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Hydroxyapatite/Gold/Arginine: Designing the
Structure to Create Antibacterial Activity
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Antimicrobial peptides, selective antimicrobials able to “recognize” and “target” bacterial
cells, are significant advancement in comparison to non-selective antimicrobials widely used in
practice. The major problem of this class of macromolecules is, however, a short half-life.
Starting from the key physicochemical properties of antibacterial peptides, our intention was to
develop their stable analogue. We designed hydroxyapatite/gold/arginine (HAp/Au/arginine)
nanocomposite that contains: (i) hydrophobic gold (Au) nanoparticles, (b) positively charged,
hydrophilic arginine molecules that functionalize the surface of the Au and (c) hydroxyapatite
(HAp) bioactive carrier of the functionalized Au nanoparticles. None of the components used
for the formation of the nanocomposite have any influence on bacterial growth; however, its
structure with specific chemistry of the surface, which is analogous to that of antibacterial
peptides, provides this property. The developed nanocomposite possesses all the beneficial
properties of antibacterial peptides and is one step ahead of them as far as stability is
concerned. The material follows contact-based mechanism significantly improved in
comparison to metabolism-involved mechanism of antibacterial peptides. In comparison to the
non-selective HAp/Ag reference, newly-developed material possesses stronger antibacterial
action, is more compatible to human cells and can be suggested as safer and more effective
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replacement of Ag-based antibacterial components in biomaterials.

Introduction

Silver-based nanomaterials are one of the most frequently used
option for ensuring the antimicrobial function in biomaterials.
The major problem in this class of antimicrobials is in their
non-selectivity expressed through the same way of action with
human and bacterial cells. Comparison of the toxicity induced
by Ag and Au nanoparticle tested in zebra-fish model
confirmed 100% mortality induced by Ag nanoparticles in
about 120 hours, while Au nanoparticles induced less than 3%
mortality for the same period of time.? However, in comparison
to Ag with natural antimicrobial activity, in Au nanoparticles
this property needs to be designed.

A promising direction for the future development of novel tools
that are able to prevent and stop microbial infections as well as
to prevent further competition with the capacity of bacteria to
develop a novel route to resistance 22 is in the design of
innovative, non-conventional antimicrobials. The paradigm of
“nano-antibiotics” offers a huge potential.” The versatility of
the methods °*! able to control the shape, size and surface of
the nanoparticles as well as to develop a “smart” mechanism
that allows them to “recognize” a specific environment and to
“target” a pre-defined action after “sensing” the targeting object
provides a lot of space to design advanced antimicrobials.

The core-shell nanostructures, formed of lysosome-coated silica
nanoparticles, are developed as very potent antimicrobial
activity obtained both in vitro and in vivo with low cytotoxicity
and negligible haemolytic side effect. It has been suggested that
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tailoring these nanostructures will find their special application
in action against bacteria especially when challenge of the
increasing severity of multidrug resistance is concerned.*?

Formation of core-shell structures of self-assembled cationic
antibacterial peptides is the next significant step forward in
developing nano-antibiotics that are able to target bacteria.’®
Antibacterial peptides, in general, are made of a specific
sequence of amino acid residues containing a few charged
hydrophilic amino acids, with the rest being hydrophobic. The
amphipathicity of these molecules enables them to cross the
membrane and interact with both the hydrophobic and
hydrophilic components of the membrane lipid bilayer. The
main mechanism of their action is based on electrostatic
interactions. The amino acid- residues with charged groups
(usually arginine and/or lysine) **® interact with the surface of
the bacterial cellular walls and disrupt their structure. Usually,
they form a pore within the bacterial wall or change its
permeability, which allows them to transfer across all the
barriers and makes it possible to enter the interior of the
bacterial cell. Inside the cell they affect the intercellular
compartments or they are involved in some essential functions
such as protein synthesis, membrane synthesis, nucleic acid
structure, etc.® Therefore, these peptides follow an antibacterial
mechanism based on the surface charge to “sense” the bacterial
surface, to damage it and/or to cross it and get inside the cell,
where they target various metabolic pathways that are essential
for their life. It was not easy for the bacteria to develop a
resistance mechanism for this multi-targeting mechanism of
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antibacterial action. Therefore, this class of antimicrobials has
proven to be very effective against multi-drug-resistant
microbes.'**®* The main drawback that limits the practical
application of this group of antimicrobials is its instability and
short half-life induced by the enzymatic degradation and
inactivation by the host binding proteins, the limited targeting
due to the expulsion by multi -drug pumps and the alternation
of the membrane fluidity.'*® The impressive advantages and
major disadvantages of antibacterial peptide were our
motivation for the development of an innovative design of
antibacterial nanomaterial. Gold is a bio-inert metal that is
compatible with living surroundings, without any ability for
antibacterial action. Some bacteria even have the ability to
uptake Au -compounds, reduce them and excrete in the form of
pure, metallic Au nanoparticles.’® Recently, different methods
for the bio-activation of this metal have been developed, which
opened many branches for its application in biomedicine.?’ The
most promising among them concern the use of Au
nanoparticles as the carriers of drugs (like antibiotics),? as
diagnostics (as contrasting agents)?® and as therapeutics (for
photo-thermal therapy).?® Such an approach introduced Au as a
novel biomaterial and opened a new chapter in biomaterial
design. We used hydrophobic Au as a building component to
design a novel, stable analogous to antibacterial peptides with
the structure carefully developed within a HAp/Au/arginine
nanocomposite. The basic idea was to form non-degradable
analogues of the antibacterial peptides as stable, safe and
effective replacement of Ag-based antimicrobials. For this
purpose we developed HAp/Au nanoparticles and
functionalized them with arginine (using novel, recently
patented technology).* Our research came from the hypothesis
that joining the following properties mimicked from
antibacterial peptides such as (i) hydro-phobic/hydrophilic
segments, (ii) a cationic, charged surface and (iii) non-
degradable and slowly bioresorbable components, will provide
a way to design a very efficient, antibacterial property in the
resulting nanocomposite.

Experimental

Synthesis of HAp/Au/arginine

The affinity of gold surface to bond amines was used for the
development of the sonochemical method for the synthesis of
HAp/Au functionalized by arginine.?* HAp (c=1.5 mg-ml?)
previously synthesized using sonochemical homogeneous
precipitation was re-dispersed into an isopropanol solution in
water (c=2:10° ml-ml™?) using ultrasonication (time of
sonication t=10 min., pulsation-to-relaxation  periods
on:off=02:01, T=25°C, power P=600W, frequency f=20 kHz
and amplitude A=80%). After the dispersion period was
finished, a water solution of chloroauric acid (HAuCl,) (c=0.8
mg-ml™?, 50 ml) and arginine (n(HAUCI,) : n(arginine) = 1 : 1
mol/mol, 50 ml) were added and sonificated for an additional
30 min. The obtained precipitates were separated from
supernatant by centrifugation (15 min. at 5000 rpm) and air-
dried on glass slides. All the experiments were performed using
an Ultrasonic Processor for High Volume Applications VCX
750, Newtown, Connecticut, USA.

Physicochemical properties investigations

XRD analyses were performed using a Bruker AXS D4
Endeavor diffractometer and the samples were recorded in the
26 range from 2° to 70° with a step size of 0.02° and a time of 2
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s-step™ . Elemental composition analyses of the surface were
carried out on the PHI-TFA XPS spectrometer which excites
the sample’s surface by X-ray radiation from an Al-
monochromatic source. The survey and narrow scan spectra of
the emitted photoelectrons were taken with 187 eV and 29 eV.
The data were treated with the Multipak program, Version 8.1.
The sensitivity of the applied method is up to 0.05 at.%. All the
data were obtained by averaging at least three repeated
integrations of the peaks. The optical properties were analysed
based on absorption spectra measured on a UV-VIS-NIR
spectrophotometer (Shimadzu UV-3600) in the range between
200 and 800 nm with a spectral resolution of 0.1 nm. Scanning
transmission electron microscopy (STEM) was employed to
investigate the morphology and structural characteristics of the
HAp/Au composite. The sample was dispersed in deionized
water and drop casted onto a lacey carbon TEM grid for the
TEM characterization. TEM imaging, energy-dispersive X-ray
spectroscopy (EDX) mapping and EEL spectra acquisition in
the scanning transmission electron microscopy (STEM) mode
were performed in a FEI Titan Scanning Transmission Electron
Microscope (STEM) operating at 300 kV, equipped with a Cs
image corrector and a monochromator operated at 300 kV. The
TEM images were taken using an Ultrascan 1000 CCD camera
at binning 2 (1024 x 1024 pixels) and an exposure time of 0.5 s
per image. The EEL spectra were acquired in the
monochromated TEM imaging mode, using a Gatan Tridiem
866 EEL spectrometer with a 2.5 -mm entrance aperture. The
dispersion setting was 0.01 eV-pixel?, and the energy
resolution for these experiments (defined by the fwhm of the
zero loss peak) was 0.12 eV. The convergence semi-angle was
9.6 mrad and the collection semi-angle was 16. The spectra
were acquired with Titan imaging and Analysis (T1A) software
by directing the electron beam onto the edge of the Au
nanoparticles attached to the HAp with an acquisition time of
50 ms. The EELs data were post processed in Digital
micrograph. To reveal the surface plasmon resonance (SPR) of
the Au nanoparticles the zero-loss peak was first fitted to the
sum of the Gaussian and Lorenzian curves and subsequently
subtracted from the spectra.

In vitro antibacterial tests

The 8 -mm of tested materials were put on the surface of the
agar plates with E. coli (K-12 MG1655) and S. aureus collected
during the log phase, turned upside down and incubated at 37
°C for the next 24 h. The zones of the inhibition of bacteria
growth were photographed as well as observed with an optical
microscope (Olympus BX series) using a phase-contrast
technique. The test was performed in two parallel series.

The detection of dead and live E. coli and S. aureus as well as
their distribution on the surface of the disks and within the zone
of inhibition were tested after staining using Live/Dead
BacLight Bacterial Viability Kit (Molecular Probes, Inc.)
consisting of two fluorescent dyes, i.e., SYTO 9 and propidium
iodide (PI), and investigated using fluorescence microscopy
(Olympus 1X81 inverted research microscope). The
examinations were performed in two parallel series of
investigated composites.

The morphological and structural properties of the E. coli and
S. aureus were performed for bacteria selected from the
inhibition zone near the surface of the disks made of tested
material, while bacteria growing in the healthy colony far from
the disc were used as the negative controls. The bacteria were
fixed in 1% formaldehyde and 0.5% glutaraldehyde in a 0.1-M
phosphate buffer solution (pH = 7.4) at 4°C, post-fixed using a
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1% aqueous solution of osmium-tetroxide for 1 hour,
dehydrated in 50%, 70%, 90% and 100% ethanol solutions and
finally in 100% acetone and dried using the critical -point
drying method in a CPD030 dryer (Balzers). Before the SEM
examination the samples were coated with platinum in a sputter
-coater SCD 050 (BAL-TEC).

In vitro stability investigations

The stability was investigated by incubating the nanocomposite
under pH = 7.4, 5.4 or 3.4 using a PBS buffer (Sigma Aldrich,
Germany) with the acidity maintained by HCI (Sigma Aldrich,
Germany) at 37°C and a 60-rpm shaking rate. The total release
of the metallic ions and the phase composition of the remaining
powders were investigated over a period of ten days using the
inductively coupled plasma atomic emission spectrometric (ICP
AES) (Thermo Jarrell Ash, model Atomscan 25) method and
above -described XRD method, respectively. The investigation
was performed with two parallel measurements.

In vitro citocompatibility tests

In vitro citocompatibility tests: The in vitro cytotoxicity tests
were performed on human foetal lung fibroblasts (IMR-90)
(ECCAC no. 85020204) and human osteosarcoma (U-2 OS)
(ECCAC no. 92022711) cell lines. To analyse the cell viability
after exposure to the materials the cells were plated in 24-well
plates, at least one day before the treatment. The tested
materials were dispersed in a culture media and added to the
cell cultures at different concentrations. After 24 hours of
exposure to the materials the cells were trypsinized and stained
with annexin V (BD Biosciences, Pharmingen, San Diego/CA,
USA) and propidium iodide (Sigma-Aldrich; St. Louis/MO,
USA). The samples were than analysed using a FASCalibur
flow cytometer (BD; Franklin Lakes/NJ, USA) and the
CellQuestTM software, Version 3.3 (FACSComp Software,
BD; Franklin Lakes/NJ, USA). The acquisition was stopped
when at least 5000 events were acquired in the cell region and
the percentages of viable cells (annexin V and Pl double
negative) were determined. Two independent experiments were
performed in duplicates.

Results and discussion

The structure of HAp/Au functionalized with arginine

In order to obtain a HAp/Au nanocomposite with a
functionalized surface a novel method based on the
sonochemical approach has been developed. Sonification of a
water/isopropanol solution of arginine allows the formation of
reactive radicals that are able to reduce the HAuUCI4 used as an
Au -precursor. The procedure provides a single crystalline
phase that corresponds to the structure of cubic Au (JCPDS
No.: 4-0784) (Fig. 1a). In the case when the solution of the Au -
precursor contains dispersed HAp particles, the reduction of the
Au during sonification leads to the formation of the HAp/Au
nanocomposite with cubic Au (JCPDS No.: 4-0784) and
hexagonal HAp (JCPDS No.: 9-0432) (Fig. 1b).

During the formation of the nanocomposite, besides the
reduction of the Au -precursor the arginine remains attached on
the formed Au -nanoparticles and provides functionalization.
The N1s region of the XPS spectrum of the HAp/Au
nanocomposite reveals two superimposed singlets at 398.7 eV
and 400.2 eV (Fig. 1c). The first one indicates amino -groups
bonded by a chemisorption process, while the second indicates

This journal is © The Royal Society of Chemistry 2012

free amines physisorbed at the metallic surface.”® These
components were assigned to amines chemically adsorbed on
the Au nanoparticles as well as to free amines and amines
physically adsorbed at the HAp template.

o Goid
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N1s {c}

N,
E=398.7 eV,
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304 95 a0 85 80
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Fig. 1 Phase composition and surface chemistry of HAp/Au/arginine. XRD
patters of Au nanoparticles (a) and HAp/Au/arginine nanocomposite (b) with
deconvoluted N1s XPS spectra of the HAp/Au/arginine (c) corresponding to
the arginine molecules attached to the surface of Au nanoparticles and Au4f
XPS spectra of the HAp/Au/arginine (d) corresponding to the functionalized

Au nanoparticles attached to HAp plates.

Ca -K edge

el a e
Fig. 2 Morphological and structural properties of HAp/Au/arginine.
Dark -field STEM micrographs and EDX mapping of the
nanocomposite showing corresponding Ca, P, O and Au elemental
maps (a, bi.4). SEM micrograph of Au/arginine without and with
templating influence of HAp (e,d) and TEM images showing the size,
shape and distribution of Au/arginine attached onto the HAp plates

(e.f).
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An Au4f spectrum of HAp/Au contains a doublet with wide
(fwhm = 2.0 eV), non-symmetric peaks with three components
(Fig. 1d): (i) first low-intensity doublet (84.0 and 87.7 eV) that
corresponds to the Au(0) templated by HAp, (ii) second low-
intensity doublet (85.6 and 89.3 eV) that belongs to the
oxidized surface-complexing Au(+1) and indicates the presence
of the surface layer of oxidized Au involved in the
functionalization process and (iii) third, the most intensive Au
doublet (84.7 and 88.4 eV) that corresponds to the pure
elemental gold (like for the polycrystalline Au reference) that
belongs to the core of the surface-functionalized Au
nanoparticles.?® The so-formed functionalized Au nanoparticles
are uniformly distributed along the surface of the HAp plate
(Fig. 2a). Calcium, phosphorus and oxygen elemental maps
(Fig. 2by.3) identified the HAp template phase, while the gold
map (Fig. 2b,) confirmed the formation of the Au nanoparticles
present at its surface. In the absence of the HAp template, the
Au particles have an irregular morphology, forming highly
agglomerated spheres up to 500 nm in diameter (Fig. 2c).
Within the HAp/Au, the Au nanoparticles are spheres with an
average size of 9.2+5.5 nm. The HAp component significantly
affects the growth characteristics of these particles, allows their
stabilization and prevents any agglomeration and ingrowths
into larger structures (Fig. 2d-f).
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Fig. 3 Surface plasmon resonance of HAp/Au/arginine. UV/Vis spectra of
HAp (dotted line) and its nanocomposite with Au/arginine (solid line) with
the inset photograph of the water dispersion of the HAp/Au/arginine
nanocomposite. Selected 10-nm Au nanoparticle (b1) and the associated EEL
spectra (b2-4) corresponding to the LSPR of the selected Au nanoparticles
within the nanocomposite.

A contact between HAp template and Au nanoparticles at their
surface was investigated based on the optical properties of the
nanocomposite. The water dispersion of HAp/Au/arginine
shows a light -violet colour (inset in Fig. 3a). Its UV/Vis
absorption spectrum (Fig. 3a) has the broad absorption of the
HAp super-imposed on the absorption of the Au nanoparticles
with a maximum at 536 nm (2.30 eV). The SPR maximum has
a significant red-shift in comparison to the SPR maximum of
the isolated Au nanoparticles of comparable size, which
appears at 520 nm (2.38 eV).? The change in the SPR
maximum is simultaneously assigned to the higher permittivity
of the surrounding, contacting HAp plate and the surface
functionalization of the Au nanoparticles in the as -formed
HAp/Au nanocomposite.

Along with the classic, spectroscopic investigations, EELS was
employed to investigate the plasmonic properties of as -formed
HAp/Au nanocomposite. The procedure based on using a
monochromated electron beam in STEM mode®® has been
applied. A 10-nm Au nanoparticle attached to the surface of the
HAp was selected and investigated in terms of the local SPR
(Fig. 3b;). The pink dot in Fig. 3b, indicates the excited
position at the surface of the Au/arginine nanoparticle on the
edge close to the surface of the HAp, while the blue one
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indicates the excited position on contact-free edge of the
Au/arginine nanoparticles. The EELs map in the energy interval
between 2.45 eV and 2.55 eV (Fig. 3b3) reflects the SPR of the
Au/arginine nanoparticle. The excitation of these positions
using an electron beam results in EEL spectral peaks in the low
-loss region that corresponds to the particle’s LSPR. The SPR
spectral peak obtained by exciting the Au edge in contact with
the HAp exhibits a red shift in comparison to the SPR peak
obtained by exciting the free edge of the Au nanoparticles (Fig.
3b,), which is induced by an increased dielectric constant of the
Au nanoparticle surrounding at the junction with the HAp plate.
Both investigations showed the existence of interactions
between the HAp surface and the surface of the functionalized
Au nanoparticles, confirming their stabilization by attachment
onto the HAp plates within the HAp/Au/arginine
nanocomposite.

ARGININE Charged

? —
g— A hydrophilic
component

| , Bioinert .
hydrophobic
component

©
ANALOGUE - B
T oL ®
@ ® Do
OH :OH : OH : OH : OH: OH_OH
(C] O] @ @

@ o @ S
HYDROXYAPATITE

OF
ANTIBACTERIAL PEPTIDES
Bioactive
hydrophilic
component

Fig. 4 The structure of HAp/Au/arginine. Schematic illustration of the
structural properties of the nanocomposite as analogue of antibacterial
peptides that contains hydrophobic Au with the surface functionalized by
charged, arginine molecules attached onto the surface of bioactive HAp
plates.

Based on the investigated physicochemical properties we came
to the conclusion that developed HAp/Au/arginine
nanocomposite contains three major components: (i) a
hydrophilic, charged amino acid, (ii) hydrophobic, bioinert Au
nanoparticles and (iii) a hydrophilic, bioactive HAp with the
structure illustrated in Fig. 4. The structure of the
nanocomposite contains Au nanoparticles with arginine
molecules covalently bonded to their surface. The bonding is
obtained between the surface Au atoms and the amino groups
of the arginine molecules with free, charged guanidinium
groups at the opposite side. The functionalized Au
nanoparticles are uniformly distributed and attached onto the
surface of the HAp that uses electrostatic interactions to
template them and prevent their further growth.

Antibacterial properties of HAp/Au functionalized with arginine

In order to prove the concept, the susceptibilities of E. coli (Fig.
5a;3) and S. aureus (Fig. 5a46) were investigated for three
parallel series containing: (i) arginine, (ii) HAp/arginine and
(iii) HAp/Au/arginine. The arginine was compacted into a disc
containing 100% of amino acid (indicated by the red circle in
Fig. 5a;,a4) that was incubated with bacteria. After aging in
agar media, the disc was completely dissolved and the whole
guantity of amino acid diffused into the surrounding area. Even
though a large quantity of arginine diffused, it was not able to
inhibit the bacterial growth, confirming its inability for
antibacterial activity. Similarly, during testing the HAp/arginine
(Fig. 5a,,as5) the bacteria were able to grow close to the surface
of the discs and below them, confirming the absence of the
antibacterial activity. The only case when the susceptibilities of
both investigated bacteria were confirmed was when testing the
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HAp/Au/arginine nanocomposite. The appearance of the ring
around the disc made of HAp/Au/arginine (Fig. 5asas)
indicated the formation of the zones of bacterial growth and
confirmed the antibacterial activity of the nanocomposite.
Concerning the inability of arginine and HAp/arginine to act
against  bacteria, the antibacterial activity of the
HAp/Au/arginine nanocomposite is assigned to the joint
activity of all three components within a special structure of the
newly developed nanocomposite.

Arginine HAp/Arginine

HAp/Au/Arginine
(@)

Fig. 5 Bacterial susceptibility tests. Disk diffusion analysis of E. coli and S.
aureus for arginine (a;, a4), HAp/arginine (a,, as) and HAp/Au/arginine (as,
as). Comparison of the zones of inhibition of E. coli and S. aureus bacterial
growth induced by HAp/Au/arginine (bs,bz) HAp/Ag (bs,bs) and HAp/Au
without functionalization (bs,bg).

The zones of inhibition of bacterial growth induced by the
HAp/Au/arginine were compared to the zones of inhibition
induced by the HAp/Ag, with 10 wt% of silver as well-known
antibacterial agent. The HAp/Ag nanocomposite, used as a
positive control for inhibition of bacterial growth, was formed
by sonochemical synthesis followed by thermal reduction (as
described elsewhere?). So-obtained Ag nanoparticles were
formed without any functionalization of the surface and
obtained antibacterial activity is solely a consequence of natural
ability of Ag for action against bacteria. The HAp/Au/arginine
inhibited growth of E. coli with-in two -times larger zone
around the disc in comparison to HAp/Ag (Fig. 5by,bs)
confirming stronger antibacterial action. Similar was obtained
for the S. aureus. A larger zone of inhibition of bacterial growth
induced by HAp/Au/arginine confirmed stronger susceptibility

This journal is © The Royal Society of Chemistry 2012
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of S. aureus to HAp/Au/arginine than to HAp/Ag
nanocomposite (Fig. 5b,,b,). In comparison to them and similar
to the pure HAp, HAp/Au nanocomposite without
functionalization (obtained by thermal reduction in accordance
to the procedure described elsewhere?®) did not showed any
influence to bacterial growth (Fig. 5bs,bg).

To distinguish between the viable and death cells, bacteria
selected from the zone of inhibition of bacterial growth were
stained in situ using SYTO 9 and PI fluorescence dyes. The
SYTO 9 is a cell -membrane-permeable green fluorescent dye
that binds to nucleic acids of both dead and viable cells, while
Pl is a red fluorescence dye that is impermeable to intact
membranes, penetrates only mechanically destroyed or
damaged membranes and binds to the nucleic acids of dead
bacteria.’® Staining the region far from the HAp/Au/arginine
disc, outside of the zone of inhibition of bacterial growth,
revealed a large population of viable cells for both E. coli and
S. aureus (Fig. 6a;,a3). In contrast, in the region within the zone
of inhibition of bacterial growth, close to the surface of the
disc, the grown population was poor and the majority of the
bacteria were stained by the red PI fluorescent dye, indicating
dead cells for both E. coli and S. aureus (Fig. 6a,,a,).

20 pm

Fig. 6 Morphology of dead/live bacteria. SYTO/PI dead/live test for E. coli
and S. aureus in the case of intact bacteria (a;, as) and bacteria incubated with
HAp/Au/arginine (az, as). SEM analysis for E. coli and S. aureus of intact
bacteria (b1, bs) and bacteria incubated with HAp/Au/arginine (b, ba).

Distinguished dead and intact bacteria were selected for further
morphological investigations to reveal the way of damaging
induced by HAp/Au/arginine. The intact E. coli bacteria were

J. Mater. Chem. B, 2012, 00, 1-3 | 5
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1pm-long rod-like cells (Fig. 6b;). In comparison to them, the
bacteria selected from the region of the zone of inhibition of
bacterial growth had an obvious cellular disruption. They were
wrapped into coils, shrunken and with a folded surface of the
outer membrane (Fig. 6b,) (for more details please see DOI:
10.1039/b000000x/). These changes indicate a loss of integrity
of the membrane, most probably because of structural changes
in the peptidoglycan layer. In comparison to the intact S. aureus
bacterial cell which are sphere-like in shape, with diameters
between 200 and 500 nm, and a smooth surface (Fig. 6bs), the
bacteria selected from the region close to the surface of the
HAp/Au/arginine did not undergo obvious changes in the
structural integrity of the cell. However, the change of the
roughness of their surface was detected since they were coated
with a filamentous network (Fig. 6b,). This surface layer can be
attributed to the protein, mucosa layer that participates in the
formation of biofilms and has a protective role in the Gram -
positive bacteria.®

In vitro stability and cytocompatibility of HAp/Au functionalized
with arginine

The in vitro properties of the HAp/Au/arginine nanocomposite
were investigated starting from the ability to release metallic
ions and to change phase composition. After the incubation of
the nanocomposite under in vitro conditions for a period of 10
days it has the capacity to release less than 0.007 mg/ml of Au -

Journal of Materials Chemistry B

ions (Fig. 7a). Within the tested range of pH, which was from
3.4 to 7.4, its solubility and ability to release metallic ions are
independent of the acidity showing very similar concentrations.
The powders obtained after in vitro incubation were also
investigated for phase composition and the same phases as the
starting nanocomposite has been confirmed (Fig. 7b). The
detected NaCl belongs to the PBS buffer, and it remained
within the material from the medium after drying the powders.
The formation of any additional phase containing gold, calcium
or phosphates was not detected. The same phase composition
was obtained for the whole pH range, starting from 3.4 to 7.4.
Such chemical and phase stability of the nanocomposite is
attributed to the low chemical reactivity of the gold. This
stability indicates that the previously observed antibacterial
activity of the HAp/Au/arginine nanocomposite follows a
contact-based mechanism and is independent of the dissolution
and release of metallic ions. It has been already shown that
other materials including chitosan and its derivatives follow
contact-based mechanism and have a property to use surface
charge to interact with negatively charged bacterial surface.
This mechanism offers numerous benefits to medical
applications including long-lasting antibacterial activity and
significantly reduced chances for development of bacterial
resistivity.*>* Chemical stability of HAp/Au/arginine under in
vitro conditions also suggests the possibility for a high level of
compatibility of this nanocomposite with human cells.
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Fig. 7 In vitro stability and cytocompatibility of HAp/Au/arginine. Release of metallic ions within incubation media (a) and phase composition of the remained
powder (b) obtained after incubation of the HAp/Au/arginine during a 10-days period. Viability of IMR-90 human fetal lung fibroblasts (c) and U-2 human
osteosarcoma cells (d) after 24-hour of incubation with different concentrations of HAp, HAp/Ag and HAp/Au/arginine.

The cytocompatibility of the HAp/Au functionalized with
arginine was tested in U-2 human osteosarcoma and IMR-90

human foetal lung fibroblast cells (Fig. 7c,d). The results were
compared to HAp, which is known as a highly bioactive
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biomaterial that was used as negative probe, and to HAp/Ag,
which contains toxic silver, used as a positive probe. As
expected, after incubation with HAp, a very high percentage of
viability was obtained for both types of investigated cells. The
viability was high for the whole range of tested concentrations
up to 2 mg/ml. In contrast, incubation with HAp/Ag provided a
rapid decrease of the percentage of viable cells. Even for the
concentrations that were about 0.5 mg/ml, the viability of the
IMR-90 was less than 10% and the viability of the U-2 OS was
less than 20%, indicating the very high toxicity of the HAp/Ag
nanocomposite. When the HAp/Au/arginine was tested, the
lowest level of viability was 70%, and this was obtained for a
concentration of 2 mg/ml of the nanocomposite. At the
minimum concentration of HAp/Au/arginine that inhibits the
growth of E. coli (MIC for E. coli) the viabilities of the IMR-90
and U-2 OS were more than 90% and 80%, respectively.
Similarly, at a concentration that inhibits the growth of S.
aureus (MIC for S. aureus) the viabilities of the IMR-90 and U-
2 OS were more than 70%. These results indicate that, in
contrast to the antibacterial HAp/Ag that uses the same
mechanism for interaction with both human and bacterial cells
applying general toxicity as the main mechanism of
antibacterial action, HAp/Au/arginine is selective and has the
possibility to interact with human and bacterial cells in a
different manner that includes using the specific structure and
specially designed surface chemistry to recognize bacterial cells
and target them.

A comparison between antibacterial peptides and the
HAp/Au/arginine shows a significant similarity, starting from a
similar structure that leads to a similar way of interaction with
cells. In HAp/Au/arginine there are hydrophobic/hydrophilic
segments, a cationic, charged surface and non-degradable,
slowly resorbable components. A positively charged guanidine
group with the charge delocalized among all three amines
allows very good selectivity with a much higher affinity for an
interaction with the strongly negative surface of bacteria,
compared to the less negative or positive surface of mammalian
cells. Consequently, it provides the possibility to join effective
antibacterial with good biocompatibility properties within a
single HAp/Au/arginine nanocomposite. In the same time, the
main differences between antibacterial peptides and
HAp/Au/arginine that include lower reactivity, higher
selectivity and significantly improved stability of the
nanocomposite are the major benefits of this newly developed
antibacterial biomaterial. With these properties it presents a
perspective approach in the design of antibacterial property in
biomaterials and opens up a novel direction in searching for
effective and safe antibacterial protection with full capacity to
replace toxic Ag-based antimicrobials.

Conclusions

Based on the analogy with natural-sourced antibacterial
peptides, we design very efficient antibacterial property in a
novel HAp/Au/arginine nanocomposite. We also confirmed a
possibility to create antibacterial property in a material by
specific tuning of its structure and chemistry of the surface
mimicking  natural-sourced model. The so-developed
nanocomposite binds three significant properties: (i) a high
antibacterial activity, (ii) a high cytocompatibility with human
cells and (iii) stability in a physiological environment. These
properties classify the newly developed nanocomposite as
highly perspective for biomedical applications as an
antibacterial nanocomposite able to provide the safe and
efficient prevention and treatment of infection. It has the

This journal is © The Royal Society of Chemistry 2012

capacity to replace currently used toxic antibacterial
components such as silver and provides an innovative direction
for research in novel nonconventional antibacterial agents
highly applicable in the field of biomedicine.
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