface
(ESI Fig. S2†). This localized antibacterial effect was related to
the amount of released Ag octahedral nanoparticles from the
scaffold (ESI Fig. S3†). Limited nanoparticle release from PCL
composite was also found in silica nanoparticle containing PCL
lm previously.24 This nature might be attractive to reduce the
adverse effects of released Ag nanoparticles to surrounding
healthy tissues.27
hfMSCs proliferation and osteogenic differentiation on Ag–
PCL scaffold

Finally, the effects of incorporated Ag octahedral nanoparticles to
hfMSCs proliferation and osteogenic differentiation were evalu-
ated. hfMSCs were seeded on PCL and Ag–PCL lm scaffolds and
cultured for 21 days. The results of DNA quantication using
Picogreen assay suggested that the attached cells were able to
maintain viability and slowly proliferate on both PCL and Ag–PCL
scaffold for 21 days (Fig. 4). The slow proliferation rate of hfMSCs
on PCL scaffold in static culture was in good agreement with
reported work,28 whereas a slightly faster proliferation rate was
presented on Ag–PCL scaffold than that on PCL scaffold. The
increased surface roughness of scaffold due to the ingredients
(ESI Fig. S4†) that could inuence the cell adhesion and prolif-
eration, might be partly responsible for the increased prolifera-
tion rate of hfMSCs on the Ag–PCL lm.29 In short, the embedded
Ag octahedral nanoparticles (1%) in Ag–PCL lm did not
scaffolds. The efficiencies of osteogenic differentiation were evaluated
g assay (day 21) respectively.

RSC Adv., 2017, 7, 10051–10056 | 10053
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Fig. 6 SEM images of Ag–PCL film scaffold and hfMSCs loaded Ag–PCL film scaffolds that were induced by osteogenic differentiation for 3, 7,
14, and 21 days respectively.
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compromise the hfMSCs viability and proliferation seeded on the
scaffold, comparing to that on PCL lm scaffold.

Besides proliferation, the ability of osteogenic differentiation
of hfMSCs was also evaluated by standard methods including
alkaline phosphatase (ALP) expression, calcium deposition and
von Kossa staining. The amount of ALP expression in differen-
tiating hfMSCs on either PCL or Ag–PCL scaffold experienced an
abrupt increase on day 7, following a steadily decrease on day 14
and nal stabilization at day 21 (Fig. 5A). The mineralization
levels assessed by calcium deposition assay on both PCL and
Ag–PCL scaffolds underwent similar stepwise increases during
day 3 to day 14, and achieved plateau on day 21 (Fig. 5B). The
mineralization was further conrmed by von Kossa staining,
presenting dark color on both PCL and Ag–PCL scaffolds
(Fig. 5C). Similar results (ALP expression and calcium assay) for
hfMSCs on PCL scaffolds were reported previously.30,31

Furthermore, the higher ALP expression and calcium deposi-
tion, and the darker von Kossa staining on Ag–PCL than PCL
scaffolds in the present work were correlated with their higher
DNA contents. Thus, the ingredients (1% of Ag octahedral
nanoparticles) in Ag–PCL lm did not compromise the ability of
hfMSCs osteogenic differentiation, suggesting its potential
application on tissue engineered bone scaffolds.

SEM images revealed the morphological change of Ag–PCL
scaffolds during osteogenesis for 21 days (Fig. 6). On day 3 and
7, similar morphology of cell-loaded scaffold to scaffold without
cells were presented. During day 14 to 21, signicant cellular
matrix and calcium deposition presented on the scaffold, sug-
gesting the different extent of mineralization with time (SEM
images of PCL lm incubated with medium only were presented
in ESI Fig. S5†). These results conrmed the ndings in ALP and
calcium deposition assay, and indicated good biocompatibility
of Ag–PCL scaffold on bone regeneration.
Conclusions

In summary, Ag octahedral nanoparticles were synthesized and
exhibited effective antibacterial effects. Through cryomilling,
these Ag octahedrons were successfully incorporated into PCL
10054 | RSC Adv., 2017, 7, 10051–10056
lm scaffolds with homogeneous distribution. The fabricated
Ag–PCL scaffold exhibited localized antibacterial effects with
32.2% inhibition of percentage survival to pseudomonas aeru-
ginosa in comparison to plain PCL. Furthermore, no adverse
effects on viability and osteogenic differentiation of hfMSCs on
Ag–PCL lm was observed. This Ag–PCL scaffold might hold
great promise in bone tissue engineering with simultaneous
infection control and minimal undesired side effects caused by
excessive silver ions release.
Experimental
Synthesis of Ag octahedral nanoparticles

The preparation of Ag octahedron was carried out using the
polyol reduction method, started rst with the synthesis of Ag
nanocubes. First, 10 mL of CuCl2 (8 mg mL�1), PVP (20 mg
mL�1), and AgNO3 (20 mg mL�1) were dissolved in 1,5-penta-
nediol (PD) separately. 35 mL of CuCl2 solution was added to the
AgNO3 solution. 20 mL of PD was then heated to 190 �C for
10 min. 250 mL of PVP precursor was added to a round-bottom
ask dropwise every 30 s while 500 mL of AgNO3 precursor was
injected into the ask every minute in one go. The reaction was
allowed to proceed for approximately 20 min. Following which,
the injection was continued using 30 mL of PVP (20 mg mL�1)
and AgNO3 (40 mg mL�1 with 120 mL of CuCl2) were separately
prepared in PD. The reaction was allowed to proceed until the
precursors were used up. The Ag octahedron solution was re-
dispersed in 20 mL of ethanol aer removing the PD via
multiple centrifugation rounds, and diluted, then vacuum
ltered multiple times using PVDF lter membranes
(Durapore®) with pore sizes ranging from 5000 nm, 650 nm,
450 nm to 220 nm to remove impurities before nally
dispersing and stocking in ethanol.
Fabrication of Ag–PCL lm scaffold

Medical grade PCL pellets (>500 mm) (Osteopore International,
Singapore) were weighed and placed into a stainless steel jar,
before they were pulverized in a cryomilling process (Retsch®,
This journal is © The Royal Society of Chemistry 2017
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Germany) at low temperature cooled by liquid nitrogen. Then
Ag octahedral nanoparticles and cryomilled PCL (mass ratio of
1 : 100) were mixed and cryomilled again for 20 minutes to
attain powdered Ag–PCL. The powders were then thermally
pressed into a thin lm between two stainless steel sheets at
80 �C (Carver Inc, USA). The lm was then stored in a dry
cabinet (Digi-Cabi AD-100, Singapore) before use.
Bacteria culture

Pseudomonas aeruginosa PAO1 was purchased from ATCC and
used in this study. They were cultured in Mueller–Hinton agar
and Mueller–Hinton broth and incubated at 37 �C.
Antimicrobial assay

PAO1 was grown overnight. The culture was diluted to achieve
a starting inoculum of 2 � 104 CFU mL�1. In each well of a 12-
well plate, 1 mL of the culture solution was added to plain
PCL, Ag–PCL and Ag-lter. For the free Ag, 40 mg was added to
the well. The plate was incubated for 4 hours. The samples are
removed and washed twice in PBS to remove any unbounded
bacteria. 1 mL of PBS is then added to the sample and vortexed
for 2 min to remove all attached bacteria. Serial dilution is
performed and counts obtained using the spread plate
method CFU mL�1 ¼ number of colonies � 10 � dilution
factor. For the free Ag, counts are performed directly on the
supernatant.
Isolation and culture of hfMSCs

hfMSC were isolated from fetal femurs as previously
described.28 Briey, single-cell suspensions were prepared by
ushing the marrow cells out of human fetal femurs using
a 22G needle and passed through a 70 mm cell strainer and
plated on a 75 cm2 cell culture ask (NUNC, USA) at 106 cells per
mL using Dulbecco's modied Eagle's medium (DMEM)-
Glutamax (GIBCO, USA) supplemented with 10% fetal bovine
serum (FBS, Hyclone), 50 U mL�1 penicillin and streptomycin
(GIBCO, USA). MSCs of passage 4–6 were used for this study and
they were not differentiated prior to seeding on scaffolds.
Osteogenic differentiation

Osteogenic induction medium was prepared by supplementing
the culture media with 0.2 mM ascorbic acid, 10 mM b-glycer-
ophosphate and 10�8 M dexamethasone (Sigma-Aldrich, USA)
and sterile-ltered prior to use. These supplements were added
to the culture medium and replaced every 3–4 days.
Alkaline phosphatase activity assay

The cell lysates were tested for ALP activity using SensoLyte™
pNPP Alkaline Phosphatase Assay Kit (AnaSpec, USA) according
to manufacturer's instructions. The ALP activities were
normalized to the total protein content determined using the
Bradford assay.
This journal is © The Royal Society of Chemistry 2017
Bradford protein assay

Coomassie reagent (Thermo-Fisher) was used. Here, the cell
lysates of the samples were added to samples in a 96-well plate
followed by addition of the reagent. Aer 15minutes incubation
at room temperature, the absorbance at 595 nm was read. The
results were compared against the standard curve using bovine
serum albumin (BSA).

DNA content

The DNA content indirectly provides an indication of cell
numbers. Quantitative analysis of DNA using the cell lysates was
performed using PicoGreen DNA Quantication Kit (Molecular
Probes, USA) according to manufacturer's instructions.

Calcium content

The lm samples were added to acetic acid (to dissolve the
calcium) for overnight. The content was determined by a color-
imetric assay using a calcium assay kit (BioAssay Systems, USA)
according to manufacturer's instructions. The controls were
lms with-out cells.

Von Kossa staining

Film samples were xed with 4% paraformaldehyde and
thereaer washed thrice in distilled water. Samples were
stained with 2% silver nitrate (Sigma-Aldrich, USA) for 10
minutes in the dark and then exposed to bright light for 15–30
minutes.

Scanning electron microscope

SEM images of Ag octahedral nanoparticles were captured by
the scanning electron microscope (JSM-6390LA, Jeol, Japan).
For lm scaffold samples, they were xed in 2% glutaraldehyde
and subsequently washed in PBS. The samples were then sub-
jected to a graded ethanol series of 50%, 70%, 95% and 100%
for 15 minutes at each concentration. Hexamethyldisilazane
(Sigma-Aldrich, USA) was added to the samples for 20 minutes
and removed and allowed to air dry. Samples were then splutter-
coated and viewed by SEM.
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