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PURPOSE. This study investigated the effects of silver nanoparticle (SN) loading into hydraulic calcium silicate-
based Portland cement on its mechanical, antibacterial behavior and biocompatibility as a novel dental bone
substitute. MATERIALS AND METHODS. Chemically reduced colloidal SN were combined with Portland cement
(PO) by the concentrations of 0 (control), 1.0, 3.0, and 5.0 wt%. The physico-mechanical properties of silver-
Portland cement nanocomposites (SPNC) were investigated through X-ray diffraction (XRD), setting time,
compressive strength, solubility, and silver ion elution. Antimicrobial properties of SPNC were tested by agar
diffusion against Streptococcus mutans and Streptococcus sobrinus. Cytotoxic evaluation for human gingival
fibroblast (HGF) was performed by MTS assay. RESULTS. XRD certified that SN was successfully impregnated in
PC. SPNC at above 3.0 wt% significantly reduced both initial and final setting times compared to control PC. No
statistical differences of the compressive strength values were detected after SN loadings, and solubility rates of
SPNC were below 3.0%, which are acceptable by ADA guidelines. Ag ion elutions from SPNC were confirmed
with dose-dependence on the concentrations of SN added. SPNC of 5.0 wt% inhibited the growth of
Streptococci, whereas no antimicrobial activity was shown in control PC. SPNC revealed no cytotoxic effects to
HGF following I1SO 10993 (cell viability > 70%). CONCLUSION. Addition of SN promoted the antibacterial
activity and favored the bio-mechanical properties of PC; thus, SPNC could be a candidate for the futuristic
dental biomaterial. For clinical warrant, further studies including the inhibitory mechanism, in vivo and long-
term researches are still required. [J Adv Prosthodont 2017;9:217-23]
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INTRODUCTION

The demands for bone substitutes have markedly increased
to compensate for bone loss or to teinforce prosthodontic
dental implants. While the gold standard osseous graft is
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autogenous bone graft with its excellent osteoconduction/
induction, limitations including financial cost, extra surgical
time, and additional donor site morbidity have motivated
efforts to find alternatives."* Inotganic bone cements have
been used biomedically to compensate for bone defects or
as the substitutes that do not migrate from the recipient as
can occur in the granule type. Portland cement (PC) is an
inorganic, hydraulic, calcium silicate-based material. PC is
characterized by stable biocompatibility, high comptressive
strength, rapid set-up, and low solubility to blood. This
allows PC to be useful in providing initial graft stability in
medical orthopedic applications.** Concerning dental appli-
cations, PC is a main component of mineral trioxide aggre-
gate (MTA), which is already widely used in endodontic sut-
gery including root end filling, root repair, and pulp capping
due to its biological and physicochemical properties.™® PC
stimulates mineralized tissue formation.” It can also be eco-
nomically appropriate for use in dental bone cement for
small osseous defects.® A pig model revealed that new bone

The Journal of Advanced Prosthodontics 217


http://crossmark.crossref.org/dialog/?doi=10.4047/jap.2017.9.3.217&domain=pdf&date_stamp=2017-06-30

J Adv Prosthodont 2017;9:217-23

formation occurred adjacent to bony sockets containing
PC.? Other results from a rabbit model suggested that PC
can provide early implant stability and good mechanical
properties while maintaining intimate bone-implant inter-
faces without soft tissue intervention.'” Despite these biologi-
cal merits, PC-based materials have limited or controversial anti-
microbial effects against some microorganisms.'"'* Bacterial
infection could remain a significant complication following che-
mo-mechanical instrumentation in the graft procedure and
could lead to the development of antibiotic-resistant microot-
ganisms. Antimicrobial bone cement would be a welcomed way
of reducing the incidence of infection while maintaining the
performance benefits. The incorporation of antimicrobial
agents into bone cement is a practical approach because PC is a
powder/liquid system and antibacterial elements could easily be
combined in the powder or liquid during the mixing procedure.

Silver nanoparticles (SN) are widely-used nano-additives
for preventing bacterial colonization of surfaces on cathe-
ters,” dental materials,'*"> and PMMA (polymethylmetacry-
late) bone cement.' It is widely accepted that the main ant-
bacterial effect of SN-based materials is due to the release
of silver ion (Ag") via interaction with a medium."” The ion
interacts with disulfide or sulfhydryl groups of enzymes,
disrupting metabolic processes followed by cell death' or
free radicals derived from their surface that lead the cell
membrane damage.” Furthermore, nano-engineered PC
with nanoparticles showed the reinforced concrete material
behavior as well as accelerated wound healing.**' Various
dental polymers infiltrated by SN have been investigated for
their antimicrobial activity and characterized.'*'> However,
until now, the antimicrobial efficacy of SN in calcium sili-
cate cement has not been addressed. SN could act as het-
erogeneous nuclei or impurities, which could influence the
cement hydration process and jeopardize PC matrix because
of their high reactivity as well as toxicity. The aim of this
study was to assess the effect of SN on biomechanical
properties and antibacterial activity of PC to develop a nov-
el hydraulic bone cement.

MATERIALS AND METHODS
The materials for fabrication of silver-Portland cement

nanocomposites (SPNC) samples are shown in Table 1.
Calcium sulfate (type VI stone, Die-Keen, Heraeus Kulzer

Table 1. Composition of SPNC

Inc., South Bend, IN, USA) and hydroxyethyl cellulose
(HEC, Sigma-Aldrich, St. Louis, MO, USA) were added to
control the setting time and workability of PC (type I, Hanil
Cement Co., Seoul, Korea). Collectively, PC and calcium
sulfate were powder components. Pure PC powders were
passed through a sieve (250-mesh) and homogenized in a
ball mill for 5 min to minimize the presence of agglomer-
ates. Calcium sulfate was homogenously blended into pure
PC by 9.0 weight percent (wt%) through the mortar and
pestle method. SN and HEC were separately added to pow-
der components as the colloidal components. Colloidal SN
was prepared by reduction of silver nitrate (AgNO,,
Aldrich, St. Louis, MO, USA) with sodium borohydride
(NaBH,, Aldrich, St. Louis, MO, USA). This process can be
described by the reaction, AgNO, + NaBH, — Ag + 2 H,
+%2 B,H, +NaNO,, and 2.0% PVP (polyvinyl pyrrolidon)
was used as a stabilizer. Transmission electron microscopy
(TEM) revealed the morphology of prepared SN, with pat-
ticle size ranging from 50 to 80 nm (Fig. 1). HEC granules
were dispersed homogeneously in warm water to produce a
1.5% HEC solution. The incorporating dose of SN to PC
was 0 (control), 1.0, 3.0, and 5.0 wt%. Each colloidal SN
and HEC solution was simultaneously added to the powder
components at a liquid/powder ratio of 0.3 ml./g, and the
solutions were then vacuum mixed for 15 seconds to pro-

Fig. 1. TEM of the prepared silver nanoparticle used in
this study. The particle diameters ranged from 50 to 80 nm.

Sample ingredient Weight % Function
Portland cement (type ) 60.0 Provide high sealing capacity and adequate mechanical strength
Powder calcium sulfate (CaSO,) 9.0 Enables quick setting time
Water (sterile DW) 18.0 Achieves desired viscosity with varying water/powder ratio
Liouid hydroxyethyl cellulose solution 1.5 Induces stickiness of cement and handling
9 colloidal Ag nanopatrticles (0, 1.0, 3.0, 5.0 w%) 11.5 Provide an antimicrobial property
Sum 100
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duce cement slurries. Each mixture was packed into custom
molds to produce a uniform shape that met each experi-
mental protocol. The samples were kept in 100% relative
humidity at 37°C until used. Crystalline phase analysis for
SPNC was carried out using X-ray diffraction (XRD) in an
automated XRD-7000 powder diffractometer (Shimadzu,
Kyoto, Japan). The physico-mechanical properties of SPNC
wete tested through setting time, compressive strength, sol-
ubility, and Ag® elution. Setting times were measured by a
400 g Gillmore needle with a 1 mm diameter, in accordance
with international standard ISO 9917-1 for water-based
cements.”? Mixed slurties were poured into a disc mold (10
mm X 3 mm). A sample (n = 10) was considered to be ini-
tially set when light needle (190 g in weight) could not mark
its surface with a complete circular indentation on the sam-
ple surface for the first time. The final setting time was then
recorded when the needle failed to penetrate the specimen
with a heavy needle (455 g in weight).

For compressive strength, mixed slurries were placed
into a silicone mold producing cylindrical (10 mm X 5 mm)
samples (n = 10) and were incubated at 37°C with 100%
humidity. Compressive strength was measured using a mod-
el GB/4302 universal testing machine (Instron Corp.,
Canton, MA, USA) at a crosshead speed of 1 mm/min at
24 h and 168 h, respectively. Values were calculated using
the equation C = 4P/nD? where P is the applied load and
D is the diameter of the tested specimen. For solubility test,
disc samples (10 mm X 3.0 mm, n = 10) were prepared and
stored for 24 h at 100% relative humidity. In the next stage,
each sample was separately placed in glass bottles contain-
ing 100 mL of distilled water (DW) at 37°C for 1 h. The
drying and weighing steps of the samples were conducted at
24 and 168 h intervals. The percentage of solubility was
calculated using the following formula: (weight loss X 100)/
initial weight and a weight loss in 0.1 mg was interpreted as
solubility. The solubility below 3.0% was determined
acceptable based on ISO 6876 and ADA protocol.” Ag"
detection was done using a model 240FS AA atomic
absorption spectrophotometer (Agilent Technologies, Santa
Clara, CA, USA) and model SI-600R shaking incubator
(JEIO TECH, Seoul, Korea). After the final set, each disc
specimen (10 mm X 3.0 mm, n = 10) was put into 100 mL
of sterile DW and then stored at 37°C under agitation. The
concentration of eluted Ag" was measured at 24 and 168 h,
with daily replacement of distilled water. The quantity (in
mg/L) of ion was expressed as the amounts of ion in the
solution per unit of sutface area of the disc (in cm?).

Antibacterial activity of SPNC was evaluated by an agar
diffusion test (ADT) against two oral bactetia, Streptococcus
mutans (8. mutans, NTCC 25175) and Streptococcus sobrinus, (S.
sobrinus, ATCC 27607). Bacteria were suspended in brain
heart infusion (BHI) broth and turbidity was adjusted to 0.5
McFarland standard, corresponding to approximately 1.0 X
10" colony forming units (CFU)/mL after serial dilution.
Cement discs (10 mm X 3.0 mm, n = 9) were sterilized with
ethylene oxide gas for 24 h prior to experiment. Each bacte-
rial suspension was streaked evenly in two planes onto the

surface of the medium with a cotton swab. After the inocu-
lum had been dried, the disc specimens were placed onto an
agar plate and incubated overnight at 37°C in an aerobic
environment. Diameters of inhibition halo produced
around disc were optically measured by a sliding caliper with
0.1 mm accuracy at three different points. Sizes of the inhi-
bition halo were calculated by subtracting the diameter of
the specimen (10 mm) from the average of the three mea-
surements of the halo. For biocompatibility test, a disc sam-
ple (10 mm X 3.0 mm, n = 5) was sterilized and immersed
in phosphate buffered saline (PBS) overnight at 37°C.
Human gingival fibroblasts (HGE, ATCC 2014) were cul-
tured at a concentration of 4 X 10*cells/mL and dispensed
in 24-well plates. The extracts from cement samples (20 pL)
were added to the respective well and incubated for 24 h.
After collection of cell supernatants, 10% MTS (2,5-diphen-
yltetrazolium bromide) solution (Sigma-Aldrich, St. Louis,
MO, USA) was added to each well and kept in a dark envi-
ronment for 4 h at 37°C. 100 pL of Dimethyl sulfoxide
(DMSO) was added to each well followed by aspiration of
MTS. Optical density for each group was measured using an
ELISA reader at 570 nm. The relative cell viability (%o) relat-
ed to control wells containing cell culture medium without
sample was calculated. The reduction of cell viability by
mote than 30% ate regarded as cytotoxic according to ISO
10993-5.2

The results were evaluated by one-way ANOVA, fol-
lowed by Student’s t-test for post-Hoc test. A significance
level of 0.05 was used for statistical tests.

RESULTS

The XRD analysis of powder particles from SPNC con-
firmed that SN was successfully embedded in PC (Fig. 2).
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Fig. 2. XRD pattern of SPNC. Asterisk (*) peaks denote
silver-doped precipitates formed as silver-oxygen-silicate
(Ag,-O,-Si,) clusters indicating the presence of silver. (a)
calcium sulfate (CaSO,), (b) Ettringite (calcium
aluminium sulfate mineral), (c) tricalcium silicate +
CaCQO, isomorphous AgO.
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Table 2. Mean values and standard deviation (SD) of physico-mechanical tests

PC- control SPNC
0% 1.0% 3.0% 5.0%

Setting time (min) Initial 33.6 (1.8)2 31.2 (1.4 25.5 (1.2)° 21.2 (0.5)°

Final 67.2 (2.6)° 65.6 (1.9)° 52.3 (1.8)8 45.5 (1.4)°
Compressive strength (MPa) 24 h 32.7 (2.5) 31.2 (1.9 30.3 (2.4) 30.5(1.2)

168 h 41.7 (2.4) 39.4 (3.9) 40.9 (2.2) 41.2 (1.4)
Solubility (%) 24 h 0.97 (0.02 0.92 (0.05 2.02 (0.03° 2.03 (0.01)°

168 h 1.62 (0.04* 1.73 (0.06)* 2.73(0.12) 2.81(0.07)
Silver releases (mg/L) 24 h 0 (0) 0.011 (0.002)? 0.142 (0.008)° 0.297 (0.02)°

168 h OR(0) 0.009 (0.003)* 0.139 (0.011)® 0.272 (0.019)¢

Different superscript letters in the same row indicate statistically significant difference (P <.05).

Bold font indicates a statistical significance between 24 h and 168 h intervals (P < .05).

The characteristic peak assigned with pure Ag (20 = 38°)
was not identified by the detection limit of the diffractome-
ter used in this study. The spikes ranged from 33° to 36°,
indicating the isomorphous clusters of silver-oxygen-silicate
(Ag,-O.-8i,), which implied the presence of silver in PC
(Fig. 2). The results of mechanical tests are shown in Table
2.

Setting time After mixing with water, setting times of 1.0
wt% SPNC were not significantly different to those of the
PC-control (P > .05). However, SPNC above 3.0 wt%
decreased significantly in both the initial and final setting
times as compared with the PC-control with dose depen-
dent manner (P < .05).

Compressive strength All samples possessed significantly
higher compressive strength values after 168 h than after 24
h (P < .05). However, the addition SN to PC did not signifi-
cantly improved the compressive strength compared to
PC-control at both periods (P > .05).

Solubility The percentages of weight loss were signifi-
cantly increased at 168 h than 24 h (P < .05) and SPNC
above 3.0 wt% revealed significant loss of weight at both
intervals as compared to PC-control (P < .05) and 1.0 wt%
SPNC. The highest weight loss was seen in 5.0 wt% SPNC
with value of 2.81 £ 0.07% at 168 h and there was no sig-
nificant weight loss between 3.0 wt% and 5.0 wt% SPNC (P
> .05).

Silver ion elution Ag" release was detected from all SPNCs,
except the control. Eluted quantities were dose-dependent
on SN incorporated amounts and SNPC 1.0 wt% released a
small, negligible amount of Ag, which was statistically
equivalent to that of control. There was no significant dif-
ference for eluted amount between two intervals (P > .05).

The bacterial inhibitory actions of SPNC on S. mwutans
and 5. sorbinus after 24 h incubation are presented in Table 3
and Fig, 3. Control and 1.0 wt% SPNC did not show a clear

Table 3. Bacterial Inhibition of SPNC against S. mutans
and S. sorbinus

Zone of inhibition mm (SD)

S. mutans S. sorbinus
Control 0(0) 0(0)
1.0% 0(0) 0(0)
3.0% 0(0) 1.9 (0.5)2
5.0% 2.2 (0.4)*= 4.2 (0.3)*°

Statistical differences of the size of inhibition halos within the groups are marked
with * and different letter indicates a statistical difference between two bacteria
(P < .05).

Fig. 3. Representative photos of disc diffusion test. (A) control (0 w%), (B) 5.0 w% SPNC against S. mutans, (C) 5.0 w%

SPNC against S. sorbinus.
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Fig. 4. Cytotoxic effects of SPNC extracts on HGF at 24
hour-incubation. 100% cell viability was considered for
the control negative (medium-only group). Statistically

significant differences are indicated by (*) when P < .05.

antibiotic effect against two bacteria. 3.0 wt% SPNC inhib-
ited S. sorbinus by 1.9 £ 0.5 mm, while no inhibition halos
wetre shown for §. mutans at the same dose. SNPC of 5.0
wt% significant inhibited S. sorbinus (halo diameter 4.2 £ 0.3
mm) and S. mutans (halo diameter 2.2 * 0.4 mm). S. sorbinus
showed the statistically higher sensitivity to SPNC than .
mutans (P < .05). Control and 1.0 wt% group revealed statis-
tically similar values as negative control (medium-only). 3.0
and 5.0 wt% SPNC showed statistically lower cell viability
from negative control by 83.5% and 79.6%, respectively,
without a significant difference between two groups (Fig. 4).

DISCUSSION

A lot of commercialized bone substitutes contain typical
carriers that are easily manipulated in clinics; these include
hyaluronic acid, glycerol, calcium sulfate, and gelatin.® In
this study, calcium sulfate and HEC were added to SPNC
for setting time control as well as moldability."” The setting
time of pure PCis 3 - 4 h at a typical liquid/powder ratio
of 0.3 mL/g* A long setting time may be a clinical handi-
cap due to the lack of cement stability during initial healing.
Calcium sulfate presently acted as an accelerant to the PC to
decrease curing time to around 1 h. HEC can provide cohe-
sion to SPNC, producing a more thixotropic material to
resist washout from liquid flow, such as bleeding.”* All of
the samples at 168 h showed higher compressive strength
values than at 24 h. SN incorporation did not interfere the
hydration phase of PC, which provides more hardness to
the cement material after final setting, It was anticipated that
SN within PC matrix could reinforce the material similar to
fillers in resin composites.”’ Wang e/ a/*" reported PC added
by carbon fiber was improved in the compressive strength
because carbon fibers blocked the initiation and propaga-

tion of microcracks. Machado e a/? reported that PC infil-
trated by amalgam particles enhances the compressive
strength as well as setting time. Guerreiro-Tanomaru e al.*
adversely reported that the combination of PC with nano-
zinc oxide significantly decreased the compressive strength
due to flaws or porosity in its microstructure. In the present
test, the compressive strength of PC was not improved
regardless of increasing SN dose. The absence of a stable
chemical union between PC matrix and nanoparticles might
have limited the increase in strength.

Results of SPNC setting times revealed that an increase
in the weight fraction of SN at above 3.0 wt% caused a sig-
nificant decrease in both the initial and final setting times of
PC. It is assumed that SN incorporation accelerated the
hydration reaction of cement than control PC. Nanoparticles
are characterized by extremely small particle size, high sur-
face energy, and unique surface effects.” These characteris-
tics hastened the hydration of silicates, which resulted in a
faster reaction speed. The maximum solubility rate was
2.81% in SPNC 5.0 wt% at 168 h, which was acceptable 7
vitro. However, in vivo the solubility rates of SPNC might be
higher under clinical conditions. Bone cement inevitably
interacts with surrounding vital environment when in con-
tact with biologic tissues and fluids. The solubility test in the
present study was conducted in DW only followed by final
set under testing standard protocol; this does not reflect the
clinical situation because bone cement immediately contacts
fluid, such as blood.*

The antimicrobial activity of SPNC was assessed 7 vitro
by ADT. Despite some limitations, this test can provide a
direct comparison and a reproducible result of antimicrobi-
al effects against the tested strains if variables are properly
controlled.” ADT relies on the material’s diffusibility across
the medium as well as antimicrobial material itself, and a
material that easily diffuses could probably generate the
larger inhibition halo. The solubility of nanocomposites
might also influence the metal ion availability for inhibitory
action at the medium interface and low solubility of SPNC
after the hydration reaction might affect the antimicrobial
activity. Hotta e/ a/** reported that higher silver amounts
were not needed to produce an antibacterial effect, given
the dose-dependent release of silver from matrix. On the
contrary, Yoshida ez /> suggested the inhibitory effect of
composite resin with SN could be due to direct contact with
8. mutans regardless of silver ion release. Unlike the inorgan-
ic cement, ion releasing from solid PMMA is more handi-
capped owing to hydrophobic polymer network whose
water uptake may be insufficient to release ions.”* Some
studies revealed that PC (MTA) may not produce adequate
free radicals and PC has the limited antimicrobial effect to
some microorganisms.”* The present finding similatly sug-
gests that control PC had no antibacterial effect, similar to
previous reports.>'1*? SNPC of 5.0 wt% exhibited signifi-
cant inhibitory effects to both tested bacteria, which could
be attributed to the elution of Ag" out of SPNC into the
media, as shown by other studies of nanosilver-MTA com-
posites.”* Furthermore, prolonged and persistent antimi-
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crobial effect would be expected because silver-oxygen-sili-
cate clusters detected by XRD might play a role in a reser-
voir of Ag" to elute. S. mutans and S. sobrinus were selected
as the representative oral bacteria that primarily cause dental
caries. . sorbinus was more sensitive to lower Ag™ concen-
tration from SPNC, which can be explained by the different
thickness and complexity of bacterial cell walls.*” Nevertheless,
regarding the limitations of ADT, further studies are
required to clarify the antimicrobial mechanism of SPNC
including physicochemical factors such as electrostatic
charge, hydrophobicity, or surface free energy.

In this study, the maximum SN incorporating dose to
PC was controlled under 5.0 wt% to consider possible silver
toxicity as well as to secure mechanical aspects of SPNC.
According to Zand e al,*' addition of 1.0 wt% of SN to
MTA did not alter its biocompatibility in an animal study.
Gomes-Filho ¢# a/.** concluded that dispersion of embedded
SN from fibrin sponge was non-toxic response to tissue,
especially under low concentration. All of the tested SPNC
revealed no cytotoxic effect to HGF at 24 h incubation
according to the ISO standard* (cell viability by more than
70%), although the inherent toxicity of SN must be consid-
ered. Silver could produce free radicals, which might explain
a potential toxicity to oral tissue and an antibacterial activity
simultaneously.” For practical applications of SPNC, con-
trolled silver release and long-term exposure to SN com-
pounds are also needed for biocompatible dental bone
cement due to its sustained antimicrobial activity.

CONCLUSION

Within the limitation of this preliminary study, the addition
of silver nanoparticles to PC can be a possible antimicrobial
dental bone substitute with acceptable mechanical strength,
degradability, and biocompatibility. Further investigations
for SPNC are needed, including 77 vivo and long-term data,
and the clarification of the inhibitory mechanism to be used
clinically.
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