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2.10. Giemsa Staining. For the histological analysis of cells on
titanium surfaces, Giemsa staining was used. After cell fixation (as
above), the cells were stained with Giemsa stock solution (MERCK,
Germany) for 1 min and washed thoroughly with distilled water. The
samples were air dried and observed using a Zeiss immunofluor-
escence microscope at 495/519 nm and under normal light. This
staining method allowed visualization of the cell nuclei and cytoplasm,
providing information on cell morphology and organization on the
titanium surfaces.
2.11. Statistical Analyses. All statistical analyses were performed

using GraphPad Prism V9. Data were analyzed by ANOVA with the
Tukey HSD post hoc test, and p-values <0.05 were considered
significant. Unless otherwise stated, values given are mean ± standard
deviation and are representative of three experimental replicates (n =
3) performed in duplicate.

3. RESULTS
3.1. Functionalization of Titanium Surfaces with

ChoM. Flat titanium (control) and NS surfaces were
functionalized with ChoM through physical adsorption,
whereby 40 μL of ChoM in deionized water was left to dry
onto the surfaces. Peptide was adsorbed onto the surfaces at
increasing micromolar concentrations above its MIC values to
compensate for the potential loss of the peptide from the
surface and to establish an optimal concentration for surface
functionalization (25 M, 50 M, and 100 μM). SEM was used to
assess the homogeneity of initial peptide coatings on the
titanium surfaces and over a 3-h elution period (Figure

2A,B,E). The flat surfaces showed more homogenous or larger
peptide deposits with only some of the coating remaining
visible 30 min into the elution period. By contrast, the peptide
coverage on the NS surfaces appeared to lack homogenous
distribution with some NS areas covered with the peptide
material more visibly than others. Much of the peptide coating
on the NS surfaces remained visible after a 10-min elution
period. Only the tips of the nanospikes could be visualized
where the coating was thick. The peptide functionalized
surfaces were further characterized using XPS to confirm
peptide presence by detecting the nitrogen peak at 399 eV
(Figure 2C). The peak corresponds to the amine group and
was detected on both flat and NS functionalized surfaces,
confirming the presence of ChoM. It was also found that the
relative atomic percentage of amine groups on the flat surfaces
was significantly higher than on the NS surfaces, suggesting
that more peptide was retained on the flat surfaces compared
to on the NS surfaces. Our XPS analysis also confirmed that
the nanospikes consisted of pure titanium dioxide and a small
amount of metal hydroxides (Supplementary Figure 1). No
sodium from the sodium titanate was present following the ion
exchange treatment with HCl before annealing, but the
presence of −OH groups on the nanospikes was expected.

The ChoM release profiles for each surface across the
concentration range were determined by measuring absorb-
ance of the eluate at 280 nm. This wavelength is used to detect
aromatic residues in peptides, of which in ChoM, there are two

Figure 3. Viability of bacteria on di%erent functionalized NS surfaces. The antibacterial activity of titanium surfaces functionalized with 0−100 μM
ChoM was assessed against (A) E. coli over 3 h using BacTiter-Glo or (B,C) using RealTime-Glo against (B) S. aureus over 8 h or (C) S. epidermidis
over 18 h. Data are presented as mean ± SD. *P < 0.05 compared to the control as determined by one-way ANOVA with Tukey HSD post hoc
test; n = 3.
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(tryptophan and phenylalanine). For the flat surfaces, there
was a rapid release of peptide into the MH broth within the
first 30 min and once reached, the maximum absorbance signal
was maintained over the 3-h period (Figure 2D). Based on
these data and the SEM observations, it was estimated that
>90% of the AMPs were released from the flat surface after 3 h.
In comparison, the NS surface generally showed a lower overall
level of peptide release but increases still occurred beyond 1 h
in a dose-dependent manner, indicating a more gradual peptide
release after the initial 10-min period. The exception to this
was for the NS disk functionalized with 25 μM ChoM where
no gradual increase in absorbance was observed after the initial
10-min release.
3.2. Bactericidal Activity of Peptide-Functionalized

Surfaces. Having demonstrated the release of ChoM into the
local environment, the next step was to determine the
antibacterial properties of the functionalized NS surface. The
control used in this study was the nonfunctionalized flat
surface.

After the first hour of incubation with E. coli, there was a
70% reduction in viable bacteria on the NS surface when
compared to the flat surfaces. Cell numbers increased on both
nonfunctionalized surfaces up to 3 h, indicating some degree of
bacterial growth, but the significant di%erence in viability was
maintained, confirming the antibacterial properties of the NS
surface alone. When functionalized with 25 μM ChoM, the flat
surface showed significant antibacterial activity after 1 h of
incubation compared to the control surface and bacterial
growth continued at a limited rate after 3 h. When the flat
surface was functionalized with peptide at the higher
concentrations, total inhibition of E. coli growth was observed
over the 3-h incubation period (Figure 3A).

There was a significant reduction in bacterial growth for the
NS-25 μM surface relative to the control and NS surfaces after
1 h, but no significant di%erence was found when compared to
the Flat-25 μM surface. The bacteria were still able to

proliferate on the NS-25 μM surface over the 3-h period but at
a significantly slower rate compared to the nonfunctionalized
surface. After 3 h, there was a 75% reduction in cell viability for
the functionalized NS surface compared to the nonfunction-
alized surface. In contrast to the flat surface, when the NS
surface was functionalized with higher peptide concentrations
(i.e., 100 μM), E. coli still managed to grow after 3 h although
at a much slower rate.

These studies were extended to assess the antibacterial
performance of the NS surface functionalized with 100 μM
ChoM against Gram-positive species, specifically S. aureus and
S. epidermidis. These studies were run using the RealTime-Glo
assay until growth of the population started to decline, which
was after approximately 8 or 18 h, respectively (Figure 3B,C).
On the nonfunctionalized flat titanium surface, the lumines-
cence signal generated by S. aureus increased over 8 h, reaching
a maximum of 1.2 × 105 RLU. As before, the presence of
nanospikes significantly impaired S. aureus growth relative to
control, with a maximum RLU of 7 × 104 reached after 8 h.
Following functionalization, a slower level of growth was seen
on the flat surface compared to the nonfunctionalized control,
reaching a plateau between 6and 7 h at a RLU of 3.0 × 1044. By
contrast, functionalization of the nanospikes with ChoM
ablated S. aureus growth over the 8 h period. S. epidermidis
displayed an even greater susceptibility to the nanostructures
in the presence of ChoM. Upon incubation on the NS, Flat-
ChoM, and NS-ChoM surfaces, no growth was detected over
the 18-h period, whereas S. epidermidis growth on the flat,
nonfunctionalized control reached an RLU of 2.3 × 104 after
18 h.
3.3. Biocompatibility of Peptide-Functionalized Sur-

faces. Antibacterial strategies tend to also be detrimental to
eukaryotic as well as prokaryotic cells.18 Therefore, an
additional aspect of these studies was to determine any
reduction in biocompatibility and osteogenic potential of the
NS surface following functionalization with ChoM. This is an

Figure 4. Immunofluorescent staining of hMSCs after 3 days on di%erent surfaces. hMSCs were seeded onto (A) nonfunctionalized flat, (B)
nonfunctionalized NS, (C) ChoM-coated flat, and (D) ChoM-coated NS surfaces at 3000 cells/cm2 and incubated for 3 days at 37 °C in 5% CO2.
Cells were washed, fixed, and then stained for vinculin (green) and actin (red). Nuclei were stained with DAPI (blue). White arrows indicate actin
focal points.
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important consideration for the intended application as an
implant material as host cell adhesion to the implant material is
required for long-term infection control in winning the “race to
the surface.”19

To determine if ChoM functionalization of the nanospikes
a%ected human mesenchymal stem cell (hMSC) adherence to
the titanium surfaces, immunofluorescent staining was used to
visualize focal adhesion formation. Cell elongation and a well-
organized cytoskeleton were visualized on the flat titanium
disks in the presence or absence of ChoM (Figure 4A).
Numerous focal adhesion points could be seen (in red and
highlighted with white arrows), indicating attachment to the
titanium surfaces. These adhesion points were observed along
the leading edges of the cells, highlighting the movement of the
cell in multiple trajectories across the surface. Lamellipodia and
filopodia were also present as the cells spread on the surface.
On the NS surface, smaller hMSCs were observed with less
evidence of cell spreading or motility across the surface (Figure
4B). These images suggest that after 3 days, the hMSCs
preferred to attach and spread on flat titanium rather than the
nanospikes. The presence of the ChoM coating had no
discernible e%ect on these interactions. This slower adhesion
has been observed before on high aspect-ratio nanotopog-
raphies,20 but it is important that the hMSCs did adhere and
the ChoM did not have further detrimental e%ects.

We also utilized Giemsa staining to visualize and assess the
morphology and confluency of the hMSCs on the tested
surfaces after the 28-day incubation period. Osteogenic
medium was used as a positive control to provide an
environment to support hMSC adhesion and proliferation on
both flat titanium and NS surfaces (Figure 5A,D). After 28
days on the nonfunctionalized flat titanium (Figure 5B), the
hMSCs were clearly visible with the nuclei stained dark blue/
purple and the cytoplasm a light blue. The cells had formed a
dense layer with a range of morphologies, and the majority of
cells demonstrated spreading and motility across the surface

with elongated and stretched membranes. The morphology
was similar to hMSCs grown in osteogenic medium (Figure
5A). The presence of ChoM did not adversely a%ect growth
(Figure 5C).

Visualization of cells on the nanospikes with the light
microscope was challenging due to the underlying color of the
disks (Figure 5D−F), which was not seen on the flat surface.
There was also high intradisk and interdisk variability in color
and patterning. Nonetheless, a dense coverage of hMSCs was
seen across the nonfunctionalized NS surface with cell growth,
stretching, and motility evident for the majority of cells (Figure
5E). There was no observable di%erence in morphology
compared to the cells grown in osteogenic medium (Figure
5D), and cells were comparable when grown on NS disks with
the ChoM peptide coating (Figure 5F). Together, these results
suggest that the hMSCs could adhere, grow, and spread across
the nanospikes, as well as on the flat surface, regardless of the
presence of ChoM. In all instances, however, no significant
osteogenic di%erentiation occurred during the 28-day time
period.

To investigate the biocompatibility of the surfaces over the
extended 28 day period, the alamarBlue assay was used. This
assay quantitatively determines the viability of mammalian cells
by measuring the innate reducing power of a cell. Living cells
take up and reduce resazurin into resorufin, which fluoresces
red. On day 3, hMSC viability was around 60% on both the flat
and NS surfaces with or without ChoM functionalization
(Figure 6A). A similar trend was seen at days 7, 14, and 21
with cells on all surfaces exhibiting viability values of ∼100%
(Figure 6B−D). In 28 days, the longest timepoint was tested,
and the viability dropped slightly for all the surfaces to
approximately 70% (Figure 6E). Again, there was no
statistically significant di%erence between the surfaces ±
ChoM, indicating that the peptide did not cause any
cytotoxicity. These results demonstrate that while initial
hMSC attachment dynamics were slower on the NS surface

Figure 5. Brightfield imaging of Giemsa-stained hMSCs on di%erent surfaces. hMSCs were seeded onto (A) nonfunctionalized flat (positive
control), (B) nonfunctionalized flat, (C) ChoM-coated flat, (D) nonfunctionalized NS (positive control), (E) nonfunctionalized NS, and (F)
ChoM-coated NS titanium disks. The disks were seeded with 3000 cells/cm2 and incubated for 28 days at 37 °C in 5% CO2. Positive control disks
(A,D) were incubated in osteogenic medium. Cells were washed, fixed, and then stained with Giemsa stain. Red brackets highlight individual cells.
Scale bar, 200 μm.
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