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In order to address the problem of bacterial infections in bone-substitution surgery, it is essential that bone re-
placement biomaterials are equipped with bactericidal components. This research aims to optimize the content
of silver (Ag), a well-known antibacterial metal, in a multiwalled carbon nanotube (CNT) reinforced hydroxyap-
atite (HA) composite, to yield a bioceramic which can be used as an antibacterial and tough surface of bone re-
placement prosthesis. The bactericidal properties evaluated using Escherichia coli and Staphylococcus epidermidis
indicate that CNT reinforcement supports growth of Gram negative E. coli bacteria (~8.5% more adhesion than
pure HA); but showed a strong decrease of Grampositive S. epidermidis bacteria (~diminished to 66%) compared
to that of pure HA. Small amounts of silver (2–5wt.%) already show a severe bactericidal effect when compared
to that of HA–CNT (by 30% and ~60% respectively). MTT assay confirmed enhanced biocompatibility of L929 cells
on HA–4wt.% CNT (~121%), HA–4wt.% CNT–1wt.% Ag (~124%) sample and HA–4wt.% CNT–2wt.% Ag (~100%)
when compared to that of pure HA. The samples with higher silver content showed decreased biocompatibility
(77% for HA–4wt.% CNT–5wt.% Ag sample and 73% for HA–4wt.% CNT–10wt.% Ag). Though reinforcement of
4wt.% CNT has shown an increase of fracture toughness by ~62%, silver reinforcement has shown enhancement
of up to 244% (i.e. 3.43 times). Accordingly, isolation of toughening contribution indicates that volumetric tough-
ening by silver dominates over interfacial strengthening contributed by CNTs towards enhanced fracture tough-
ness of potential HA–Ag–CNT biocomposites.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Hydroxyapatite (HA, Ca10(PO4)6(OH)2) is widely used in orthopedic
surgery due to its similarity to apatite in human bone skeleton (Ca/P
ratio 1.67), which displays an exceptional biocompatibility [1–3]. The
poor hardness and fracture toughness and the promotion of bacterial
growth, which leads to bacterial infection, are the two big challenges
that are addressed in order to obviate implant rejection [4–7]. Carbon
nanotube (CNT) reinforcement of HA has been widely studied to en-
hance the mechanical properties because of its high stiffness (Young's
modulus of up to 1 TPa) [8–11]. Also CNTs are an attractive addition
due to its physiochemical and biological properties [12–16]. Balani
et al. and Agarwal et al. report superior optimized tribological and me-
chanical performance (fracture toughness increase of 56%) for HA–CNT
composites containing 3–5wt.% multiwalled CNTs, while showing good
cytocompatibility [8,12]. The interaction of CNT with different bacteria
ghts reserved.
aswell asmammalian cells is still being discussed controversially. The lit-
erature implies the dependence on various different factors like tube
length and diameter, structure of the CNTs (multi- or singlewalled),
functionalization of the CNTs, type of the cell and structure of the cell
membrane (Gram positive/negative for bacteria). For mammalian cells,
referring to bone forming, cell's multiwalled CNTs are reported to have
good interaction with osteoblasts and fibroblasts [8–11,13,17–21],
while depending on the size, singlewalled CNTs show cytotoxicity by
blocking potassium channel activities and therefore might decrease the
biocompatibility of implants [18,22].

Elimelech et al. has documented bactericidal properties for single-
and multiwalled CNTs on Escherichia coli (Gram negative), eliciting
severe bactericidal property of singlewalled CNTs due to the smaller
diameter of the tubes [23]. Similar results exist for Gram positive and
negative bacteria [24,25]. Then again, enhanced E. coli growth and pro-
liferation on multiwalled CNTs are also reported in the literature [5]. To
further handle themissing bactericidal properties of HA, several studies
have been done on adding a second phase with antimicrobial agents
[4,26–28]. Silver is a bactericidal metal with rising significance in
biomedical applications [5,29]. It is known that Ag+ ions are able to
diffuse into the cytoplasm through bacterial membranes, where they
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interact with the DNA, RNA and bacterial enzymes, particularly to their
SH-groups, leading to dysfunction of the cell metabolism and protein
biosynthesis leading to suppression of cell division and ensued cell
death [5,29–33]. Special attention has to be drawn on the influence of
silver ions on human cells. Micrometer sized silver particles aswell as sil-
ver nitrate or lactate are reported to show a strong cytotoxic effect which
questions the application of silver in biocomposites [34]. On the other
hand, recent studies demonstrate remaining biocompatibility upon addi-
tion of low amounts of silver nanoparticles [33,27]. Valiyaveettil et al.
elaborated the mechanisms of AgNPs acting toxic on human fibroblast
glioblastoma cells and stated a dependency of the cytotoxicity on the ap-
plied dose of AgNPs, making appearance by disruption of the mitochon-
drial respiratory chain of the cell, a reduced ATP content, increased
production of reactive oxygen species and damaged DNA [35].

But, only a limited literature exists on simultaneously evaluating the
effect of AgNPs on both, bacteria andmammalian cells that show antibac-
terial effects while retaining biocompatibility [27,33]. This indicates a
different sensitivity towards a certain silver amount of eukaryotic and
prokaryotic cells. Possible reasons are, for instance, differences in size
and metabolic functions. Since eukaryotic cells are usually larger than
prokaryotic cells, a far bigger concentration of silver ions is necessary to
achieve a similar toxic effect. Also, high structural organization of eukary-
otic cells through compartmentalization,which enables decentralized en-
ergy conservation in mitochondria or the separated DNA localization in
the core, weakens the impact of silver ions compared to prokaryotes
[33]. Referring to silver reinforced implants this observation suggests
that an AgNP dose range can be found, in which prokaryotic cell metabo-
lism is successfully hampered,while no constraint eukaryotic viability can
yet be observed.

To achieve densification of novel materials, spark plasma sintering
(SPS) has been established over the last decades, evolving from the
idea of activating the sintering process by the use of electrical current
that was introduced in 1933 [36]. Evident advantages compared to con-
ventional methods like pressureless sintering or hot pressing reside in
decreased sintering temperature (by 150–200°C) and shortened dwell
times (sintering time of 5–15min). These innovations allow sintering
of nanometer-sized powders to near theoretical values with sparse
grain growth [36–38]. The high densification of the powder sample ob-
tained by sintering via the SPS route is favorable for the enhanced me-
chanical properties of the composite. Still, CNTs tend to cluster and
entangle during sintering, which can lead to marginally higher porosity
of the sample [5]. At moderate sintering temperatures of 900–1200 °C,
decomposition of HA with formation of a TCP phase (at 1400 °C)
[7,39] and the carbon nanotubes in spheroid particles at temperatures
higher than 1700 °C can be avoided [5,40–43].

For samples containing silver which has a melting point of ~960 °C,
sintering can bear the benefit of densification through a liquid silver
phase, but de-mixing of the phases needs to be avoided [5]. Functionally
graded materials are a new approach to meet the requirements of
bioceramics to interact best possible with the surrounding tissue and
still bear the high hardness and fracture toughness in the core to handle
the loads of a long lasting implant. In a non-monolithic bone replace-
ment material, highly bioactive components like reinforced HA on the
outside can be combinedwith inner layers of strongmaterials like yttria
stabilized zirconia or alumina oxide [44]. Challenges are to durably bond
the different layers to a single composite which means that a high gra-
dient of mechanical properties is not favorable. It has been shown,
that the implication of intermediate layers with adjusted qualities can
lead to a gradual change among properties from surface to core, and
therefore elicit reliable mechanical performance [44–47].

The main focus of the present study is the enhancement of antibacte-
rial properties with the highest possible content of silver without
influencing the good attachment of body cells and without decreasing
the mechanical properties. In regard to the application of HA–CNT–Ag,
as a part of functionally graded material, HA is reinforced with 4wt.% of
multiwalled carbon nanotubes to improve the mechanical strength and
to make it compatible with potential other layers. The CNT reinforced
HA matrix is complemented by a varying silver-nanoparticle content of
0; 1; 2; 5 and 10wt.%. The influence of the mechanical properties is char-
acterized by Vickers indentation and indentation fracture toughness. Pure
HA is processedunder the same conditions and is used as a reference. Bac-
tericidal properties are evaluated using Gram positive (Staphylococcus
epidermidis) as well as Gram negative (E. coli) bacterial colonies. In
order to establish the optimal content of silver, cytocompatibility of
sintered HA–CNT–Ag biocomposites is studied though in vitro cell culture
with L929 mouse fibroblast cell line, which is quantified via MTT assay.

2. Materials and methods

2.1. Material processing

Starting powders were hydroxyapatite (HA), multiwalled carbon
nanotubes (CNTs) and silver nanoparticles (AgNPs). HA powder (~15–
55 nm) was synthesized using a suspension–precipitation method
[5,10] and it was ball-milled for 16hwith a ball-mass ratio of 10:1 in eth-
anol. Multiwalled CNTs (95% purity, inner dia 20 nm, and outer dia
40nm, 1–2μmlong)were purchased fromNanostructured&Amorphous
Materials Inc., United States. The dried HA powder and the CNTs were
sieved separately for homogenization with a sieve of mesh size 120
(125 μm). The AgNPs were procured from Sigma Aldrich, United States,
with high purity (99.5%) andwith particle size of less than 100nm. Pow-
der mixtures of six different compositions were prepared which were
pure HA, HA with 4 wt.% CNT, HA with 4 wt.% CNT and x wt.% AgNPs
where x=1, 2, 5 and 10. The nomenclature of the prepared powders is
provided in Table 1. The SEM image of powder mixture of HA with
4 wt.% CNT and 10 wt.% Ag has been shown in Fig. 1(a). The powders
weremixed in ethanol andultrasonicated for 5min followedbymagnetic
stirring while heating at 80°C in order to evaporate the solvent. This ob-
tained paste was dried for 12 h at 200 °C and subsequently sieved with
mesh size 170 (90 μm). Quantitative elemental analysis, Fig. 1(b),
shows the presence of silver in HA–CNT matrix.

The powders were subsequently processed by rapid spark plas-
ma sintering (SPS, Dr. Sinter 1050 SPS apparatus, Sumitomo, Japan/
Dr. Sinter 511 S SPS) in a cylindrical graphite diewith an inner diameter
of 15mm. Sinteringwas performed at temperature of 950°C (with ramp
rate of 100°C/min) and a dwell time of 5min under uniaxial pressure of
30MPa in vacuum (~6Pa) in order to obtain dense ~3mm thick pellets.

2.2. Phase and microstructural characterization

The density of the pellets was measured via Archimedes' water im-
mersion principal using distilled water on a commercial weighing ma-
chine (Citizen CX 220) with decimal accuracy of 0.1mg. The theoretical
densities of the composites while taking the density of pure component
were taken as 3.16gcm−3, 2.10gcm−3, 10.49gcm−3 and 0.988gcm−3

for HA, CNT, Ag and H2O respectively. Porosity may affect cell adhesion
due to affected roughness and enhanced surface area [48].

The pellets were polished with emery paper followed by cloth
polishing with an alumina particle suspension, particle size 5 μm and
1 μm. Phase analysis was conducted with X-ray diffraction technique
(X-ray diffraction; ISO Debyeflex-2002, Rich Seifert & Co., Germany)
with CuKα radiation, λ=0.15418 nm at a step size of 0.02°, and scan
rate of 1°/min. The critical analysis of the X-ray diffraction-data for
confirming phase stability and absence of undesirable formed products
during sintering was performed with the help of Pearson's Crystal Data
Base (PCD). Raman spectroscopy (WITec GmbH, Germany, alpha 300
series microscope equipped with a furnace cooled charge coupled
device (CCD)) was performed on the samples to detect the presence
of CNT using argon laser (of wavelength of 514nm).

The fractured surfaces and distribution of the CNTs and Ag were ex-
amined via scanning electronmicroscopy (SEM; SUPRA 40VP, Carl Zeiss
NTS GmbH, Germany), and elemental analysis was carried out using



Table 1
Composition, e-modulus and density of HA–Ag–CNT sintered samples.

Sample Composition E-modulus
(theoretical)
[GPa]

Density
(theoretical)
(g/cm3)

Density
(Archimedes)
(g/cm3)

% relative theoretical
density

C0A0 100wt.% HA 110.0 3.16 2.98 94.5
C4A0 96wt.% HA+4wt.% CNT 156.6 3.09 2.97 95.9
C4A1 95wt.% HA+4wt.% CNT+1wt.% Ag 156.8 3.12 2.95 94.7
C4A2 94wt.% HA+4wt.% CNT+2wt.% Ag 157.0 3.14 3.01 95.8
C4A5 91wt.% HA+4wt.% CNT+5wt.% Ag 157.8 3.20 3.07 95.9
C4A10 86wt.% HA+4wt.% CNT+10wt.% Ag 159.1 3.32 3.17 95.5
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energy dispersive spectroscopy (EDS, OXFORD Instrument, INCA Penta
FETx3).

2.3. Mechanical property evaluation

Hardness of sintered samples was calculated via Vickers indentation
at 200g load with a dwell time of 10s using a Vickers automat (V-Test,
Bareiss Prüfgerätebau GmbH, Germany). Whereas, the fracture tough-
ness (KIC) was determined via Anstis' equation [49]:

KIC ¼ 0:016 E=Hð Þ1=2 �F=c3=2 ð1Þ

where E=elastic modulus, H=Vickers hardness, F=applied load and
c=crack length from the center of the indent. In order to generate an
indent crack, Vickers indentation was performed at a load of 2 kg
(dwell time of 10s) for evaluating fracture toughness. Exact estimation
of the crack length was obtained using SEM observations. The theoreti-
cal elastic modulus (E) was determined by the rule of mixtures using
the volume percentage of the pure components. Their theoretical
Young's moduli were taken to be 110GPa, 900GPa [50] and 83GPa for
HA, CNT and Ag respectively.

2.4. Estimation of bactericidal property of processedHA–CNT–Ag composites

The antimicrobial tests were conducted with E. coli (ATCC #25922)
to evaluate the bactericidal properties against Gram-negative bacteria
and with S. epidermidis (ATCC #35984) for Gram-positive bacteria.
The polished samples were ultrasonicated for 20min, autoclaved and
placed in a 24-well plate. After sterilizing the samples under UV light
for 30min, each sample was immersed in ethanol for 1 h and washed
twice with PBS (15min). For bacterial studies, C0A0 sample was used
as control sample. The seedingwas done using 100μL of 0.1 optical den-
sity bacteria solution (E. coli, S. epidermidis). A 700 μL solution of fresh
Luria Broth (LB) media was added in the well plate, and was incubated
a

CNT

Ag

Fig. 1. (a) A selected portion of C4A10 composition powder prepared for SPS. (b
for 4h at 37.4±0.6 °C. Washing was done with 1× PBS, 3% glutaralde-
hyde (20 min), 0.1 M sodium cacodylate (15 min) and 0.1 M sucrose
(15min). Dehydration was done with two 10min dipping in different
ethanol solutions (30; 50; 70; 95; 100%) and for the final step using
the critical point dryer hexamethyldisilazane (HMDS). The samples
were sputter-coated with gold nanoparticles and then watched under
SEM to observe and count the bacterial attachment. The experiment
was repeated twice with each bacterial type. Student t-test was per-
formed to check the null-hypothesis, and confirm the statistical differ-
ence between the average values of bacterial counts with p value of
b0.05 at a confidence level of greater than 95%.

2.5. Cytocompatibility of spark plasma sintered HA–CNT–Ag composites

In order to evaluate the influence of the silver content on the adhe-
sion of surrounding tissue to the biocomposite, a cell culture study with
L929 mouse fibroblasts was performed. Since fibroblasts are widely ac-
cepted as representative cells for biocompatibility testing, their low spe-
cialization, uncomplicated replication in-vitro and standardized culture
conditions provide suitable conditions for reproducible and comparable
results.

Parallely, in vivo fibroblasts are the most occurring mammalian cells
of the connecting tissue, and their synthesis of extra cellularmatrix is es-
sential in wound healing and therefore enables other cell types to con-
nect with foreign material. Hence, their scan of a surface gives valuable
information by cell signaling to e.g. osteoblast cells, which are responsi-
ble for newbone formation. Thismeans that the interaction of fibroblasts
and foreignmaterial enables tissue growth and therefore is an important
indicator for the cytocompatibility of implants. Thus, in order to affect
the cytocompatibility, L929 mouse fibroblasts were used in this study.

About 3 mm × 3 mm pieces of the polished samples were
ultrasonicated for 20 min, autoclaved and placed in 24 well plate
where they were sterilized under UV light for 30min. Then the samples
were dipped in 70% ethanol for 20min andwashedwith 1× PBS. A glass
Element weight %
b

) Quantitative elemental analysis of region showing the presence of silver.
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cover slip coated with 0.2% gelatin was used as a control sample. The
stock solution was prepared with metabolically highly active cells in
Dulbecco's modified Eagle's medium (DMEM). The seeding was done
at 200 μL of 5 ∗ 104 cells/mL solution. Further, 200 μL of fresh media
was added and the well plate was incubated for 72 h at 37.4± 0.6 °C.
Washing was done with 1× PBS, 2% glutaraldehyde (20 min) and
again 1× PBS. Dehydration was done for 10min each dipping in differ-
ent ethanol solutions (30; 50; 70; 90; 100%) andfinal step using the crit-
ical point dryer HMDS.

For the semi-quantitative analysis of the cell viability anMTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay after the
method of Mosmann was done. After 72 h of incubation, the samples
were washed twice with PBS, then 10 μL of MTT was added to each well
Fig. 3. Raman spectrum eliciting retention of CNTs even
through 100 μL DMEM with 5mg MTT per mL PBS. After incubation for
4 h and precipitation of formazan crystals through reaction of MTT with
the L929 mitochondria, the media were aspirated and the crystals were
dissolved in 200μL of dimethyl sulfoxide (DMSO) giving a purple solution.
The solutionswere transferred into a 96well plate and the optical density
was determined by a microplate reader (Automated Microplate Reader,
Bio/Tek, model ELx800) at 490nm with DMSO as blank sample. Student
t-testwas performed to check the null-hypothesis, and confirm the statis-
tical difference between the average optical density of L929 cells with p
value of b0.05 at a confidence level of greater than 95%.

3. Results and discussions

3.1. Phase analysis of HA–CNT–Ag samples

3.1.1. X-ray diffraction
The X-ray diffraction profiles of the sintered samples of pure HA

(C0A0) and HA with 4wt.% CNT and varying silver content (C4A (1/2/
5/10)) are shown in Fig. 2. All characteristic peaks of HAwere identified,
and the absence of additional peaks implies that no decomposition of
the initial powders has taken place. Particularly, formation of β-TCP
(tricalcium phosphate) has not occurred during the sintering process,
which can be attributed to the low sintering temperature (950 °C) and
short processing time (5min) incurred during spark plasma sintering.
The increasing silver content from sample C4A0 to C4A10 can strongly
be observed in the increased intensity of the corresponding Ag peaks
of (111), (200), (220) and (311) with 2θ of 38.08°; 44.26°; 64.38° and
77.32°, respectively. Peaks of graphite, which match best the carbon
structure in CNTs, are not being observed in the composites owing to
feeble intensity of the peaks. Since the CNT ratio is only 4 wt.%, the
most significant peak at 2θ=26.38 is getting shadowed by the presence
of HA (2θ=25.84°).

3.1.2. Raman spectroscopy
The Raman spectra of the SPS samples are presented in Fig. 3. A non-

dissociated HA-phase is reconfirmed by the presence of the characteristic
peaks at 429, 590, 958 and 1045 cm−1, which indicate the stretching of
different bonds in PO4

3− ions. The most intense peak at 958cm−1 corre-
sponds to the symmetrical stretching of the tetrahedron of oxygen
atoms, surrounding the phosphorus atom, confirming the presence of un-
dissociated HA [51,52]. The retention of undamaged CNTs is also
after spark plasma sintering of A–CNT–Ag samples.
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Fig. 4. (a) EDS of selected area of C4A5 sintered pellet (b) elemental analysis of selected area showing presence of Ag in HA matrix.

459K. Herkendell et al. / Materials Science and Engineering C 34 (2014) 455–467
confirmed for all SPSed samples, viz. (C4A0, C4A1, C4A2, C4A5, C4A10)
from the presence of distinctive G-peaks at 1580 cm−1 and D-peaks at
1350 cm−1 as shown in Fig. 3. The G-band is a high-frequency E2g first-
ordermode from graphite-like sp2 type bonds [53,54], whereas disorders
or defects of the graphitic layers are indicated by the intensity of the D-
band due to activation of diamond like sp3 bonds [53,55]. The intensity
ratio (ID/IG) of both bands is 0.90–1.01 for all compositions which is con-
currentwith the values for startingmultiwalled CNTs. It can be concluded
that no structural changes haveoccurredduring sintering and that the de-
gree of defects in the graphitic phase is not higher than in pure CNT
CNT pullout

Hydroxyapatite (HA)

1 µm
C0A0

C4A5

CNT pullout

CNT pullout

c

a

1 µm

Fig. 5. Fractured surfaces of pellets (a) C0A0, (b) C4A2, (c) C4A5, (d) C4A10
powder [5,54,55]. A peak at 1100 cm−1 in pure CNT is attributed to
C\O stretching in CNTs. This functionalization (of C\O) may have oc-
curred because of CNTs interacting with the ethanol used for washing
the CNTs.
3.2. Microstructural characterization

The SEM image of the SPSed pellet of composition HA–4 wt.%
CNT–5 wt.% Ag and its quantitative elemental analysis has been
Silver agglomerate

1 µm

d

CNT pullout

C4A2

C4A10

CNT

b

1 µm

showing grain size variation and CNT-pullout in CNT reinforced pellets.
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shown in Fig. 4(a) and (b), respectively. The elemental analysis
shows the presence of silver and carbon.

Fig. 5 shows SEM images of fractured surfaces of samples processed
using SPS at a temperature of 950 °C and a dwell time of 5 min which
ensured a high densification of the samples. The density of the samples,
evaluated by Archimedes immersion principle, shows over 94.5% relative
theoretical densification. As expected, the densities of C4A5 and C4A10
were significantly higher than other samples, which is attributed to
a

C0A0

S. epidermidis

c

C4A1

S. epidermidis

e

S. epidermidis

C4A5

Fig. 6. SEM images of S. epidermidis bacteria cultured on samples
lower melting point (~960 °C) of Ag. All samples, SPS sintered samples,
are 94.5–96% dense.

Grain size in C0A0 sample is ~0.5μm,whereaswhenHA is reinforced
with CNT and Ag, the grain size decreases down to less than 0.2 μm as
shown in the fractured surfaces of C4A2, C4A5 and C4A10 (Fig. 5).
Apparently, the HA, CNT and Ag nanoparticles seem to be retained
homogenously in the samples even after SPS (confirmed via EDS, but
not shown here). A marginal agglomeration of silver is also observed
b

C4A0

S. epidermidis

d

S. Epidermidis

C4A2

f

S. epidermidis

C4A10

(a) C0A0, (b) C4A0, (c) C4A1, (d)C4A2, (e) C4A5, (f) C4A10.
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in the samples (Fig. 5b). Apparently, breakage of CNT, as CNT-pullout,
can be observed in the C4A2 and C4A5 samples (Fig. 5c and d) which
is expected to toughen the matrix [56,57].
3.3. Antibacterial properties

3.3.1. Role of Ag in affecting S. epidermidis bacterial atrophy
Fig. 6 shows SEM images of S. epidermidis bacteria adhered to the

sample surfaces of different compositions after culturing for 4 h. For
morphological comparison, pure hydroxyapatite (C0A0) was utilized
as the base sample, and experiment was repeated three times to obtain
the average values. Spheroid shaped bacteria are visible on the surfaces
of all the samples. There is a sharp decrease in the number of bacterial
colonies moving from C0A0 over C4A0 to the silver reinforced samples
(C4Ax). A bactericidal effect of CNTs on the Gram positive bacteria can
be deduced comparing Fig. 6(a) and (b). High bacterial count on C0A0
and C4A0 shows that hydroxyapatite and CNT are prone to bacterial
infection.

As the content of silver increases, there is a further decrease in
the colonies and the bacterial count attributed to the bactericidal
property of silver. A strongly diminished number of microbes are ob-
served to be in pairs or groups of more in samples C4A1 and C4A2
(Fig. 6(c) and (d)); even more distinctly visible for C4A5 and
C4A10 (Fig. 6(e) and (f)) suggesting a strong slowing down in the
ongoing process of cell proliferation which is obviously being sup-
pressed by AgNPs.

The cell count of the S. epidermidis culture is recorded in Fig. 7 along
with error bars showing the standard deviation, confirming a decrease
by around 34% upon CNT addition. The bacterial count on C4A1 and
C4A2 is not significantly different. The C4A5 and C4A10 samples behave
similarly against S. epidermidis since the counts are not statistically sig-
nificantly different as suggested by t-test. The mechanism of AgNPs
inhibiting bacterial metabolism and proliferation through denaturation
of DNA and structural change of enzymes is described in a study byAfzal
et al. [5].
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Fig. 7. S. epidermidis cell density on the spark plasma sintered HA–CNT–Ag samples. * means
that there is a significant difference in the bacterial counts as compared to C0A0. ** means
that there is a significant difference in the bacterial counts as compared to C4A0. *** means
that there is a significant difference in the bacterial counts as compared to C4A1 and C4A2.
In all the cases p b 0.002.
3.3.2. Role of Ag in affecting E. coli bacterial atrophy
Similar to S. epidermidis, after the four hour incubation of E. coli on

the surfaces of all compositions, the cell growth can be observe via
SEM imaging (Fig. 8). The experiment has been repeated three times
to obtain the average values. Bacillus shaped bacteria are observed on
the surface of theHA (Fig. 8a), andwith CNT (Fig. 8b) addition. Both sur-
faces show a very high growth of theGramnegative bacteria, suggesting
a high bacterial density in the initial cell suspension for inoculation. Fur-
thermore, large colonies of E. coli in C4A0 sample suggest highly sup-
portive properties for growth and proliferation of E. coli (Fig. 8b). But,
with increasing silver content, a decrease in bacterial count can be ob-
served (Fig. 8c–f). A decrease in the colonies and the bacterial count
with increasing silver content is attributed to the bactericidal property
of silver.

Quantification of bacteria on the surfaces of HA–CNT–Ag samples is
presented in Fig. 9. Unlike S. epidermidis, CNT seems to support E. coli
proliferation, giving an 8.58% higher cell growth on C4A0 than C0A0
(reference sample). For all amounts of silver, a decrease in bacterial ad-
hesion can be observed. Bacterial count is significantly lower in pure HA
with an average of 76.8, 58.7, 50.8 and 35.3% for C4A1, C4A2, C4A5 and
C4A10, respectively. But, it can be noted that the difference of bacterial
count is not significantly different for C4A2 compared to C4A5 sample.
In general, this study confirms the conclusion that AgNPs decelerate
E. coli growth and division.

Strong bactericidal property of Ag is attributed to the formation of
complexes and denaturing of DNA by silver ions [5]. Such bactericidal
effect of Ag, on both Gram positive S. epidermidis and Gram negative
E. coli, is also observed by various researchers [5].
3.4. Cytocompatibility

The cell viability testing after a three day culture ofmousefibroblasts
on the pellets of six different compositions was done using the MTT
assay. As a seventh sample gelatin coated glass cover slip served as con-
trol, taking the optical density of its assay as the standard for 100% cell
viability. MTT assay test was performed on HA–CNT–Ag samples three
times with two samples of each kind in the test. An average of cell den-
sity is reported in Fig. 10.

Highly dense sintered pure HA (C0A0) appears to have similar cell
viability as the control sample (99%), stating an excellent biocompatibil-
ity of HA. Upon CNT addition (C4A0) a significant increase (21% higher)
in cell viability implies an advantageous function of the multiwalled
CNTs for cell attachment and survival when compared to base HA sam-
ple. The sample with 1 wt.% silver C4A1 shows slightly increased cell
viability (23.8% more than control), whereas C4A2 shows decrease in
values compared to C4A1 but still shows the same cell viability as that
of pure HA (C4A0) and the control surface. It can be deduced that the
synergy of the cell supporting effect of 4 wt.% CNT and the cell
diminishing effect of 2wt.%AgNPs nullifies each other (in C4A2 sample).
The amount of vital cells is 76.7% for HA–C4A5 and 72.5% for C4A10
compared to pure HA.

The cell cycle of L929 fibroblasts in standard culture conditions is
around 24 h [58]. Thus, depending on the needed time for adhesion
and the initial cycle phase of the cells during the inoculation, ametabol-
ically active cell can divide between zero and three times in 72h. Hence,
the results of the 3 day-MTT assay predominantly gives an insight into
the first response (indicating the ability to adhere and acclimatize to
the new environment) of fibroblasts against the surfaces of different
compositions [10]. It is assumed that the presence of silver severely
perturbs the cell metabolism, hampering the respiratory chain and
therefore obviating adhesion, growth and proliferation, leading to di-
minished bacterial viability [35].

A comparative representation of bacterial and osteoblast cell activity
(Fig. 11) elicits that CNT reinforcement increased the L929mouse fibro-
blast cell viability and E. coli bacterial density appreciably, whereas
S. epidermidis bacterial count shows a decrease. Thus, CNTs seem to be
cytocompatible for L929 fibroblast cells and Gram positive bacteria.
But, cell and bacterial density is observed to decrease upon addition of
more than 1wt.% Ag which is attributed to bactericidal effect of silver.
The L929 cell viability of C4A1 sample is increased bymore than a quar-
ter times with respect to pure HA (C0A0), whereas the cell viability of
C4A2 is the same as that of pure HA (C0A0). On addition of 5wt.% Ag,
the L929 cell viability decreases to 77% of that of pure HA. Further,
E. coli bacterial count is seen to be two thirds of cell count on C0A0 for
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C4A1 sample. C4A2 sample shows even less E. coli bacterial count,
i.e. 53% of cell count on C0A0 sample. S. epidermidis is only 28%
and 22% of that on C0A0. It is therefore expected that a silver content
of 2–10 wt.% along with 4 wt.% CNT in HA will give optimized
cytocompatibility and bactericidal effect.

In consideration of E. coli (being a Gram-negative bacteria) and
S. epidermidis (being a Gram-positive bacteria) response against the
sintered HA–CNT–Ag composites, the contrasting behavior is attributed
to different typology of the cell-envelope. As illustrated in Fig. 11, the
cell envelope of Gram-negative bacteria consists of two lipid membranes
E. coli

C4A1

C4A5

c

a

e

C0A0

E. coli

E. coli

Fig. 8. SEM image of E. coli bacterial culture on samples (a) C
and a thin embedded peptidoglycan layer (≈10nm). On the other hand
Gram-positive bacterial cell envelopes contain just one lipid membrane
and amuch thicker peptidoglycan layer of up to 80nmwith accumulated
surface proteins. Fibroblasts as mammalian cells have a double layer
lipid membrane serving as the separation from extracellular space and
cytoplasm. Since the results show enhanced fibroblast viability, even
upon CNT addition, it is quite likely that multi-walled CNTs interact
with the surface protein layer and peptidoglycans in a way that retains
cell adherence, but diminishes the growth of Gramnegative bacteria due
to easy complex formation with its nuclei. The bactericidal properties
E. coli
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C4A2

C4A10

d

b

f

E. coli

E. coli

0A0, (b) C4A0, (c) C4A1, (d) C4A2, (e) C4A5, (f) C4A10.



0

20

40

60

80

100

120

C0A0 C4A0 C4A1 C4A2 C4A5 C4A10

*

*

*
*

*

E
. c

o
li 

co
u

n
t 

(%
 r

el
at

iv
e 

to
 t

h
at

 o
f 

C
0A

0)

Fig. 9. E. coli cell density on the samples. * means that the bacterial count is significantly
different from that on C0A0. In all cases p b 0.0003.
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of silver nanoparticles are evident in Figs. 6–9. According to the expec-
tations, a strong decrease in bacterial viability can be observed with
increasing silver concentration for E. coli as well as S. epidermidis as
mentioned before.

The differential shift of about 0.4 between the response against E. coli
and S. epidermidis is considered to apply to all samples. Incorporating
this shift, all Ag containing samples also appear to show similar decrease
in bacterial attachment with increasing silver concentrations. Such a
trend substantiates that Ag+ ion invasion is independent of cell-
envelope structure and that a strong inhibition of cell growth is attested
for both, Gram-positive and Gram-negative bacteria with decreasing
cytocompatibility. Once the silver ions have overcome the bacterial
membranes by diffusion through transmembrane proteins like porins,
they have direct access to the DNA floating in the cytoplasm. Also all
kinds of enzymes, ribosomes and RNA which are essential for the
bacteria's metabolism are unprotected, giving smallest amounts of sil-
ver ion's various locations to cause severe damage. That is the reason
that such a decreasing trend is attained even with small amounts of sil-
ver concentrations (1–2wt.%). It is indicated in the literature that Ag+
ions are able to diffuse into the cytoplasm through bacterial mem-
branes, where they interact with the DNA and RNA and bind to bacterial
enzymes, particularly to their SH-groups, leading to dysfunction of the
bacteria's metabolism and protein biosynthesis leading to suppression
of cell division and subsequent cell death [5,59–63].
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Fig. 10. L929 fibroblast cell densities on the samples after 3-day culture. * means that the
cell count is significantly different from that on control sample, with p b 0.02.
Special attention has to be drawn on the influence of silver ions on
human cells. Micrometer sized silver particles as well as silver nitrate
or lactates are reported to showa strong cytotoxic effectwhich questions
the application of silver in biocomposites [64]. However, recent studies
including this research demonstrate retention of cytocompatibility
upon addition of low amounts of silver nanoparticles (AgNPs) [63,65].
Also, silver ions can act as catalytic agents in the oxidation reactions,
which form disulphide bonds (R\S\S\R), which affects the shape
and function of the enzymes [5,59,66]. Compared to the bacterial behav-
ior, the fibroblast adherence upon CNT addition is enhanced and the ef-
fects of silver addition are relatively low. Especially the results for 1 and
2wt.% of Ag support the assumption that a low concentration of silver
nanoparticles does not severely hamper the mammalian cell metabo-
lism. Fig. 12 gives a plausible explanation for the differing modes of
response compared to bacterial cells. First, mammalian cells are 10–
100 times bigger than bacterial cells. For example a fibroblast cell has a
diameter of 10–50 μm, whereas S. epidermidis cells have a diameter of
0.5–1.5 μm. Such a difference initiates completely different starting
points for attacking silver ions, since the selective silver concentration
in relation to the surface area is significantly lower (for bigger cells). Fur-
ther, the compartmentalization (like the core, mitochondria, endoplas-
mic reticulum etc.) can have a protective effect, because the different
membranes from compartments serve as additional passage barriers
before Ag+ ions can interact and form complexes. Hence, spatial
partitioning of essential cell-functions keeps the fibroblast cell well
protected against silver ion intrusion, and therefore can survive higher
amounts of silver nanoparticles on its surface. Such existence of a
“therapeuticalwindow” to retainmammalian cell viabilitywhile eliciting
bactericidal property has been confirmed by Steinrucke et al. [63].
Accordingly, based on current observations of retained mammalian cell
viability and concomitant strong diminution of bacterial adherence in
HA–ACNT–Ag composites indicate optimum silver contents between 2
and 10wt.% (depending upon the compromise between the toughening
and cytocompatibility).

3.5. Hardness and fracture toughness of HA–CNT–Ag biocomposites

The results of the Vickers indentation are reported in Table 2. An
increase of the hardness upon CNT addition of up to 104% can be con-
cluded as pure HA (C0A0) has a hardness value of 1.18 GPa whereas
the CNT-reinforced samples show values from 1.20 GPa (C4A2) to
2.41GPa (C4A1). Addition of silver nanoparticles do not show any trace-
able influence on the hardness. The maximum hardness is obtained for
HA with 1% Ag and 4% CNT reinforcement. In order to evaluate fracture
toughness, theoretical Young's modulus is estimated using the rule of



Fig. 12. Schematic of silver ions and CNTs intruding different cell types: E. coli, S. epidermidis and L929 fibroblast cells.
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mixture eliciting that elastic modulus increases from 110 GPa for pure
HA to values between 156.55GPa and 159.12GPa upon reinforcement
with CNT and Ag (see Table 2). Further, the fracture toughness was cal-
culated using Anstis' relation (Eq. (1)) using experimental observations
of crack length under SEM as described in Section 2.3. The fracture
toughness of the samples which are reinforced with CNT and Ag is ob-
served to increase by 62%–243% as compared to pure hydroxyapatite
from the value 0.71 MPa m1/2 to 1.15 MPa m1/2 (for C4A0) and up to
2.44MPam1/2 (for C4A10).

CNT pullout has been observed in fractured samples (Fig. 5) sug-
gesting a strong interface of HA–CNT which is expected to increase
the fracture toughness of the samples. Balani and Agarwal have sug-
gested a few toughening mechanisms viz. CNT–splat interface sliding,
CNT pinning (Slack-anchor), coating on CNT, nano-matrix-CNT friction,
CNT swording, CNT bending, CNT curling and CNT-matrix sliding in-
teractions [67]. Further, the fracture toughness of the samples is expect-
ed to increase with increasing silver content assuming that higher
volume fractions of silver will result in greater absorption of energy
due to deformation of silver nanoparticles on absorbing energy during
crack propagation, i.e. via crack tip selection, crack tip blunting and
crack bridging.

The theoretical fracture toughness values KIC theoretical are thus
directly related to the respective moduli and volume fractions of Ag
nanoparticles and CNTs. According to Griffith theory of fracture, the
contribution of interface energy in toughening is KIC=√(2Eγs) where
γs is the interface energy of the cracked surface. The CNT–Ag, Ag–Ag
and CNT–CNT interfaces are ignored as they are present in meager frac-
tions compared to HA–HA, HA–Ag and HA–CNT interfaces. Considering



Table 2
Evaluation of hardness, and fracture toughness.

Sample Hardness H
(GPa)

E/H Fracture toughness KIC

(MPam1/2)

C0A0 1.18± 0.04 93.2 0.71±0.01
C4A0 1.91± 0.15 81.9 1.15±0.03
C4A1 2.41± 0.35 65.0 1.36±0.07
C4A2 1.20± 0.26 130.8 1.55±0.05
C4A5 1.41± 0.17 111.9 2.10±0.04
C4A10 1.78± 0.28 89.3 2.44±0.04
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the dependence of toughening on modulus of CNT and Ag along with
contribution of interfacial energy, the theoretical value of fracture
toughness is proposed as follows in Eq. (2).

KIC theoretical ¼ KIC
C0A0

– 2EγsC0A0
HA–HA

� �1=2 � 1þ Vf
HA � 2EγsC4Ax

HA–HA
� �1=2

� �

þ Vf
Ag � 2EγsC4Ax

HA–Ag
� �1=2−A � EAg

� �� �

þ Vf
CNT � 2EγsC4Ax

HA–CNT
� �1=2−B � ECNT

� �� �

ð2Þ

where A andB are constants, Vf
Ag andVf

CNT are the volume fractions of Ag
nanoparticles and CNTs in C4Ax respectively, EAg and ECNT are the
modulus values of Ag nanoparticles and CNTs respectively, E is themod-
ulus of the sample and γs is the interface energy which is taken to be
1.5–22J/m2 [68] for HA–CNT interface, 10J/m2 [69] for HA–Ag interface
and 1 J/m2 [69] for HA–HA interface.
Table 3
Comparison of modeled values of fracture toughness with the experimental values.

Sample Vf
HA Vf

CNT Vf
Ag A1/2

μm

C0A0 1.000 0.000 0.000 0.031–0.119
C4A0 0.941 0.059 0.000 0.031–0.119
C4A1 0.938 0.059 0.003 0.031–0.119
C4A2 0.934 0.060 0.006 0.031–0.119
C4A5 0.924 0.061 0.015 0.031–0.119
C4A10 0.905 0.063 0.032 0.031–0.119
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Fig. 13. Graph showing the experimental values of fracture toughness within the range of theo
and CNT.
From the base fracture toughness of HA–20 vol.% Ag (C0A20vol) de-
termined by Asmus et al. [69], fracture toughness of HA–4wt.% CNT cal-
culated by Rishabh et al. [70] via fractal model, and the experimental
fracture toughness obtained for pure HA (C0A0) and C0Ax samples,
the values of the constants A and B were evaluated using Eq. (2).
Then, using the constants A and B, the theoretical values of fracture
toughness of all the samples were calculated and are presented in
Table 3.

There are two points to be realized here: (i) the rate of increase of
fracture toughness with CNT addition is higher (Fig. 13), since change
in CNT reinforcement is lower (from 0.059 to 0.063 as elicited in
Table 3), whereas increase in Ag is higher (from 0.000 to 0.032)), and
(ii) the degree of toughening with similar volume fraction is elicited
by comparative contributions (lower values of constant A, when com-
pared to higher values of constant B). It must be noted that low A
value (between 0.031 and 0.119) indicates the good interfacing be-
tween Ag and HA matrix, when compared to high B value (of 0.241
listed in Table 3) indicating comparatively poor interface of CNT with
HA matrix (because of negative contribution by constants A and B as
shown in Eq. (2)). Since the toughening in CNT arises due to well
known phenomena of CNT crack-bridging, crack deflection and CNT
pullout, it is realized that CNT interfacial delamination leading to these
toughening mechanisms is feeble (higher B value) when compared to
volumetric toughening rendered by silver reinforcement (lower A
value). Such a contribution is also confirmed through delineation of
contributing toughening effects by isolated reinforcements (CNTs and
Ag).

Fig. 13 shows a comparative feel of the reinforcing effects, where a
direct jump of fracture toughness from 0.71 to 1.15 MPa m1/2 is
B1/2
μm

KIC theoretical

MPam1/2
KIC experimental

MPam1/2
Comments

0.241 – 0.71±0.01 Base
0.241 1.12–2.17 1.15±0.03 In range
0.241 1.17–2.23 1.36±0.07 In range
0.241 1.22–2.29 1.55±0.05 In range
0.241 1.38–2.49 2.10±0.04 In range
0.241 1.67–2.83 2.44±0.04 In range

Impact Toughening 
By Silver

Interfacial 
delamination of 

HA-CNT

HA matrix 
 

A5 C4A10

retical values predicted by model. Schematics showing the toughening mechanisms of Ag
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attributed to 4wt.% CNT reinforcement (Table 2). Though CNT is kept at
4wt.%, the addition of Ag (which possesses higher density) marginally
raises the volume fraction of CNTs (see Table 3). Thus, the base line
shows only a marginal positive slope (i.e. increasing fracture toughness
with increasing CNT content). On the other hand, the increase of frac-
ture toughness with silver addition shows a further jump from 1.15 to
1.36MPam1/2, with 1wt.% Ag addition. Butwith half the volume fraction
(of ~0.32 for 10wt.% Ag reinforcement) shows that fracture toughness
rises to 2.44MPam1/2 (3.43 times that of pure HA) when compared to
that of CNT reinforcement (vol. fraction of 0.60, eliciting only 1.62
times the fracture toughness). Thus, it can be claimed that the volumet-
ric tougheningmechanisms of Ag dominate over interfacial strengthen-
ing contributed by CNT for enhanced fracture toughness of HA–CNT–Ag
composites. It must also be realized that a minimum fracture toughness
of 2MPam1/2 is required [5] for application as potential bone implant,
which makes C4A5 and C4A10 as potential HA–CNT–Ag biocomposites
for bone-replacement.

4. Conclusions

HA–CNT–Ag sampleswere successfully spark plasma sintered and re-
sulted as highly dense pellets (~95%). Phase analysis revealed the reten-
tion of hydroxyapatite, silver, and CNTs, which have elicited dramatic
fracture toughness enhancement of up to 244% (i.e. from 0.71MPam0.5

of pure HA to 2.44MPam1/2) upon 4wt.% CNT and 10wt.% Ag reinforce-
ment. CNT appears to have a bactericidal effect onGrampositive bacteria
(S. epidermidis density decreased to about two thirds of that on pure HA)
whereas it enhanced the proliferation of Gram negative bacteria (E. coli
density increase by around 8.5%). The decrease of both, Gram positive
and Gram negative bacteria upon increasing silver content can be con-
firmed. Cell culturingwith L929fibroblasts showed excellent biocompat-
ibility of HA samples, CNT appears to enhance the cell attachment.
Further, 5–10wt.% of silver elicited ~75% cell density compared to that
of pure HA along with a good fracture toughness (N2MPam1/2). Interfa-
cial toughening with CNT reinforcement appeared to be shadowed by
volumetric toughening by Ag reinforcement. Thus, 5–10wt.% silver con-
tent in 4 wt.% CNT reinforced HA biocomposite shows promising me-
chanical as well as biological properties. Application of HA–CNT–Ag
biocomposite is expected to work well as an outer layer of a functionally
gradient material in combination with core materials of higher fracture
toughness.
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