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Postoperative bacterial infection is a serious complication of orthopedic surgery. Not only infections that develop
in the first few weeks after surgery but also late infections that develop years after surgery are serious problems.
However, the relationship between host bone and infection activation has not yet been explored. Here, we report
a novel association between host bone collagen/apatite microstructure and bacterial infection. The bone-
mimetic-oriented micro-organized matrix structure was obtained by prolonged controlled cell alignment using
a grooved-structured biomedical titanium alloy. Surprisingly, we have discovered that highly aligned osteoblasts
have a potent inhibitory effect on Escherichia coli adhesion. Additionally, the oriented collagen/apatite micro-
organization of the bone matrix showed excellent antibacterial resistance against Escherichia coli. The pro-
posed mechanism for realizing the antimicrobial activity of the micro-organized bone matrix is by the controlled
secretion of the antimicrobial peptides, including p-defensin 2 and p-defensin 3, from the highly aligned oste-
oblasts. Our findings contribute to the development of anti-infective strategies for orthopedic surgeries. The
recovery of the intrinsically ordered bone matrix organization provides superior antibacterial resistance after

surgery.

1. Introduction

Postoperative infection is a serious complication of spinal surgery
and total joint arthroplasty. Although the incidences of infection have
been reported to be 0.58-1.60 % in total knee arthroplasty and <1-11 %
in spinal surgery [1,2], postoperative infections may cause implant
removal, increased morbidity, and possible mortality, and increase the
economic and social costs [3-5]. Additionally, the number of surgeries
performed in the United States is increasing [6,7] and the infection rate
is predicted to increase. The rate of infection is also higher after revision
surgery than after primary surgery [8-10]; thus, the number of infected
patients also increases.

Although most cases of postoperative infections are reported within
several weeks [11,12], late infections occurring after years are also
problems. Most studies have suggested that the complete removal of
implants is required to treat late infections [13,14]. Late infections have
been reported to result in higher treatment failure rates [12]. Therefore,

* Corresponding author.

developing new antimicrobial implants is imperative to prevent late
infections. Silver-containing hydroxyapatite coatings (Ag-HA) have
been applied to orthopedic implants to prevent infections clinically
[15]. Although the occurrence of postoperative infections in Ag-HA
implants has been significantly reduced [16,17], in vitro studies have
shown pronounced silver ion release for up to 24 h followed by the rates
decreasing with time [18]. These findings indicate that the duration of
the antimicrobial effects is not enough to tolerate long-term infection. It
is worthy of note that current findings indicate novel coating methods
for ion release using metal nanotubes [19-21] and ceramics coating
[22,23] are effective for antimicrobial functions.

The “race for the surface” theory [24,25] has been widely recognized
for preventing bacteria adhesion and biofilm formation on the implant
surface. Briefly, if host cells first adhere to the implant surface, the
surface is covered with cells, resulting in less bacterial colonization.
However, if the bacteria win the race, the implant surface will be
covered with a bacterial biofilm, leading to infection. This theory
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suggests that earlier and longer osseointegration can inhibit bacterial
adhesion and possibly prevent late infection.

In addition to the newly formed bone volume, the bone quality
around the implants may also be relevant to postoperative infections.
Rheumatoid arthritis (RA) is a risk factor for postoperative infections
[26,27]. Our previous studies showed RA to alter the bone microstruc-
ture composed of collagen fibers and apatite nanocrystals [28]. The
degree of collagen and apatite orientation is an important indicator of
bone quality and has been shown to dictate bone mechanical function
rather than mineral density [29]. Furthermore, the production of in-
flammatory cytokines in RA is related to the organization of the bone
matrix. Interleukin-6 (IL-6), one of the most abundant cytokines in pa-
tients with RA, has been shown to disrupt osteoblast arrangement [30],
which is a determinant of bone microstructure anisotropy [31]. We can
think of postoperative infections in association with inflammatory
cytokine secretion around implants as an influencing cue for bone
quality dysfunction.

We aimed to investigate the potential effect of oriented bone matrix
organization on bacterial infection. The hypothesis is that living bones
inherently possess the antibacterial function triggered by the formation
of an organized collagen/apatite microstructure. In the present study,
we established a co-culture model of osteoblasts and Gram-negative
Escherichia coli (E. coli) to assess the relationship between the oriented
bone matrix and bacterial infection. Osteoblasts were first cultured on
titanium alloys to induce osteoblast adhesion and bone matrix produc-
tion. Subsequently, E. coli were cultured on the samples. The number of
bacteria that adhered to the titanium alloys and inflammatory responses
were evaluated.

2. Materials and methods
2.1. Sample preparation and surface characterization

A gas-atomized Ti-15 mass% Mo-5 mass% Zr-3mass% Al powder was
used as the raw material. Two types of samples with a diameter of 15
mm and height of 4.0 mm were fabricated using the laser powder bed
fusion (L-PBF) method (M290, EOS, Germany). One has unidirectional
groove structures on the surface (Groove). The designed groove pitch
and depth were set as 100 pm. The other sample had a flat surface (Flat).
The trapped powder particles on the surface were removed by cleaning
with fluorine nitric acid, and then ultrasonically washed with acetone,
ethanol, and distilled water. All samples were sterilized in an autoclave
prior to cell culture.

The surface structure of the fabricated samples was analyzed using
three dimensional (3D) laser scanning microscope (OLS5100, Olympus,
Tokyo, Japan). Five different areas of each sample were scanned, and
three different lines of each image were selected to measure the
roughness parameters (Ra, Rsm, and Rz) according to JIS B 0601. Groove
pitches and depths were determined as half of Rsm and Rz, respectively.

2.2. Isolation and culture of osteoblasts

Primary osteoblasts were isolated from the calvariae of neonatal
C57BL/6 mice under aseptic conditions. The calvariae were extracted
and placed in ice-cold a-modified Eagle's medium (a-MEM; GIBCO,
Thermo Fisher Scientific, Waltham, MA). The surrounding fibrous tissue
was gently removed. The calvarie were then washed with Hanks'
balanced salt solution (HBSS; GIBCO), and treated with collagenase
(Fujifilm Wako Pure Chemical, Osaka, Japan)/trypsin (Nacalai Tesque,
Kyoto, Japan) five times at 37 °C for 15 min each. The supernatants from
the third to fifth treatments were collected in a-MEM. The collections
were filtered through a cell strainer (BD Biosciences, San Jose, CA, USA),
centrifuged, and the supernatants were removed. The isolated cells were
resuspended in o-MEM containing 10 % fetal bovine serum (FBS;
GIBCO) and 1 % penicillin and streptomycin (Invitrogen, Carlsbad, CA).

For the short-term culture of cells, isolated cells were seeded onto
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each sample at a density of 8000 cells/cm? and incubated at 37 °C and in
5 % COg for 4 days. For osteogenic induction, cells were seeded at a
density of 10,000 cells/cm?, and after 1 week of cell seeding, the me-
dium was supplemented with 50 pg/mL ascorbic acid (Sigma, St. Louis,
MO, USA), 10 mM p-glycerophosphate (Tokyo Kasei, Tokyo, Japan), and
50 nM dexamethasone (MP Bioscience, Solon, OH, USA) at final con-
centrations. The medium was replaced twice weekly. All animal exper-
iments were approved by the Ethics Committee for Animal Experiments
at Osaka University.

2.3. Immunofluorescence staining

After 4 days of culture, cells were fixed with 4 % formaldehyde in
phosphate-buffered saline (PBS) for 20 min. After washing with PBST
(PBS containing 0.05 % Triton X-100), cells were blocked with PBST
containing 1 % normal goat serum (NGS; Invitrogen) for 30 min. Then,
the cells were incubated with mouse monoclonal antibodies against
vinculin (Sigma-Aldrich) at 4 °C overnight for immunostaining of vin-
culins. The cells were then washed with PBS and treated with secondary
antibodies (Alexa Fluor 546-conjugated anti-mouse IgG; Invitrogen) and
Hoechst33342 (Nacalai Tesque) for 2 h at room temperature. For the
visualization of F-actin, the cells were treated with Alexa Fluor 488-con-
jugated phalloidin (Invitrogen). Finally, the cells were washed with
PBST and mounted using the ProLong Diamond Antifade Reagent
(Invitrogen). The samples were then observed under a fluorescence
microscope (BZ-X710; Keyence, Osaka, Japan).

The cells and bone matrices were fixed with 4 % formaldehyde after
21 days of culture to visualize the collagen fibers. Rabbit polyclonal
antibodies against collagen type I (Abcam, Cambridge, MA, USA) were
used as described above.

2.4. Cell orientation analysis

The degree of cell orientation with respect to the groove direction
was quantitatively evaluated based on F-actin-stained images obtained
using a fluorescence microscope. Cell orientation was quantitatively
analyzed using the Cell Profiler software version 3.1.9 (Broad Institute,
Cambridge, MA, USA), and the degree of cell arrangement was calcu-
lated using the following equation:

r=2{(cos’0) —1/2} &)

where r indicates the degree of cell orientation (r = 0O for a random
orientation and r = 1 for a completely aligned distribution).

2.5. Co-culture system of Escherichia coli and osteoblasts

Gram-negative E. coli bacteria (ATCC8739) were purchased from the
American Type Culture Collection (Manassas, VA, USA). E. coli was
incubated using the shake-flask method (37 °C, 120 rpm) in Nutrient
Broth (NB) medium. After incubation, the optical densities (OD) at 540
nm of E. coli suspensions were measured using a microplate reader
(MULTISKAN FC, Thermo Fisher Scientific), and the OD values were
adjusted to ~0.5, and then serially diluted in 1/500 NB medium (10*-
fold).

Samples were placed in 24-well plates with a-MEM containing 10 %
fetal bovine serum and 1 % penicillin and streptomycin. The isolated
osteoblasts were seeded onto the samples at a density of 10000 cells/
cm?. After 7 days of culture, the medium was supplemented with
ascorbic acid, p-glycerophosphate, and dexamethasone, as described in
this section. The culture medium was changed twice a week. After 4 or
21 days of culture, the supernatants were removed, and 0.9 mL of
o-MEM containing 10 % FBS was added to the samples. Additionally,
0.1 mL of the diluted bacteria solutions were added to each sample. The
osteoblasts and E. coli cells were co-cultured at 37 °C in 5 % CO», for 1
day (Fig. 1).
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Fig. 1. Schematic illustration of the experimental protocol.

2.6. Cell viability assay

The Viability Detection Kit (DOJINDO, Kumamoto, Japan) was used
to quantify cell viability. After the co-culture of E. coli and osteoblasts,
the cells and bacteria were washed three times with PBS and incubated
with CFDA (Carboxyfluorescein diacetate) and PI (Propidium iodine)
solutions. The cells and bacteria were observed using a fluorescent mi-
croscope (BZ-X710). The green, fluorescent cells were counted as live
cells, and red fluorescent cells were excluded as dead cells.

2.7. Quantitative analysis of colony forming unit

Adhered E. coli in the samples were collected using a previously re-
ported ultrasonic and mixing method [32,33]. Briefly, the samples were
washed twice with PBS and placed in individual test tubes containing 3
mL of PBS. The tubes were capped, sonicated in an ultrasonic bath for
15 min, and mixed by vortexing for 10 s. The collected suspensions were
serially diluted 100-fold and spread onto NB agar plates. The agar plates
were then incubated at 37 °C overnight. The colony forming units
(CFUs) on the agar plates were counted using the Colony Counter 1.0
software (Microtec, Chiba, Japan). When highly aggregated colonies
were observed, the samples were removed from this analysis. This
software enables counting of single colonies and automatically calcu-
lates colony sizes. When overlapping colonies were detected, the num-
ber of colonies was estimated using the size of single colonies. The sum
of the single colonies and estimated colonies in the overlapping colonies
was used in this study.

2.8. Scanning electron microscope (SEM)

The adherent E. coli and osteoblasts on the samples were observed
using a SEM (S-4800, HITACHI, Tokyo, Japan). After 4 days of cell
culture followed by 1 day of co-cultivation, E. coli and osteoblasts were
rinsed with 0.1 M sodium cacodylate buffer, and fixed with 2 %
glutaraldehyde in cacodylate buffer at 4 °C for 30 min. They were then
washed with the same buffer and post-fixed with 1 % osmium tetroxide
for 1 h. The samples were dehydrated with serial concentration of
ethanol (50-100 %), substituted with t-butyl alcohol, and freeze-dried.
The samples were sputter-coated (E-1010, HITACHI) with gold for 15

s and observed using SEM at an accelerating voltage of 5 kV.

2.9. Analysis of antimicrobial peptide secretion and protein microarray of
inflammatory cytokines and chemokines

The supernatants collected after 1 day of co-culture were centri-
fuged, and then frozen at —20 °C until the analysis. The release of
antimicrobial peptide was evaluated by enzyme-linked immunosorbent
assay (ELISA). Mouse p-defensin 2 (DEFB2) and 3 (DEFB3) levels were
measured using Mouse Beta-defensin 2 ELISA Kit (MyBioSource, CA,
USA) and Mouse Beta-defensin 3 ELISA Kit (MyBioSource), respectively,
according to the manufacturer's protocol.

The concentrations of 40 inflammatory cytokines, chemokines, and
growth factors in the supernatants (n = 6) at 10-fold dilutions were
determined using a Quantibody Mouse Inflammation Array I kit (Ray-
Biotech, Inc. Norcross, GA, USA) according to the manufacturer's in-
structions. This assay enables quantitative analysis of 40 inflammatory
markers simultaneously from a single supernatant. Signals (green fluo-
rescence, Cy3 channel, excitation at 555 nm, and emission at 565 nm)
were captured using a GenePix 4400 A laser scanner (Molecular Devices,
LLC, USA) and extracted using GenePix Pro 7 software (Molecular De-
vices). Quantitative data analysis was performed using RayBiotech
mouse Inflammation Array 1 software (QAM-INF-1_Q-Analyzer). The
concentrations of inflammation markers were calculated using standard
curves between the concentrations and Cy3 signals. When Cy3 signals
were above the upper limit or below the lower limit of the standard
curves, the limit values of the curves were used. When the signals of
more than half of the samples in both Flat and Groove were below the
lower limit of the standard curves, the cytokines were excluded from the
analysis.

2.10. Statistical analysis

To compare the data between the two groups, a two-tailed unpaired
t-test or Mann-Whitney U test was used. Statistical significance was set at
P < 0.05. EZR version 1.41 software was used for the statistical analysis
[34].
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3. Results
3.1. Surface characterization

3D laser scanning images revealed that the groove surface structures
were successfully achieved in Groove samples (Fig. 2(A)). The pitch and
depth of grooves were quantitatively analyzed, and Groove had a pitch
of 101.6 + 7.6 pm and a depth of 100.5 + 9.5 pm. The average surface
roughness (Ra) of Groove sample was significantly higher than that of
Flat (Flat; 5.0 £+ 0.3 pm, Groove; 24.5 + 2.6 pm).

(A)
Groove

ease70 Foh;

MM

" 645.670 ym

‘ Depth;
100.5
645.982 um 645.982 um
-130

Ra; 5.0 £ 0.3 ym Ra; 24.5 £ 2.6 ym

101.6 *

+ 9.5 um

Cell alignment
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3.2. Osteoblast arrangement

Immunofluorescence images of the cells, cell orientation angle his-
tograms, and degree of cell orientation after 4 days of culture are shown
in Fig. 2(B). The osteoblasts on the Groove were preferentially elongated
and aligned along the groove direction, whereas cell alignment was not
observed on the flat surface. The cell orientation angles in the Groove
were distributed about the center of zero, and the degree of cell align-
ment in the Groove was significantly higher than that in Flat. Type I
collagen fibers secreted by the osteoblasts on the Groove tended to
orient along the cell alignment direction, while collagen on the Flat

© Flat
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Collagen I
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(B) Flat Groove
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Fig. 2. (A) 3D topographical images of Flat and Groove samples obtained using laser scanning microscope. (B) Immunofluorescence images of osteoblasts, histo-
grams of cell orientation angle, and the degree of cell alignment cultured on Flat and Groove samples. Green: F-actin, blue: nuclei, and red: vinculin. ** P < 0.01. (C)
Immunofluorescence images of Type I collagen. Arrowheads indicate collagen fiber. On the grooved sample, well-aligned collagen fibers parallel to the groove

direction are represented.
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Fig. 3. (A) SEM images of the samples after cultivation of osteoblasts and E. coli. Arrowheads indicate E. coli adhered to the samples. The live cell ratio of the
osteoblasts in coculture with E. coli. N.S.; not significant. (B) Representative images of CFU analysis using Colony Counter 1.0 software. (C) Agar plates of each sample
and the quantitative result of CFU analysis (100-fold diluted values). * P < 0.05 (Mann-Whitney's U test).
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surface was not oriented (Fig. 2(C)).

3.3. Effects of the osteoblast arrangement and secreted matrix orientation
on E. coli adhesion

The SEM images of the samples with cells after co-cultivation are
shown in Fig. 3(A). In the Flat sample, many E. coli adhered to osteo-
blasts, whereas the number of adhered bacteria decreased in the Groove
sample.

The number of adhered E. coli on the samples was quantitatively
analyzed using the agar plate method. Highly aggregated colonies were
observed on two plates of Flat with cells. These were excluded from this
study. Representative CFUs counted images, images of the agar plates
cultured overnight, and the CFU per mL of each sample are shown in
Fig. 3(B, C). The CFU of Groove with cells was significantly lower than
that of Flat. Flat and Groove with the bone matrix exhibited almost no
CFUs, and no significant differences were observed between the Flat and
Groove with the bone matrix.

3.4. Cell viability after co-culture of E. coli and osteoblasts

Cell viability after co-culture of E. coli and osteoblasts was assessed
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by live/dead staining. The quantitative analysis of fluorescent micro-
scope images of the samples showed that the cell viability was not
significantly affected by the unidirectional groove structure.

3.5. Secretions of inflammatory cytokines and antimicrobial peptides

Among the 40 inflammatory markers, 6 were significantly different
between the Flat- and Groove-type samples. The levels of IL-1f (Inter-
leukin-1p) in Groove with cells were significantly lower than that in Flat
(Fig. 4). Groove with cells showed significantly greater levels of TIMP-1
(Tissue inhibitor of metalloproteinase-1) than Flat. IL-10 (Interleukin-
10), IL-21 (Interleukin-21), and GM-CSF (Granulocyte-macrophage
colony-stimulating factor) in the Groove with bone matrix were signif-
icantly decreased compared to those in the Flat. Groove with bone
matrix showed significantly higher expression of MIP-1y (Macrophage
inflammatory protein-1 gamma) than Flat. In contrast, no significant
differences were observed between Flat and Groove for IL-6 (Inter-
leukin-6). The secretion levels of DEFB2 (coding p-defensin2) and
DEFB3 (coding p-defensin3) after 1 day of co-culture are shown in Fig. 5.
Groove with bone matrix showed significantly higher levels of DEFB2
and DEFB3 than Flat.

DEFB3
70
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Fig. 5. Quantitative results of DEFB2 and DEFB3 secretions using ELISA analysis. * P < 0.05, ** P < 0.01.
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4. Discussion

Bone functionalization has been investigated by focusing on only
bone mineral density as an indicator for decades. The micro-
organization of the bone matrix has been increasingly recognized as a
bone quality index and its importance in bone mechanical functions has
been now widely accepted all over the world. The degree of preferential
collagen and apatite orientation has been discovered as an indicator of
trabecular bone health [35]. In addition, deteriorated collagen and
apatite microstructures are the primary factor of bone dysfunction
involving cancer [36], osteoporosis [37], and RA [28]. Therefore,
maintaining bone microstructure could be essential for preserving bone
tissues in healthy conditions. A clinical study also reported that an open
bone fracture is a risk factor for osteomyelitis, a bone infection caused by
bacteria [38]. Indeed, during the bone regeneration process, the re-
covery of the collagen and apatite orientation requires a longer period
than that of the bone mineral density [29]. These suggest the possible
association between disorganized collagen and apatite microstructure
and the risk of bacterial infection. However, the relationship between
bone matrix organization and bacterial infection has not yet been re-
ported. This is the first study to investigate the effects of the bone-
mimetic organized microstructure of bone matrix on bacterial infection.

Our previous studies have demonstrated that anisotropic topography
with optimal dimensions induces osteoblast elongation and alignment
[39-41]. The aligned osteoblasts produce preferentially oriented
collagen matrix parallel to the direction of the cell body [31]. In addi-
tion, L-PBF-fabricated unidirectional microgrooves have been reported
to control the osteoblast alignment and further the bone matrix orga-
nization [42]. In this study, we prepared a unidirectional groove struc-
ture on medically licensed Ti-15Mo-5Zr-3Al alloy using L-PBF method.
Micrometer-scaled groove structure was successfully fabricated by L-
PBF. Immunofluorescence analysis revealed preferential alignment of
osteoblasts along the groove direction. The collagen matrix produced by
the aligned osteoblasts was oriented parallel to the direction of the
osteoblast alignment, which is consistent with our previous study [31].

To demonstrate the effectiveness of the antimicrobial activities of
implants, co-culture models of osteoblasts and bacteria, such as Staph-
ylococcus aureus, Staphylococcus epidermidis, and E. coli have been
established in previous reports [32,33,43,44]. In these models, osteo-
blasts and bacteria were simultaneously seeded, or bacteria were inoc-
ulated (several hours) after seeding of osteoblasts on the implants, as the
antimicrobial properties were provided for the implant surfaces to
inhibit bacterial adhesion. We prepared samples with osteoblast
attachment and bone matrix secretion and then E. coli was co-cultured to
evaluate the effects of preferentially oriented osteoblasts and bone for-
mation by groove structures on bacterial adhesion.

Quantitative analysis demonstrated that the amount of adhered
E. coli on Groove with cells was significantly lower than that on the Flat.
SEM images showed an apparently increased number of E. coli cells
adhering to randomly oriented osteoblasts compared to that on highly
oriented osteoblasts, indicating that the aligned osteoblasts could
impede E. coli adhesion. Bacteria could not only attach to implant sur-
faces but also to host cells. The adhesion of E. coli to host cells requires a
multistep process [45]. Bacteria initially attach to cells without under-
going molecular interactions. In this step, the glycocalyx, a layer of
glycosylated proteins and lipids covers host cells and inhibits the bind-
ing of bacterial adhesion to ligands on the cell surface. Bacteria easily
detach from the glycocalyx layer on their cell surface. Subsequently,
bacterial adhesions bind to their target receptors, resulting in bacterial
infection. Thus, the conditions of the glycocalyx layer on the cells are
possibly related to the inhibitory effect on E. coli adherence to highly
oriented osteoblasts. A previous study revealed that osteoblasts were
coated with a glycocalyx-rich layer [46], and the distribution of this
layer was altered in accordance with the cytoskeletal reorganization
induced by shear stress. The elongated cells under shear stress stimu-
lation are covered by the uniformly redistributed glycocalyx layer
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[47-49]. These reports indicate the interesting findings of relations
between the host cell cytoskeletons and bacterial adhesion. The uni-
formly covered glycocalyx layer on the aligned osteoblasts may impede
E. coli adherence. Our next study will investigate the effects of glyco-
calyx layer uniformity of aligned osteoblasts on bacterial attachment. In
spite, both Flat and Groove samples with bone matrix showed low CFU,
and no significant differences were observed. This suggests that
osteoblast-produced bone matrix shields from E. coli adhering to cells.

Bacterial attachment activates the immune system to prevent bac-
terial colonization [50]. Although osteoblasts have been primarily
studied as bone-forming cells, recent studies have revealed that they can
also be characterized as inflammatory cells. The release of inflammatory
cytokines by osteoblasts in response to bacterial stimulation has been
described [51,52]. In this study, the secretion of inflammatory cytokines
was evaluated quantitatively. The cells on Flat exhibited the signifi-
cantly increased secretion of IL-1p, which was found to be a biomarker
for the detection of inflammatory diseases such as periprosthetic joint
infection [53,54], compared with Groove. This was consistent with our
CFU results. Interestingly, the secretion levels of inflammatory cytokines
were clearly affected by anisotropic bone matrix secretion, whereas no
significant differences were observed in the CFU analysis. Organized
texture-controlled bone matrix showed significantly lower secretion of
IL-10, GM-CSF, and IL-21 than Flat. Inflammatory cytokines have been
reported to be indicators of bacterial infections. The secretion levels of
IL-10 [54,55], GM-CSF [56,57], and IL-21 [58,59] in the synovial fluid
and plasma of RA, PJI, and periodontitis patients have been investi-
gated, and these levels in patients with inflammatory diseases have been
reported to be upregulated compared to those in healthy or aseptic pa-
tients. Thus, the decreased IL-10, GM-CSF, and IL-21 levels in the Groove
with bone matrix indicated that the formation of preferentially oriented
bone could lead to lower E. coli adhesion than that of non-oriented bone.
This might result in decreased severity of bacterial infections. In
contrast, the significant increase of MIP-1y in Groove with bone matrix
compared with Flat was shown. MIP-1y has been reported to enhance
the differentiation, activation, and survival of osteoclasts during bone
resorption [60,61]. This suggests that infected bone tissues may be
immediately resorbed by osteoclasts that are activated through MIP-1y
secretion.

The inflammatory responses are strictly controlled under the mo-
lecular interactions involving the secretion of antimicrobial peptides.
The antimicrobial peptides B-defensins are expressed in mammalian
cells in response to bacterial infections [62,63], and have been shown to
have neutralizing effects on the proinflammatory response [64]. For
instance, the release of TNF-alpha and IL-6 in LPS-treated mice was
significantly suppressed in the presence of human p-defensin 3, and pro-
inflammatory protein and gene expression were inhibited [65]. In the
present study, the secretion levels of p-defensin 2 and p-defensin 3 of
aligned osteoblasts with bone matrix were significantly higher than
those in the Flat. This indicates that the anisotropic bone matrix sup-
presses inflammatory cytokines through the production of p-defensin 2
and B-defensin 3. Additionally, p-defensins have been found to have
broad antimicrobial activities [64]. The inhibitory effects of human
B-defensin 2 on biofilm formation by Gram-negative bacteria have been
previously demonstrated [66,67]. Human p-defensin 3 has antimicrobial
activity against Gram-negative and -positive bacteria [68,69]. These
results indicate that higher secretion of p-defensin 2 and f-defensin 3
could provide greater resistance to bacterial adhesion and biofilm for-
mation. Overall, the formation of an oriented collagen/apatite matrix
induced by a unidirectional groove structure could possess the excellent
potential for host defense against E. coli infection due to its higher
expression of antimicrobial peptides. The hypothesized mechanism is
illustrated in Fig. 6.

The novel findings of our study are as follows: First, the alignment of
osteoblasts on a unidirectional groove structure has inhibited E. coli
adhesion to them. Bone matrix production also prevented the adhesion
of E. coli to material surfaces. This is evidenced by SEM and CFU analysis
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Fig. 6. A hypothesized mechanism of resistance of highly organized bone to E. coli infection.

after co-culture of E. coli and osteoblast. Second, the highly oriented
collagen/apatite matrix could possess great host defense potential
against E. coli infection through the higher secretion of the antimicrobial
peptides, p-defensin 2 and B-defensin 3. These peptides might neutralize
the proinflammatory cytokine production. To the best of our knowledge,
this is the first study to demonstrate the antimicrobial activity of the
highly organized collagen/apatite matrix controlled by a material sur-
face characteristic.

Our recent research developed a new intervertebral spacer with an
original honeycomb tree structure (HTS) design that has a unidirectional
microgroove structure [42,70]. This spacer exhibited greater interfacial
strength and earlier induction of bone with a preferentially oriented
collagen/apatite microstructure than the conventional gold standard
autologous bone graft. Additionally, HTS guided the alignment of os-
teocytes along groove direction, indicating that the osteocytes sense
principal loading stress along the cephalocaudal axis [71,72]. Thus, HTS
spacer enables the maintenance of long-term bone health. The results of
our present study suggest that intervertebral spacers with HTS have a
great advantage of high resistance to E. coli infection through the in-
duction of preferentially oriented bone.

This study has some limitations. First, the secretion levels of in-
flammatory markers were overestimated to some extent as values lower
than the minimum of the calibration curves were replaced by the lower
limit. Second, Gram-negative E. coli was used in this study, although
many clinical studies have revealed that the main causative bacteria in
postoperative infections are Gram-positive methicillin-resistant Staphy-
lococcus aureus (S. aureus) [73,74]. However, infections caused by Gram-
negative bacteria have a higher risk of aseptic loosening after revision
surgery due to higher lipopolysaccharide (LPS)-induced osteoclast dif-
ferentiation than those caused by Gram-positive bacteria [75]. Thus,
antimicrobial activity against Gram-negative and -positive bacteria is
crucial.

5. Conclusion

A co-culture model of osteoblasts and E. coli was developed to
investigate the effects of preferentially oriented bone formation on
bacterial infections. The groove structure successfully induced the
alignment of osteoblasts and bone matrix along the groove direction.
The adhesion of E. coli to host cells was significantly reduced in the
aligned osteoblasts. The production of bone matrix by osteoblasts also
decreased E. coli adhesion. Additionally, the secretion of inflammatory

markers in response to E. coli stimulation was altered depending on the
anisotropy of osteoblasts and their produced bone matrix organization.
The organized bone matrix led to decreased inflammatory cytokine
secretion in response to E. coli stimulation. The results indicate a great
potential for the oriented organization of bone matrix on infection
resistance. Notably, significantly increased secretion of antimicrobial
peptides was observed in the oriented bone matrix compared to that in
the non-oriented bone matrix. Our findings provide novel infection
mechanisms and an anti-infection strategy for implant development.
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