HAEH AM A > 75 2 PR OPTR FEEHIT O 7280 D
in vitro ILEEFE T T O ER

Development of in vitro Co-Culture Model for Antibacterial Evaluation of
Additively Manufactured Metal Biomedical Implant Materials

BREFEER-MRBAE- UHFAE-MRAME

%l HeomEHS -hHEH
Tadaaki MATSUZAKA, Tomoki KOSAKA, Riku YAMANO, Kazuma FUNAOKU,
Tian LIU, Aira MATSUGAKI and Takayoshi NAKANO

(A~<— k7t 22458 Vol. 14, No. 5 (2025) Blkl)



HZEs/mSC .~ Regular Research Article

HAEH AM 1 > 75 2 MR OPIR RO 72 0 0
in vitro LEZFEE 7))V DOREER

Development of in vitro Co-Culture Model for Antibacterial Evaluation of
Additively Manufactured Metal Biomedical Implant Materials

WMIRER -/PMRBAE -UFXE -MHEAME"

£l TR E NS P EHFREH

Tadaaki MATSUZAKA, Tomoki KOSAKA, Riku YAMANO, Kazuma FUNAOKU,

Tian LIU, Aira MATSUGAKI and Takayoshi NAKANO

(Received 16 July 2025, Accepted 25 July 2025)

Implant-associated infections remain among the most critical complications in orthopedic and dental implantology, frequently leading
to implant failure and necessitating revision surgery. These infections are particularly problematic during the early post-implantation
phase, when the host immune response and bone regeneration processes are not yet fully established. Bacterial adhesion and biofilm
formation during this vulnerable period highlight the importance of evaluating the intrinsic antibacterial properties of implant surfaces.
Additive Manufacturing (AM) has emerged as a transformative technology in implant fabrication, enabling the production of highly
complex, patient-specific three-dimensional structures with precisely controlled micro- and nano-topographies. However, the unique
surface architectures fabricated with AM, which are potentially important in modulating host responses and infection dynamics, are
not yet matched by in vitro evaluation systems capable of capturing such biologically relevant interactions. In particular, conventional
assays lack the capacity to simultaneously assess bacterial behavior and host cellular responses. In this study, we developed a novel in
vitro antibacterial evaluation platform incorporating a co-culture model of bacteria and primary osteoblasts, designed to better simulate
the early biological environment encountered by implants. We first established a quantitative bacterial colony counting method based on
image-based area correction and optimized both the bacterial seeding density and co-culture conditions to ensure reliable measurement
of bacterial proliferation and osteoblasts viability. The system was then applied to AM-fabricated titanium substrates with or without
unidirectional microgrooves. Under mono-culture conditions, bacterial viability did not differ significantly between groove and flat
substrates. In contrast, in the co-culture setting, only the groove substrates exhibited a marked antibacterial effect, characterized by
reduced bacterial survival alongside sustained osteoblasts morphology. This response was not detectable using conventional mono-
culture-based assays. These findings indicate that the antibacterial performance of 3D-structured AM implants is highly context-
dependent, becoming apparent only under biologically relevant, cell-interactive conditions. The proposed co-culture model provides a
robust and physiologically meaningful platform for evaluating implant surface antibacterial properties, with significant implications for

the preclinical assessment of next-generation AM biomaterials.
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Fig.1 Image-based quantification method for viable bacterial colonies.
(A) Representative image of an agar plate showing visual
classification of bacterial colonies into single (black) and
merged (gray) categories based on their shape and size. (B)
Enlarged view highlighting the identification of overlapping
colonies (arrowheads) and individual single colonies (white
arrows) . Merged colonies were quantified by estimating the
number of single-colony equivalents based on total area. A
schematic workflow of the analysis procedure is presented at the
bottom of the figure.
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Fig.2 Optimization of bacterial seeding density and incubation time.
Representative colony images of bacteria seeded at three
concentrations (A, B, C: 1 day incubation, D, E, F: 3 days
incubation): A, D = 1x 10’ CFUs/mL, B, E = 1 X 10' CFUs/mL,
C,F=1x10°CFUs/mL.

Table 1  Quantitative analysis of bacteria colony formation as a function
of seeding densities and culture durations. Values are expressed
as number/cm’.

(Number/cm?)
1da;

<S8y 1.0 % 10° cevjme 1.0 X 10" cruyme 1.0 X 102 crvjme
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Single 17.7 £ 3.1 46.0 +12.5 276.7 + 81.4
Merged 263 +4.6 5353+ 107.4 495.3 + 108.7
Total 44.0 + 6.0 581.3+101.7 7720+ 176.8
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Optimization of co-culture conditions for osteoblasts and
bacteria. Phase-contrast microscopy images after 24 hours of co-
culture under different bacterial seeding densities. (A) At 1 X
10' CFUs/mL, osteoblasts (indicated by yellow arrows) showed
well-spread morphology. (B, C) At higher densities (1 X 10* and
1X10° CFUs/mL), excessive bacterial proliferation inhibited
osteoblast viability and spreading.
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Fig. 4 Quantitative analysis of viable bacteria on AM-fabricated

substrates. (A) Laser scanning microscopy images showing
surface topography of AM-fabricated Groove substrate.
Fluorescence images showing bacterial colony distribution
after 24 h culture: (B, C) Mono-culture of bacteria on Flat
and Groove substrates. (D, E) Co-culture with osteoblasts
on Flat and Groove substrates. Single colonies are shown in
magenta, and merged colonies in cyan. (F) CFU quantification
in mono-culture conditions showing no significant difference
between substrates (n.s.). (G) CFU quantification in co-culture
conditions showing a significant reduction in bacterial viability
on Groove substrates (¥*: p <0.01).
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