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Abstract

Bacterial infection is a major problem following bone implant surgery. Moreover, poly-L-lactic acid/carbon
nanotube/hydroxyapatite (PLLA/CNT/HAP) bone scatfolds possess enhanced mechanical properties and show good bioactiv-
ity regarding bone defect regeneration. In this study, we synthesized silver (Ag)-doped CNT/HAP (CNT/Ag-HAP) nanohybrids
via the partial replacing of calcium ions (Ca®*) in the HAP lattice with silver ions (Ag™) using an ion doping technique under
hydrothermal conditions. Specifically, the doping process was induced using the special lattice structure of HAP and the
abundant surface oxygenic functional groups of CNT, and involved the partial replacement of Ca>* in the HAP lattice by
doped Ag* as well as the in situ synthesis of Ag-HAP nanoparticles on CNT in a hydrothermal environment. The result-
ing CNT/Ag-HAP nanohybrids were then introduced into a PLLA matrix via laser-based powder bed fusion (PBF-LB) to
fabricate PLLA/CNT/Ag-HAP scaffolds that showed sustained antibacterial activity. We then found that Ag*, which pos-
sesses broad-spectrum antibacterial activity, endowed PLLA/CNT/Ag-HAP scaffolds with this activity, with an antibacterial
effectiveness of 92.65%. This antibacterial effect is due to the powerful effect of Ag* against bacterial structure and genetic
material, as well as the physical destruction of bacterial structures due to the sharp edge structure of CNT. In addition, the
scaffold possessed enhanced mechanical properties, showing tensile and compressive strengths of 8.49 MPa and 19.72 MPa,
respectively. Finally, the scaffold also exhibited good bioactivity and cytocompatibility, including the ability to form apatite
layers and to promote the adhesion and proliferation of human osteoblast-like cells (MG63 cells).
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Introduction

Artificial bone scaffolds perform an extremely important role
by acting as a bone substitute during the transplantation and
repair of bone defects [1-3]. The combination of carbon nan-
otubes (CNTs) and hydroxyapatite (HAP), especially the
in situ synthesis of HAP nanoparticles on CNTs (termed
CNT/HAP), has been found to improve the mechanical prop-
erties and bioactivity of biopolymer bone scaffolds [4-6].
Nevertheless, numerous clinical studies have shown that arti-
ficial bone scaffolds may cause serious bacterial infections
when transplanted into the human body, and this can under-
mine the intended function of bone scaffolds, causing the
implantation procedure to fail, or even causing amputation
in severe cases [7, 8]. Therefore, it is imperative to develop an
antibacterial strategy to endow bone scaffolds with antibac-
terial properties to prevent bacterial infection from bone
implants.

Toward this end, bone scaffolds loaded with antibiotics
have been developed. However, the overuse of antibiotics has
given rise to the increasing incidence of multidrug-resistant
bacteria, whose infections have become a serious threat to
human health [9]. Currently, inorganic antimicrobial agents,
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including silver (Ag), copper (Cu), and zinc (Zn), as well as
other nanometals and their ions, have become important for
antibiotic research since they are less likely to induce drug
resistance [10, 11]. However, it has also been found that com-
posite scaffolds directly loaded with Ag nanoparticles and/or
other antibacterial nanometals not only weaken antibacterial
activity but can also cause burst releases of nanoparticles
that fail to generate sustained antibacterial activity. This is
thought to be due to the strong surface energy of nanometals
and their incompatibility with the polymer matrix [12, 13].
However, doping procedures using antibacterial metal ions
can compensate for this effect via altering the crystal struc-
tures of substances, thereby obtaining sustained antibacterial
activity [14, 15]. Thus, it would be desirable to achieve the
continuous release of antibacterial substances from scaffolds
by doping antibacterial metal ions into the CNT/HAP crystal
structure [16].

HAP (Cajp(PO4)6(OH),) is a hexagonal crystal system
that includes two types of Ca®* in different positions within
its unit cell. This special structural composition, which
includes different valence bonds and radii of Ca>*, provides
HAP with a strong ion exchange ability [17, 18]. It has
been shown that the Ca2* ions within the HAP lattice can
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be replaced by metal ions with different valences and radii,
including Ag*, potassium ions (K*), and zinc ions (Zn**),
among others [15]. Of these, Ag* is recognized as a strong
antibacterial agent capable of combating both Gram-positive
and Gram-negative bacteria. It can be used to fight against
many bacterial infections both in vitro and in vivo and there-
fore is widely used in studies related to the antibacterial
functions of bone scaffolds [19, 20]. More importantly, Ag*
has a radius size that is similar to CaZ*. Moreover, the abun-
dant negatively charged carboxyl and epoxy groups present
on the surface of carboxylated CNT can trap Ag* in solution
via electrostatic interactions. Both may provide convenient
conditions for Ag* to enter into the HAP lattice and par-
tially replace Ca®* [21, 22]. In addition, Ag* is known to
display good biocompatibility and be non-toxic to cells at low
concentrations [23]. Therefore, it is reasonable to develop a
strategy whereby the Ca* in the HAP lattice is replaced by
Ag?, thereby endowing the scaffold with sustained antibac-
terial properties.

In the present work, we grew Ag-doped HAP nanohybrids
with efficient antibacterial properties in situ on CNT via par-
tial replacement of the Ca®* ions in the HAP lattice with
Ag* under hydrothermal conditions. We did so by combin-
ing silver nitrate (AgNO3), calcium nitrate tetrahydrate extra
pure (Ca(NO3),2-4H;0), diammonium hydrogen phosphate
((NH4)2HPOy4), and CNT in a vessel. Next, the Ag-doped
CNT/HAP (CNT/Ag-HAP) nanohybrids were first intro-
duced into poly-L-lactic acid (PLLA), and a PLLA/CNT/Ag-
HAP antibacterial scaffold with a porous structure was
prepared using a laser-based powder bed fusion (PBF-LB)
technique. We also report the construction process and the
doping mechanism of the CNT/Ag-HAP nanohybrids. Like-
wise, the macrostructures, microstructures, and mechanical
properties of PLLA/CNT/Ag-HAP scaffolds were com-
prehensively studied. More importantly, we evaluated the
antibacterial properties of the hybrids by inhibition zone and
turbidimetry tests, and elucidated the antibacterial mecha-
nism involved. In addition, the bioactivity of the scaffold was
researched using an in vitro immersion test. Finally, cytocom-
patibility was assessed using cell adhesion and proliferation
tests.

Materials and methods
Materials

PLLA powder (molecular weight: 100 kDa; purity >98%)
was obtained from Jinan Daigang Biomaterial Co., Ltd.
(China). CNTs were obtained from Nanjing XFNANO Mate-
rials Techn Co., Ltd. (China). CNTs showed a carboxyl
group content of 2.56% (mass fraction), a length range of
30-50 wm, and a diameter range of 15-50 nm. (NH4),HPO4

and Ca(NO3);,-4H,0 were obtained from Sinopharm Chem-
ical Reagent Co., Ltd. (China). Ammonium water (NH4OH)
was obtained from Guangdong Guanghua Sci-Tech Co., Ltd.
(China). AgNO3 was obtained from the Shanghai Institute of
Fine Chemical Materials (China).

Synthesis of CNT/Ag-HAP

CNT/Ag-HAP nanohybrids were synthesized using an in situ
growth protocol. The synthetic process to CNT/Ag-HAP was
as follows. First, 50 mg CNT powder was dispersed in dis-
tilled water, and ultrasonic stirring was performed for 30 min
to obtain a uniformly dispersed suspension. Second, 0.75 g
(NH4),HPO,4 powder and 2.13 g Ca(NO3)2-4H,0O powder
were added to distilled water, respectively. Next, 0.08 g
AgNO3 powder was added into the above Ca(NO3),-4H,0O
solution, and this mixture was then slowly added to the
prepared CNT suspension under continued stirring for 2 h.
Next, an (NHy4)>HPO4 solution was slowly dripped into the
well-mixed suspension, and the pH was raised to approxi-
mately 10 by addition of an NH4OH solution. Here, AgNO3,
Ca(NO3),-4H,0, and (NH4),HPO4 were the sources of Ag,
Ca, and phosphorus (P), respectively. Next, the resulting
mixture was poured into a Teflon-lined hydrothermal auto-
clave to generate a hydrothermal reaction under a vacuum
at 120 °C for 24 h. Finally, CNT/Ag-HAP nanohybrids
were obtained by centrifugation, washing, and drying of the
resulting suspension. For comparison, CNT/HAP nanohy-
brids were synthesized under the same conditions without
the addition of the AgNO3 solution.

Analysis of CNT/Ag-HAP

The crystal structure of the nanohybrids was examined
using an X-ray diffractometer (XRD, New Empyrean Co.,
Ltd., Netherlands) at a speed of 5 °/min. Fourier transform
infrared spectroscopy (FTIR, Tianjin Gangdong Sci.&Tech.
Co., Ltd., China) was then performed to evaluate the func-
tional groups of the nanohybrids. Next, X-ray photoelectron
spectroscopy (XPS, Thermo Fisher Scientific, USA) was
used to study the elemental composition of the nanomaterial,
and peak separation was analyzed using Avantage software.
Scanning electron microscopy (SEM, Phenom-World BYV,
Netherlands) and transmission electron microscopy (TEM,
Thermo Fisher Scientific, USA) were performed to study
the Ag™ doping process. Finally, the distribution of elements
was detected via an energy-dispersive spectrometer (EDS)
equipped on SEM.

Scaffold fabrication

PBF-LB is a common additive manufacturing (AM) tech-
nology that uses laser energy to fuse together particulate
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materials, such as metals, ceramics, or polymers, to form
three-dimensional objects [24, 25]. Common PBF-LB tech-
niques include selective laser sintering (SLS), selective laser
melting, and electron beam melting. Of these, SLS is mainly
employed to help form polymer powders [26, 27]. In this
study, a self-developed SLS system was employed to con-
struct a scaffold layer by layer [28]. First, CNT/Ag-HAP
powder (12%, mass fraction) and PLLA powder (88%, mass
fraction) were separately dispersed into deionized water
and mixed together after stirring and ultrasonic processing
at ambient temperature. Next, the composite powder after
drying and grinding was spread onto a powder spreading plat-
form. For SLS, the laser power was set to 3.5 W, the scanning
speed was set to 120 mm/s, and the powder spreading plat-
form moved down by the height of one powder layer after
each scan. The above process was repeated until all powder
layers were sintered, and all unsintered powder was removed
to obtain a composite scaffold. Constructed porous scaffolds
were labeled as PLLA, PLLA/CNT, PLLA/CNT/HAP, and
PLLA/CNT/Ag-HAP.

Scaffold microstructure and mechanical properties

The surface macrostructure and surface and cross-
sectional microtopography of the PLLA, PLLA/CNT,
PLLA/CNT/HAP, and PLLA/CNT/Ag-HAP scaffolds were
studied by digital photography and SEM to analyze the dis-
persion of CNT in the polymer matrix. For this analysis,
all scaffolds were sprayed with gold to improve conduc-
tivity. Mechanical property tests, including tension and
compression tests, were performed under uniaxial load using
a universal testing machine (Jinan Zhongluchang Testing
Machine Manufacturing Co., Ltd., China). During testing,
the loading speed was 0.5 mm/min. Each set of scaffolds
was measured five times to generate a mean and standard
deviation. Finally, the modulus and strength were calculated
using stress—strain curves.

Antibacterial properties of scaffolds

Elevated levels of reactive oxygen species (ROS) have been
found to be a crucial factor in bacterial apoptosis. We there-
fore assessed ROS generation caused by the PLLA/CNT/Ag-
HAP scaffolds. Specifically, the superoxide (-O, ™) radical
and hydroxyl (-OH) radical produced by the PLLA/CNT/Ag-
HAP scaffold sample were identified using an electron
paramagnetic resonance (EPR) spectrometer (EMXplus-6/1,
Bruker, Germany) with 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO, 0.1 mol/L) used as the trapping agent. The antibac-
terial properties of scaffolds against Escherichia coli (E. coli)
were evaluated using an inhibition zone test. First, a bacterial
suspension of E. coli at a concentration of 1x10° CFU/mL
(CFU: colony forming units) was configured, and then spread
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evenly on an agar culture plate. Next, after ultraviolet (UV)
irradiation for sterilization, the scaffold was inserted in the
center of the culture plate and cultured on a shaker at 37 °C
for 24 h. Finally, a digital camera was used to record the
inhibition zone around the scaffold.

Next, antibacterial properties were further quantitatively
analyzed using turbidimetry. To do so, the scaffolds were first
sterilized using UV light before testing. Moreover, a test tube
containing culture medium but no bacteria or scaffold was
used as a blank control group, a test tube containing culture
medium and bacteria but no scaffold was used as a negative
control group, while test tubes containing culture medium,
bacteria, and one of the scaffolds were used as experimen-
tal groups. Different scaffolds were immersed in test tubes
containing a bacterial suspension (1x10% CFU/mL), and all
test tubes were maintained at approximately 37 °C for 24 h.
Next, the test tubes were photographed using a digital camera
for turbidity contrast analysis. In addition, the absorbance at
600 nm was assessed using an enzyme-labeled instrument
(Thermo Fisher Scientific, USA). The antibacterial rate was
calculated according to formula [29]:

Antibacterialrate = (B — A — C)/(B — A) x 100%,

where A represents the absorbance of the bacterial suspension
in the blank control group, B represents the absorbance of
the bacterial suspension in the negative control group, and C
represents the absorbance of the bacterial suspension in the
experimental group. In addition, the morphology of bacteria
on the scaffold surface was examined after 24 h of culture.
All scaffolds were fixed with 2.5% glutaraldehyde for 24 h
and then dehydrated with gradient ethanol solutions (30%,
50%, 70%, 90%, and 100%) for 15 min. Finally, all dried
scaffolds were observed by SEM.

Scaffold bioactivity and cytocompatibility

Next, the mineralization ability of PLLA/CNT/Ag-HAP
scaffolds was evaluated using an in vitro immersion test.
Briefly, the scaffold was immersed in 50 mL of simulated
body fluid (SBF) solution, and the solution was changed
every 2 days. The scaffold was removed after 28 d, rinsed
three times with distilled water, and then dried for 1 d. The
surface morphology of the scaffold was examined by SEM.
Subsequently, the cytocompatibility of human osteoblast-
like cells (MG63 cells, American Type Culture Collection,
USA) was assessed by adhesion and fluorescence experi-
ments on the scaffold. All scaffolds were then disinfected
with UV light for 30 min, after which MG63 cells (1 x 10°
cells/mL) were inoculated onto the surface of each scaffold
and then cultured in Dulbecco’s modified eagle medium for
1, 3, and 5 d at 37 °C and 5% CO,. The cell adhesion mor-
phology of the MG63 cells was observed, and the relative
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area of cells was calculated for each culture period. Finally,
we conducted a fluorescence experiment in which the cells
on the scaffold were stained with calcein acetoxymethyl ester
(calcein-AM) and propidium iodide and the cell density was
calculated. We then used a fluorescence microscope (Olym-
pus, Japan) and found that the living cells fluoresced green,
while the dead cells fluoresced red.

Statistical analyses
Data are expressed as mean=standard deviation. Statistical

significance was assessed by Statistic Package for Social Sci-
ence software, with “p<0.05 and “*p<0.01.

Results and discussion
Analysis of CNT/HAP and CNT/Ag-HAP

The functional groups of the CNT/HAP and CNT/Ag-HAP
nanohybrids were analyzed by FTIR, as illustrated in Fig. 1a.

These results show that the absorption peaks of the CNT/HAP
and CNT/Ag-HAP nanohybrids were similar. Here, we found
that strong absorption peaks at 3572 and 632 cm™! corre-
sponded to the stretching and bending vibration peaks of
the —OH group, respectively. The absorption peaks at 1095,
1034, and 963 cm™! represented the asymmetric stretching
vibration peaks of P—O, and the absorption peaks at 603 and
567 cm™! represented the bending vibration peaks of O—P—O.
Compared to the standard peaks of HAP, all absorption peaks
were in agreement with the standard peaks, indicating that
both the CNT/HAP and CNT/Ag-HAP nanohybrids con-
tained HAP [14]. We also noted that the absorption peak
at 1458 cm~! corresponded to CO3%~. This was attributed
to the dissolution of a small amount of CO; in the solu-
tion, which produced CO32~ during the reaction. This in turn
replaced a small amount of the PO,3~ of HAP [30]. Next,
when Ag* was doped into the CNT/HAP nanohybrids, the
peak of CO32~ was obviously weakened. This may be due
to the calcium vacancy phenomenon caused by the substi-
tution of Ca’* by Ag* within the HAP lattice. As a result,
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Fig.2 Microstructure of the
CNT/Ag-HAP nanohybrids:

a SEM image, b EDS mapping
spectra, c—f distribution of C, P,
Ca, and Ag, g TEM image,

h lattice spacing image, and

i SAED image. CNT: carbon
nanotube; HAP: hydroxyapatite;
CNT/Ag-HAP: Ag-doped
CNT/HAP; SEM: scanning
electron microscopy; EDS:
energy-dispersive spectrometer;
TEM: transmission electron
microscopy; SAED: selected
area electron diffraction

the entry of CO3%~ into the HAP lattice was hindered due to
electrostatic repulsions [31].

The crystal structures of the CNT/HAP and CNT/Ag-HAP
nanohybrids were then analyzed by XRD, as illustrated in
Fig. 1b. We observed that the CNT/HAP and CNT/Ag-HAP
nanohybrids displayed similar crystallographic properties.
The diffraction peaks at 25.8°, 28.1°, 28.9°, 31.7°, 32.1°,
32.8°,34.1°,39.7°, 46.6°, 49.4°, and 53.2° corresponded to
the crystal planes of (002), (102), (210), (211), (112), (300),
(202), (310), (222), (213), and (004) in the HAP region,
respectively. The absence of impurity peaks confirmed that
the nanohybrids were pure HAP phase; this can be deduced
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by comparing with the standard card of HAP (JCPDS PDF
No 09-0432). Furthermore, since Ag* was incorporated into
the CNT/HAP nanohybrids, all peaks become sharp and their
intensities were strong. This may be caused by the entry of
Ag™* into the primary lattice of HAP [14]. Next, the average
microcrystalline sizes of the CNT/HAP and CNT/Ag-HAP
nanohybrids were calculated using the XRD spectra and the
Scherrer equation; these values were calculated to be 29 and
32 nm, respectively. These changes in lattice parameters may
be due to the substitution of Ca>* by Ag* within the HAP lat-
tice or due to interstitial doping between the two phosphoric
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Fig. 3 Mechanism for partial
replacement of CaZ* in the HAP
lattice by Ag* to form
CNT/Ag-HAP nanohybrids.
CNT: carbon nanotube; HAP:
hydroxyapatite; CNT/Ag-HAP:
Ag-doped CNT/HAP
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acid groups of HAP during ion exchange in solution. How-
ever, since the ionic radius of Ag* (1.26 A, 1 A=10"10 m)
was slightly larger than that of Ca2* (0.99 A), it would be
easier for Ag* to replace Ca2* within the HAP lattice than it
would be for doping to occur at interstitial positions [32, 33].
Furthermore, Ag* substitution would be more likely to main-
tain the charge balance and lattice stability of HAP relative to
interstitial doping [34, 35]. Therefore, we hypothesized that
Ag™ had probably entered the HAP lattice by substituting for
Ca’*.

We then evaluated the chemical constitutions and valence
states of the CNT/HAP and CNT/Ag-HAP nanohybrids
using XPS (Figs. lc—1h). Moreover, the spectra of both
nanohybrids showed common elements such as C, O, Ca, and

Ag" replacing Ca?* " /3

—

P; however, Ag was only found in the CNT/Ag-HAP nanohy-
brids. This can be seen in Fig. 1d, since the peaks at 368.4 and
374.3 eV corresponded to the binding energies of Ag3dsp
and Ag3dsp, respectively. This confirms the existence of
Ag" within the CNT/Ag-HAP nanohybrids [36]. Moreover,
we found that the Ca2p and P2p peak-splitting fitting curves
for the CNT/Ag-HAP nanohybrids were similar to those for
the CNT/HAP nanohybrids, as shown in Figs. le—1h. The
binding energy peaks at 351.0 and 347.5 eV corresponded to
the binding energies of Ca2p1,; and Ca2p3/, of the CNT/Ag-
HAP nanohybrids, respectively. Furthermore, the peaks at
133.2 and 134.2 eV were likely attributable to P2p3,; and
P2py/» of the CNT/Ag-HAP nanohybrids, respectively [37].
In comparison with the CNT/HAP nanohybrids, the peaks
of the CNT/Ag-HAP nanohybrids shifted toward the lower

@ Springer



112

Bio-Design and Manufacturing (2024) 7:105-120

Fig.4 Fabricated PLLA,

PLLA/CNT, PLLA/CNT/HAP, (a) PML} A <
and PLLA/CNT/Ag-HAP s s

scaffolds: a digital image, SEEN TS
b surface morphology, ¢ fracture
morphology, and d schematic of
dispersion of the nanohybrids.
PLLA: poly-L-lactic acid; CNT:
carbon nanotube; HAP:
hydroxyapatite;
PLLA/CNT/Ag-HAP: Ag-doped (b)
CNT/HAP nanohybrids
introduced into PLLA

AN

(c)

(d)

PLLA/CNT PLLA/CNT/HAP PLLA/CNT/Ag-HAP

binding energy state. This may have been caused by the dop-
ing of Ag* into the HAP lattice, thereby leading to lattice
strain and eventually structural defects of HAP crystals [38].

Next, the morphology of the CNT/Ag-HAP nanohybrids
was studied using SEM. A large number of rod-shaped Ag-
HAP nanoparticles are shown in Fig. 2a. More importantly,
the CNT/Ag-HAP nanohybrids showed good dispersion. In
addition, elements such as Ca, P, and Ag were detected on the
surface of CNT/Ag-HAP nanohybrids by EDS in Figs. 2b-2f;
this further suggested that Ag-HAP nanoparticles formed
on the surfaces of CNT. Further detailed structure of the
CNT/Ag-HAP nanohybrids was obtained by TEM imaging
(Figs. 2g and 2h). The rod-shaped Ag-HAP nanoparticles
were observed on CNT, and the crystal surface spacing was
measured at 0.34 and 0.27 nm using the Digital Micrograph
software. This corresponds to the interlamellar spacing of the
(002) plane in graphite and the identity distance of the (300)
plane in HAP, respectively. According to previous studies,
the (300) plane of the HAP nanorod can interact with CNT
and had a high matching potential. This was largely due to
the presence of many carboxyl functional groups along the
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surfaces of CNTs. In addition, the Ca atoms of HAP could
easily match with the O atoms of the carboxyl groups of
CNTs, thus forming ionic bonds and even covalent interac-
tions [39—41]. The selected area electron diffraction (SAED)
diagram provided in Fig. 2i shows the (201), (300), (322),
(302), and (215) planes of HAP, which are representative of
HAP planes.

The doping mechanism of the CNT/Ag-HAP nanohybrids
is shown in Fig. 3. The presence of abundant surface oxy-
genic functional groups decorated with carboxyl and epoxide
groups on CNTs can provide anchoring sites for the in situ
synthesis of HAP nanorods and the partial replacement of
Ca”* within the HAP lattice by doped Ag* [42]. More specif-
ically, the exposed chelated Ca?*, or Ca>* and Ag* on the
surface of CNTs, formed ionic bonds with HPO42~ in solu-
tion. This in turn enabled the in situ synthesis of HAP
nanorods or Ag-HAP nanohybrids on the surfaces of CNTs
in a hydrothermal environment [43].
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Microstructure and mechanical properties

To realize the integration of defect tissue, bone implants
should simulate the shape, structure, and function of
natural bone to promote proliferation and differentia-
tion of osteoblasts [44, 45]. The PLLA, PLLA/CNT,
PLLA/CNT/HAP, and PLLA/CNT/Ag-HAP bone scaffolds,
all of which had a porous structure prepared via SLS, are
capable of generating custom shapes for bone implants. Dig-
ital images of fabricated scaffolds are presented in Fig. 4a,
where it can be seen that the porous structure was evenly
distributed. This is conducive to supporting the growth of sur-
rounding tissues, promoting blood circulation, and providing
a suitable microenvironment for cell proliferation [46, 47].
Meanwhile, the uniform dispersing of nanofillers within the
matrix enhances the mechanical properties of the scaffold.
We therefore studied the surface and cross-sectional mor-
phologies of the PLLA, PLLA/CNT, PLLA/CNT/HAP, and
PLLA/CNT/Ag-HAP scaffolds, as displayed in Figs. 4b and
4c. Compared to the pure PLLA scaffold, we observed visible
agglomeration in the PLLA/CNT scaffold, which was mainly
due to strong interactions between CNTs subjected to potent
van der Waals forces as well as its own w—n bond, leading

Q\» \}) ?A g’i

?\/”

to aggregation of the PLLA matrix [48, 49]. In contrast, the
CNT/HAP and CNT/Ag-HAP nanohybrids presented rela-
tively homogeneous dispersion of the PLL A matrix, probably
due to the barrier action of HAP and Ag-HAP on the CNTs,
which improved CNT dispersion. Moreover, the CNT/Ag-
HAP nanohybrids showed even better dispersion, which may
be due to a higher surface negative charge compared to
CNT/HAP nanohybrids [50]. Therefore, the co-dispersed
nanostructure of the CNT/HAP and CNT/Ag-HAP nanohy-
brids by in situ synthesis can facilitate the homogeneous
dispersion of nanofillers within the PLLA matrix, as shown
in Fig. 4d.

Next, tension and compression tests were performed
to assess the mechanical properties of the PLLA,
PLLA/CNT, PLLA/CNT/HAP, and PLLA/CNT/Ag-HAP
scaffolds. These results are shown in Fig. 5. The tensile
stress—strain curves of the scaffolds are displayed in Fig. 5a,
and the corresponding tensile strength and modulus measure-
ments are shown in Fig. Sc. The tensile strength and modulus
of the PLLA/CNT/Ag-HAP scaffold were 8.49 MPaand 0.78
GPa, which were 35.84% and 81.39% higher than the ten-
sile strength and modulus of the PLLA scaffold, respectively.
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Fig.6 Antibacterial properties of
the scaffolds: EPR spectra of

a -0, and b -OH generated
from the PLLA/CNT/Ag-HAP
scaffold, ¢ antibacterial rate
against E. coli (inset: turbidity
photograph), d the diameter of
inhibition zone (inset:
photograph of inhibition zone),
and e, f SEM images. Data are
expressed as meantstandard e

—~
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deviation, n = 53, *p<0.05,

e, ~

"p<0.01. PLLA: poly-L-lactic
acid; CNT: carbon nanotube;
HAP: hydroxyapatite;
PLLA/CNT/Ag-HAP: Ag-doped
CNT/HAP nanohybrids
introduced into PLLA; DMPO:
5,5-dimethyl-1-pyrroline-N-
oxide; EPR: electron
paramagnetic resonance; E. coli:
Escherichia coli; SEM: scanning
electron microscopy
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These differences are mainly due to the introduction of Ag-
HAP nanoparticles, which further optimized the dispersal
of CNTs within the PLLA matrix and improved load trans-
port capacity, yielding the observed mechanical enhancement
relative to the PLLA scaffold [51]. Measurements of com-
pressive strength and modulus as measured by compressive
stress—strain curves were similar to those of tensile prop-
erties, and are shown in Figs. 5b and 5d. The compressive
strength and modulus of the PLLA/CNT/Ag-HAP scaffold
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(i.e., 19.72 MPa and 315.03 MPa, respectively) were higher
than those of the other scaffolds, and showed an increase of
42.75% and 23.53% compared to the PLLA scaffold. Con-
sequently, the PLLA/CNT/Ag-HAP scaffold showed better
mechanical properties than the other scaffolds. It has been
previously reported that the dispersion of nanofillers within
the matrix was the predominant force impacting scaffold
mechanical properties [52]. Moreover, nanofiller dispersion
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Fig.7 Diagram showing the antibacterial mechanism of the
PLLA/CNT/Ag-HAP scaffold. PLLA: poly-L-lactic acid; CNT:
carbon nanotube; HAP: hydroxyapatite; CNT/Ag-HAP: Ag-doped

is related to the fact that there is an effective mechanical inter-
lock between the rougher surface of rod-shaped Ag-HAP
and the PLLA matrix, and this can further enhance stress
transfer effects via interfacial bonding, thereby improving
the mechanical properties of scaffolds [40, 53].

Antibacterial properties

Bone scaffolds implanted in the human body can cause
bacterial infection and reduce the success rate of surgical
interventions, so it is very important to develop bone scaf-
folds that show sufficient antibacterial activity. In this study,
Ag* doping was expected to endow scaffolds with antibac-
terial properties. To verify this hypothesis, we examined
the generation of ROS by the PLLA/CNT/Ag-HAP scaffold
and conducted turbidimetry and inhibition zone tests of the
different scaffolds. As shown in Figs. 6a and 6b, the charac-
teristic signal -O, ~ was observed in the PLLA/CNT/Ag-HAP
scaffold, and we also detected typical -OH spectra with
an intensity ratio of 1:2:2:1. These results clearly showed
that both -O,™ and -OH radicals were generated by the
PLLA/CNT/Ag-HAP scaffold, which may be attributed to

* DNA damage
4 \

iy, g, IS Y @
S B AICNT/Ag HAP scaffold ‘%& "“‘%

% ONT/Ag-HAP ™ Attack

/VH Cell membrane
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] .
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CNT/HAP; PLLA/CNT/Ag-HAP: Ag-doped CNT/HAP nanohybrids
introduced into PLLA; ROS: reactive oxygen species

the fact that the absorption of visible light caused the surface
electrons of Ag* ions to be excited to higher energy levels.
These excited electrons may have then reacted with oxygen
molecules in water or solution to generate the O, and -OH
radicals [54-56]. These results provide preliminary evidence
that the PLLA/CNT/Ag-HAP scaffold possesses an endoge-
nous ability to combat bacteria.

The photograph shown in the inset of Fig. 6¢c was taken
during turbidity testing and shows that the turbidity values of
bacterial suspensions containing the PLLA, PLLA/CNT, and
PLLA/CNT/HAP scaffolds were close to the negative con-
trol group. This indicates that they exerted little inhibition
of bacterial activity. However, the fluid medium in which
the PLLA/CNT/Ag-HAP scaffold was incubated became
transparent, thereby indicating that the PLLA/CNT/Ag-HAP
scaffold exerted an antibacterial effect that strongly inhib-
ited bacterial growth. Next, the absorbance of the bacterial
suspension was qualitatively analyzed using an enzyme-
labeling measuring instrument; we found that the antibac-
terial effects of the PLLA, PLLA/CNT, PLLA/CNT/HAP,
and PLLA/CNT/Ag-HAP scaffolds were 2.01%, 12.63%,
14.51%, and 92.65%, respectively (Fig. 6¢). The weak
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Fig.8 Mineralization ability of the PLLA/CNT/Ag-HAP scaffold:
a SEM image and b the corresponding local magnification, ¢ EDS
mapping spectra analysis, and d—f distribution of C, Ca, and P fol-
lowing SBF immersion for 28 d. PLLA: poly-L-lactic acid; CNT:

antibacterial effects of the PLLA/CNT and PLLA/CNT/HAP
scaffolds were probably due to the high aspect ratio of CNTs.
This may have given it the ability to penetrate cells, thus
increasing the transmembrane permeability, reducing the
bacterial metabolic activity, and ultimately leading to bac-
terial death [57, 58]. In contrast, the PLLA/CNT/Ag-HAP
scaffold showed a strong antibacterial effect (i.e., 92.65%),
indicating that a large majority of E. coli cells were killed.
Next, the results of the inhibition zone test are shown in
Fig. 6d. Here, the larger the diameter of the inhibition
zone, the stronger the antibacterial effect [59]. Compared
to the other scaffolds, the PLLA/CNT/Ag-HAP scaffold pos-
sessed a significantly larger inhibition zone, with its diameter
increasing from 8 to 20 mm. The morphology of bacteria on
the scaffolds was then observed by SEM, as shown in Figs. 6e
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carbon nanotube; HAP: hydroxyapatite; PLLA/CNT/Ag-HAP: Ag-
doped CNT/HAP nanohybrids introduced into PLLA; SEM: scanning
electron microscopy; EDS: energy-dispersive spectrometer; SBF: sim-
ulated body fluid

and 6f. We found that many coryneform and smooth-surfaced
E. coli cells adhered to the surface of the PLLA, PLLA/CNT,
and PLLA/CNT/HAP scaffolds under standard growth con-
ditions. However, very few E. coli cells were present on
the PLLA/CNT/Ag-HAP scaffold, and they showed abnor-
mal cell morphology, exhibiting holes and depressions and
loss of membrane integrity. This finding suggests that the
PLLA/CNT/Ag-HAP scaffold possesses a strong antibacte-
rial effect via acting to inhibit bacterial adhesion and destroy
bacterial membrane integrity.

Taken together, these results indicate that the
PLLA/CNT/Ag-HAP  scaffold possesses  significant
antibacterial activity, which can be attributed to Ag*
doping. The possible antibacterial mechanism by which the
PLLA/CNT/Ag-HAP scaffold acts against E. coli is shown
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Fig.9 Cytocompatibility of the (a) 1d
PLLA/CNT/Ag-HAP scaffold:

a fluorescence images of live and
dead cells cultivated on the
PLLA and PLLA/CNT/Ag-HAP
scaffolds for 1, 3, and 5 d,

b statistical analysis of live cell
density, ¢ adhesion morphologies
of cells cultivated on the PLLA
and PLLA/CNT/Ag-HAP
scaffolds for 1,3, and 5d, and d
corresponding statistical analysis
of cell relative areas. Data are
expressed as mean=standard
deviation, n=5, *p<0.05. PLLA:
poly-L-lactic acid; CNT: carbon
nanotube; HAP: hydroxyapatite;
PLLA/CNT/Ag-HAP: Ag-doped
CNT/HAP nanohybrids
introduced into PLLA

PLLA/CNT/Ag-HAP

—~
o
~

PLLA

PLLA/CNT/Ag-HAP

in Fig. 7. Briefly, Ag* is slowly released during the degra-
dation of the PLLA/CNT/Ag-HAP scaffold. These released
Ag* ions then bind to negatively charged bacterial cell
membranes via the electrostatic effect and then interact with
the SH group of membrane proteins. This alters membrane
permeability and disrupts membrane integrity. Moreover,
Ag" with high catalytic capacity and reduction potential
can destroy the respiratory chain of E. coli, thus producing
additional ROS, which possess strong oxidizing property.
Moreover, highly reactive Ag* and ROS can disrupt the
molecular structure of bacterial DNA, thereby inhibiting
mRNA replication and deactivating protein function [60].
At the same time, CNTs have sharp edges and physically
interact with E. coli to destroy the bacterial cell membrane,
thereby facilitating Ag™ transport across the cell membrane
[61]. Taken together, these actions can disrupt the multi-
plication and survival of E. coli, and thereby endow the
PLLA/CNT/Ag-HAP scaffold with a strong antibacterial
effect.

Bioactivity and cytocompatibility

Good bioactivity is a key determinant of good integration
of bone scaffolds into human bone [62]. Research has sug-
gested that the ability of biomaterials to form an apatite
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layer following immersion in SBF can predict their bioac-
tivity in vivo [63]. Therefore, the mineralization behavior
of the PLLA/CNT/Ag-HAP scaffold was evaluated using an
immersion test in SBF. In addition, the surface morphology
and the distribution of relevant elements of the scaffold were
examined using SEM and EDS, respectively. A large number
of clustered particles deposited on the PLLA/CNT/Ag-HAP
scaffold are shown in Figs. 8a and 8b. These particles
were primarily composed of C, O, Ca, and P, as shown in
Figs. 8c—8f, and show a Ca/P ratio of approximately 1.65,
which is similar to apatite [64]. Therefore, it is reasonable
to infer that apatite was deposited on the PLLA/CNT/Ag-
HAP scaffold, and the in vitro mineralization activity of the
PLLA/CNT/Ag-HAP scaffold increased in the presence of
the CNT/Ag-HAP nanohybrids. There are several possible
reasons for this. On the one hand, CNTs possess numer-
ous negatively charged functional groups that can attract
Ca’* and facilitate the formation of apatite. On the other
hand, Ca** and HPO4%~ released by the PLLA/CNT/Ag-
HAP scaffold may contribute to the local supersaturation of
the solution, thus accelerating the deposition of apatite on
the scaffold.

Good cytocompatibility is a basic requirement for using
artificial bone scaffolds as bone implants [65, 66]. Given
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the superior mechanical, antibacterial, and bioactivity prop-
erties of the PLLA/CNT/Ag-HAP scaffold, we selected the
PLLA/CNT/Ag-HAP scaffold to evaluate the cytocompati-
bility; here we used the PLLA scaffold as the control group.
First, cell viability on the scaffolds was detected using flu-
orescence staining experiments, and all living cells that
exhibited green fluorescence are shown in Fig. 9a. Most
MG63 cells exhibited a spherical morphology and were
attached to the scaffolds after 1 d of culture. As the culture
time prolonged, these cells continued to grow and spread.
After 5 d of culture, the number of cells increased, and
filopodia began to appear. The quantity of MG63 cells cul-
tivated on the PLLA/CNT/Ag-HAP scaffold was higher and
their morphological features were more obvious compared
to those on the PLLA scaffold, as shown in Fig. 9b. Fur-
thermore, the cell adhesion morphology of the scaffolds was
observed, as shown in Fig. 9c. After 1 d of culture, cells
attached to the scaffolds showed a fusiform appearance with
platelike pseudopods surrounding them. After 5 d, the fil-
amentous pseudopodia of the cells gradually extended to
cover most of the scaffold. Compared to the PLLA scaf-
fold, the PLLA/CNT/Ag-HAP scaffold exhibited a higher
number of adherent cells and a larger area of spreading dur-
ing the trial period. Taken together, the results of these cell
experiments show that the addition of the CNT/Ag-HAP
nanohybrids was conducive to the promotion of cell adhe-
sion and proliferation. This was due to the good bioactivity
of the PLLA/CNT/Ag-HAP scaffold, the production of an
apatite layer on its surface, and its similarity to the compo-
sition of natural bone [44].

Conclusions

In this study, CNT/Ag-HAP nanohybrids were synthesized
by using Ag* doping to partially replace the Ca>* in HAP
lattice grown in situ on CNTs. Here, rod-shaped Ag-HAP
nanoparticles were homogeneously dispersed on CNTs.
After synthesis, CNT/Ag-HAP nanohybrids were introduced
into the PLLA matrix, and the resulting PLLA/CNT/Ag-
HAP scaffold was found to have good mechanical properties,
antibacterial properties, bioactivity, and cytocompatibility. In
addition, the results of antibacterial experiments indicated
that the PLLA/CNT/Ag-HAP scaffold possessed efficient
antibacterial properties, as it was able to kill 92.65% of
E. coli cells it was exposed to. This antibacterial func-
tion was attributed to the sustained release of doped Ag®,
which is highly catalytic. This release likely damaged bacte-
rial cell membranes through electrostatic adsorption, thereby
destroying DNA structures and causing a rapid loss of pro-
tease activity. These effects resulted in the death of many
bacteria. Finally, we note that the mechanical properties,
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bioactivity, and cytocompatibility of the PLLA/CNT/Ag-
HAP scaffold were all optimized relative to the PLLA
scaffold.
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