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Stainless steel 316L (316L SS) is frequently used in implants and medical devices because of its low cost,
high mechanical strength, and adequate biocompatibility. However, its bioinert nature limits osseointegra-
tion, often confining its applications to temporary uses. To address this issue, surface modifications such
as oxide coatings and peptide adsorption have emerged as promising strategies to enhance the bioactivity
of 316L SS. This study explores the surface modification of 316L SS substrates through sandblasting, fol-
lowed by the deposition of a TiO, layer and subsequent biofunctionalization with a cementum attach-
ment protein-derived peptide (CAP-pl5) via physisorption using three different concentrations. The
modified surfaces were characterized using X-ray photoelectron spectroscopy (XPS), scanning electron
microscopy coupled with energy-dispersive X-ray spectroscopy (SEM/EDX), surface roughness analysis,
and water contact angle measurements (WCA). Samples were incubated in artificial saliva (AS) for 21 days.
The resulting peptide release, surface microstructure, the morphology and chemical composition of the
deposits were evaluated. Additionally, human periodontal ligament cells (hPDLCs) were cultured on the
modified surfaces to assess cell viability and attachment. Characterization revealed significant changes in
surface chemistry, roughness, and wettability following functionalization. In vitro testing in AS demon-
strated the formation of carbonated apatite, indicative of enhanced bioactivity. Furthermore, hPDLCs cul-
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tured on functionalized surfaces exhibited enhanced viability, improved adhesion, and enhanced cell
spreading. These results suggest that peptide-based functionalization with CAP-p15 is a promising strat-
egy for enhancing the osseointegration potential of 316L SS, offering valuable prospects for bone tissue

rsc.li/biomaterials-science regeneration.

Titanium and its alloys are recognized for their excellent biocom-
patibility and resistance to corrosion, mainly due to the develop-

Introduction

In the biomedical field, metals represent approximately 70%
of implants and medical devices produced owing to their high
fatigue resistance, inertness, acceptable biocompatibility, long-
term wear, corrosion resistance, and, in certain cases, low-cost
production.’?

The most used metals for these purposes are titanium (Ti),
cobalt-chromium (Co-Cr) alloys, and stainless steel (SS). Each
metal offers unique advantages depending on the application.
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ment of a titanium oxide (TiO,) layer during the passivation
process. Co—Cr alloys are extremely resistant to corrosion and
wear, which makes them suitable for high-load devices such as
knee and hip replacements, heart valves, and fixation plates.’®

Due to its low cost, mechanical strength, ductility, and
acceptable biocompatibility, stainless steel (SS), particularly
austenitic grade like 316L, is widely used in medical devices
such as stents, screws, heart valves, and surgical wires.
Nonetheless, 316L SS has limitations regarding corrosion resis-
tance and osseointegration, making it more suitable for tem-
porary applications. The primary concern with SS in bio-
medical settings is its vulnerability to corrosion when exposed
to bodily fluids such as saliva and plasma, which create a cor-
rosive environment that degrades the protective oxide layer
and leads to the release of potentially cytotoxic metal ions,
including nickel. This can trigger inflammatory responses and
compromise long-term implant stability.*"®

This journal is © The Royal Society of Chemistry 2025
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Given the critical role of bone-implant contact in achieving
successful osseointegration, various surface modification tech-
niques have been developed to enhance corrosion resistance
and promote biological responses.” In this regard, surface
modifications, such as roughness induced by mechanical
abrasion (e.g., sandblasting or acid etching) or the addition of
bioactive materials like oxides and peptides, have been shown
to improve cell attachment and osseointegration.®°

Although the ideal surface roughness for enhancing
osseointegration remains uncertain, surfaces with moderate
roughness (Ra ~1-2 pm) are believed to elicit the most robust
bone response.'® Furthermore, incorporating titanium oxide
layers on implants further enhances protein adsorption and
promotes osteoblast interaction, improving overall bioactivity
and implant performance."*

Recently, the use of short peptide sequences has emerged
as a versatile method for enhancing implant surfaces, thanks
to their straightforward synthesis methods, ability to improve
cell behavior, and capability to facilitate mineral formation
and osteogenic differentiation.™*™®

Typically, these peptides are derived from extracellular
matrix proteins such as fibronectin (FN) or bone sialoprotein
(BSP). Nevertheless, the use of peptides derived from dental
tissues for surface modification is still relatively unexplored.
Studies have reported that proteins from dental tissues, such
as Copine-7 (CPNE7), full-length amelogenin (AMELX), and
extracts from dentin matrix acidic protein 1 (DMP1), can
induce mineralization in mesenchymal stem cells."”°

Cementum is a mineralized connective tissue which covers
the roots of dental organs and provides anchorage for the col-
lagen fiber bundles of the periodontal ligament and the supra-
alveolar gingival fiber system, contributing to the biomechani-
cal and structural support for the connective tissue attach-
ment. Recently, a short peptide derived from the cementum
attachment protein (HACD1/CAP; Accession: NM_AY455942.1;
GI: 38503519), composed for 15 amino acids (here after named
CAP-p15), has been shown to support the formation of carbon-
ate hydroxyapatite crystals on amorphous TiO, surfaces, while
also enhancing the proliferation and migration of human peri-
odontal ligament cells (hPDLC) in vitro.>!

Our previous work has demonstrated that CAP-p15 pos-
sesses a hydrophobic and acidic nature, which induces the
mineral precipitation and promotes osteogenic differentiation
when is used to functionalize TiO,-coated substrates.* In
these studies, atomically flat silicon (Si) substrates were uti-
lized to isolate the effects of peptide functionalization, thereby
minimizing the influence of surface roughness on the biologi-
cal response.

This work reports on the use of rough 316L stainless steel
(SS) surfaces coated with TiO, and biofunctionalized with
CAP-p15, evaluating their physicochemical properties and
potential to promote mineral formation while modulating
cellular behavior. Our findings suggest that this bioactive
surface enhances the biological performance of 316L SS,
providing a promising strategy for improving bone tissue
regeneration.

This journal is © The Royal Society of Chemistry 2025
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Experimental
CAP-p15 synthesis

The peptide synthesis was performed as described in the lit-
erature.”® The peptide CAP-p15 was synthesized by the Fmoc
(9-fluorenylmethyloxycarbonyl) solid-phase method and puri-
fied with C-18 reverse-phase liquid chromatography to achieve
a purity level greater than 95% (Byosinth, Gardner, MA, USA).
The lyophilized peptide was dissolved in distilled deionized
water, filtered through a 0.22 pm filter, and stored at 4 °C
before use.

Preparation of the substrates and TiO, coating deposition

316L stainless steel (316L SS) plates were cut into 1 cm?
squares. Surface roughness was induced using a sandblasting
method with SiO, particles, as previously described.”*?
Before TiO, deposition, the plates underwent ultrasonic clean-
ing in acetone, followed by 2-isopropanol and dH,O for
20 minutes each, then dried in a vacuum desiccator for
2 hours at room temperature (RT). The TiO, coating was
applied via magnetron sputtering, following the protocol as
described elsewhere.>*** Briefly, a high-purity titanium target
(4-inch diameter) was used under deposition conditions of
20 mTorr pressure, with a mixed atmosphere of argon and
oxygen (8/4.6 standard cubic centimeters per minute) as sput-
tering gases. We used for this magnetron sputtering a 200 W
radio frequency power source.

316L SS/TiO, surfaces functionalization

Before functionalization, the surfaces were cleaned to remove
any contamination. The 316L SS/TiO, surfaces were ultrasoni-
cally cleaned as previously described, dried in a vacuum desic-
cator for 1 hour, and sterilized under UV light before use. For
the physical adsorption of CAP-p15 onto the 316L SS/TiO, sur-
faces, lyophilized CAP-p15 was dissolved in deionized water to
final concentrations of 0.5 pg mL™", 1 pg mL™", and 1.5 pg
mL™. The 316L SS/TiO, surfaces were coated with CAP-p15
solutions overnight. After incubation, the surfaces were dried
and stored at RT. Bare 316L SS/TiO, surfaces were used as a
control group.

Characterization studies

Morphology and elemental composition of 316L SS/TiO,
substrates. To confirm the deposition of the TiO, layer,
samples were analyzed using field emission scanning electron
microscopy (FE-SEM, JSM-7800) equipped with energy-disper-
sive X-ray spectroscopy (EDX) for subsequent elemental
analysis.

X-ray photoelectron spectroscopy analysis (XPS). The surface
composition was analyzed using X-ray photoelectron spec-
troscopy (XPS) with a Physical Electronics Versa Probe II
system, equipped with a scanning XPS microprobe. The
measurements were conducted under an ultra-high vacuum
condition of 4 x 107® Pa, with an energy source of Al Ka =
1486.6 eV. No argon pre-cleaning was performed to preserve
the attached peptides. Charge compensation was done using a
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dual ion-electron beam. The high-resolution spectrum was
acquired using a pass energy of 20 eV with 0.1 eV resolution,
and eight scans to accumulate enough signal. The data were
analyzed using Multipack®© version 9.9.3 software.

Roughness. Three random zones from each group were
chosen to evaluate the topographic characteristics of pristine
and treated substrates using a Zygo Nexview™ optical profil-
ometer (Zygo Corporation, Middlefield, CT, USA). The average
roughness (Sa) was obtained using the Mx™ software (version
6.4.0.21, Zygo Corporation, Middlefield, CT, USA).

Water contact angle (WCA) measurement. Contact angle
measurement of functionalized and non-treated 316L SS/TiO,
samples was evaluated through the sessile drop method using
a goniometer OCA 15EC (DataPhysics Instruments, Filderstadt,
Germany). Each sample analyzed received 4 pL of deionized
water, and three sites were randomly selected to obtain an
average of the contact angle. Images obtained were analyzed
with SCA 20 software.

In vitro mineralization assay. To evaluate the bioactivity of
the samples both pristine and treated samples were immersed
in an artificial saliva (AS) solution, as described in previous
studies.?®® Each sample was placed in 10 mL of AS solution
for 21 days at 37° C and a pH of 7.4, with the solution being
refreshed every 3 days. After the incubation period, the
samples were carefully removed, rinsed with deionized water,
and dried at RT for further characterization.

Long-term stability assessment. To evaluate the long-term
stability on the substrates, CAP-p15 peptide was labeled with
Alexa Fluor 546 (AF-546) (Invitrogen) as described elsewhere.!
Briefly, 5 pL of AF-546 in dimethylformamide solution (10 pg
pL™") was added to 200 pL of peptide in PBS solution plus
20 pL of 1 M sodium bicarbonate. The solution was incubated
for 1 h at RT. The non-labeled peptide was removed by dialysis
with 4 changes every 4 h using 2 L of Tris buffered saline (TBS)
solution, pH 7.4 with 1.0 kDa dialysis tubing (Spectrum
Laboratories Inc., Rancho Dominguez, CA, USA). After freeze-
drying, the samples were stored at 20 °C. The lyophilized
labeled peptide was dissolved in deionized water to final con-
centrations of 0.5 pg mL™", 1 pg mL ™", and 1.5 pg mL ™" and
spread on 316L SS/TiO, surfaces and incubated for 1 h at RT.
Subsequently, all coated 316L SS/TiO, surfaces (n = 3) were
placed into 24-well plates and incubated in 750 pL of AS at
37 °C. The medium was collected and replaced after 24, 48,
72 h, and every 3 days thereafter until day 21, and the wells
were supplemented with fresh AS. Fluorescence was measured
with an ELISA plate reader (FilterMaxF5) at an excitation wave-
length of 556 nm, with a wavelength correction set at 573 nm.

The concentration was calculated using a standard curve
formula, and the cumulative release (%) of CAP-p15 was deter-
mined using the following equation:

4% == x 100
my
where: d,% is the percentage of cumulative CAP-p15 released at
each time point, m, is the mass of CAP-p15 released at each
time point, and m, is the cumulative CAP-p15 release in 21 days.
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Scanning electron microscopy and energy-dispersive X-ray
spectroscopy analysis (SEM/EDX). Before SEM analysis, the
samples were coated with a thin layer of gold using vacuum-
controlled sputtering equipment and mounted on metallic
stubs with double-sided carbon tape. The distribution and
morphology of calcium phosphate (CaP) deposits, as well as
the Ca/P ratio, were assessed using field emission scanning
electron microscopy (FE-SEM, JSM-7800) equipped with
energy-dispersive X-ray spectroscopy (EDX).

ATR-FTIR analysis. Functional groups on pristine and func-
tionalized surfaces were evaluated using ATR-FTIR in the range
of 4000-500 cm ™" with a Nicolet FTIR model iS50R coupled to
Smart iTX diamond-tipped equipment.

Cell culture. All experiments were performed in accordance
with the Guidelines of the Declaration of Helsinki, and
Experiments were approved by the ethics committee at the
Faculty of Dentistry of the Universidad Nacional Autéonoma de
México (UNAM). Informed consents were obtained from
human participants of this study. The Ethics Committee
reviewed and approved the use of human tissue from the oral
cavity for the generation and culturing of human periodontal
ligament cells (hPDLC). The experimental studies used cells
between the 2" and 5™ passages. The cells were grown and
maintained in DMEM supplemented with 10% fetal bovine
serum (FBS); (Thermo Fisher Scientific, Waltham, MA, USA),
along with antibiotics (penicillin 100 UI mL™; streptomycin
100 pg mL ™) in a 5% CO, and 95% air atmosphere.

Cell viability. Human periodontal ligament cells (hPDLCs)
were cultured in DMEM supplemented with 10% fetal bovine
serum (FBS); (Thermo Fisher Scientific, Waltham, MA, USA),
along with antibiotics under standard conditions of 5% CO, and
37° C. Cells were plated at a density of 1 x 10* cells on surfaces
treated with the three concentrations of CAP-p15 per well. Cell
viability was analyzed after 24, 48 and 72 h with an MTT assay
(3-(4,5-dimethylthazol-2-yl)-2,5-diphenyl tetrazolium bromide
(Boehringer Mannheim, Indianapolis, IN, USA). Viability test
was carried out incubating 300 pL of MTT solution (5 mg mL™")
in PBS on each well for 4 h at 37° C. Subsequently, 100 pL of
dimethyl sulfoxide (DMSO) was added to dissolve the formazan
crystals. 100 pL were then taken and placed in 96-well plate (Nest
Biotechnology Co) and absorbance was measured at 570 nm
using a microplate reader FilterMax F5: Molecular Devices,
Sunnyvale, CA, USA). Percentage of cell viability was calculated
using the following equation:

Absorbance of sample — absorbance of blank
Absorbance of control — absorbance of blank
x 100

Cell viability [%] =

The absorbance value of control (hPDLCs cultured on poly-
styrene wells without CAP-p15) was normalized as 100% of cell
viability.

Cell attachment assay. Human periodontal ligament cells
(hPDLCs) were plated with a density of 2 x 10° over five
different groups. The hPDLCs were plated over pristine sur-
faces (negative control), 316L SS/TiO, functionalized with
fibronectin 5 pg mL™" (used as a positive control to determine

This journal is © The Royal Society of Chemistry 2025
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100% of cell attachment) and 316L SS/TiO, treated with 0.5, 1,
and 1.5 pg mL™" of CAP-p15 (experimental samples). These
groups were cultured for 24 h in DMEM- serum-free medium.
Next, the medium was removed, and samples were washed
with warm PBS (3x) to remove unattached cells. To quantify
the percentage of attached cells we performed crystal violet
staining according to Hayman.>® Experiments were performed
in triplicate and repeated twice.

To assess cell morphology, hPDLCs were fixed using
sodium cacodylate buffer (0.1 M) and glutaraldehyde (2%), fol-
lowed by washing with an ethanol gradient (20-100%). The
surfaces then underwent a critical point process, were dried,
and coated with gold. The images obtained from SEM were
analyzed with Image] software (National Institutes of Health
(NIH), Bethesda, MD, USA).

Statistical analysis

Results are expressed as Standard Error of the Mean (+SEM). An
analysis of variance (ANOVA) was conducted to assess overall
differences between groups, followed by Tukey’s post hoc test to
identify differences between data sets. The analysis was per-
formed using GraphPad Prism 8 software (San Diego, CA, USA).

Results
Substrates morphology and elemental composition

Fig. 1 illustrates the surface characteristics of 316L SS sub-
strates following TiO, deposition. SEM images revealed rough
grooves and craters extending several microns on the sub-

316L SS

This journal is © The Royal Society of Chemistry 2025
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strates due to the sandblasting treatment. Mapping revealed
the presence of elements such as Fe, Cr, Ni, O, and Ti.

X-ray photoelectron spectroscopy analysis (XPS)

The XPS survey (low-resolution spectra) are shown in Fig. 2a,
containing the pristine 316L SS/TiO, surface and the samples
after functionalization using the CAP-p15 peptide at the three
concentrations. The spectrum of the pristine sample reveals the
presence of C, O, Ti; no signal from the underlying stainless-
steel substrate was detected for any sample (the position of the
Fe 2p most intense signal is indicated in Fig. 2a for reference).
Carbon concentration is due to the adsorption of carbonaceous
species since the samples were exposed to the atmosphere, and
no argon etching was used. Meanwhile, the O 1s signal is
related to both oxygen bonded to Ti in the TiO, layer and to the
adsorbed C. Therefore, detecting Nitrogen at very low concen-
trations provided by the peptide adsorption was fundamental to
demonstrating the surface functionalization. It should be men-
tioned that measurements were performed at different zones of
the 1 em® samples. The sample with the lowest concentration
(0.5 pg mL™" of CAP-p15) showed a more uniform distribution,
presenting the N 1s signal in all the tested areas, whereas the
1.0 and 1.5 pg mL~" samples did not. Nevertheless, for the
three functionalized samples, signal from N 1s was obtained.
The high-resolution spectra were collected for all the elements
in the samples. Still, only the N 1s are presented in Fig. 2b to
show that the largest N content was detected for the 0.5 and
1.0 pg mL™' samples, while the intensity decreased for the
1.5 pg mL " sample. This variation is reported in Fig. 2, where
the atomic concentrations are reported for all samples, and it is

.

Fig. 1 SEM micrographs of 316L SS and 316L SS/TiO, surfaces. SEM micrographs reveal a rough surface because of the sandblasting. In addition to
the presence of characteristic elements of SS, mapping analysis confirms the presence of Ti.

Biomater. Sci,, 2025, 13, 5122-5133 | 5125
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= CAP-p15 (0.5 ug/mL) K] 'j d s LL \L
i [ “" * S | " [
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2 CAP-p15 (1.0 pg/mL 2 : (ﬂ ?’
= CAP-p15 (1.5 pg/mL) > ’ﬁ%w‘% M ‘ﬁ
-p15 (1.5 pg/m
”W hw\ | s M“ fq, ﬁ}f\%%‘-
316L SS/TiO,
10l00 860 660 460 260 0 408 406 404 402 400 398 396 304 392
Binding Energy (eV) Binding Energy (eV)
Sample/Composition C (at. %) O (at. %) Ti (at. %) N (at. %)
316L SS/TiO2 37.2 49.6 13.2 -
316L SS/TiO2/CAP-pl5 45.2 37.8 11.3 S.7
(0.5 pg/mL)
316L SS/TiO2/CAP-pl15 49.0 34.8 8.8 7.4
(1 pg /mL)
316L SS/TiO,/CAP-pl5 424 30.9 21.3 5.4
(1.5 pg /mL)

Fig. 2 The XPS survey spectra of the pristine 316L SS/TiO, surface and after functionalization with CAP-p15 peptide at the three concentrations (a).

The N content was detected for the 0.5 and 1 ug mL™*
variation in atomic concentrations for all samples.

consistent with a decrease in the intensity of the Ti peaks.
However, as shown in Fig. 2a, no variations in the bonding
characteristics of the TiO, samples are induced by the
functionalization process. The three samples presented a single
bonding related to Ti having a 4" valence state.

Roughness

An optical profilometer was used to analyze the roughness of
the 316L SS/TiO, pristine and functionalized surfaces with
varying peptide concentrations. The images (Fig. 3) reveal that
the presence of CAP-p15 at a low concentration (0.5 pg mL™")
leads to a significant reduction in the Sa of 316L SS/TiO, sur-
faces. This is due to the peptide distribution within the
grooves and holes of the pristine surface. No statistical differ-
ences were found between the 1 ug mL™" and pristine samples.
Conversely, the concentration of 1.5 pg mL™' demonstrated a
statistically significant increase in Sa, suggesting that higher
concentrations facilitate the formation of larger agglomerates
on the surface, thereby increasing the average roughness.

Wettability

According to the wettability assay, the 316L SS/TiO, surfaces
possess a water contact angle measurement of 128.1° after
5 minutes. Functionalized surfaces disclosed a reduction of the
contact angles to 22.7° + 1.69°, 10.6° + 1.83°, and 3.95° + 0.7° for
concentrations of 0.5, 1 and 1.5 pg mL™*, respectively. This impor-

5126 | Biomater. Sci, 2025, 13, 5122-5133

samples, while the intensity decreased for the 1.5 pg mL™* sample (b). The table reports the

tant variation is probably due to the exposure of hydrophilic polar
groups from the peptide in contact with water (Fig. 4).

In vitro mineralization

The cumulative release profile of CAP-p15 (Fig. 5) showed an
initial burst release of approximately 11% within the first
24 hours, followed by a sustained and gradual release over time.
Notably, the 0.5 pg mL™" concentration exhibited a slightly lower
cumulative release compared to the 1.0 and 1.5 pg mL™" concen-
trations. This reduced release can be attributed to the precipi-
tation of mineral phases induced by the incubation in AS, which
likely hindered the diffusion of the peptide from the surface.

SEM images (Fig. 6) of the pristine surface reveal the pres-
ence of small precipitates, some isolated and others forming
aggregates with a size of 20 pm, exhibiting a cauliflower-like
morphology with undefined edges. In contrast, functionalized
surfaces exhibited deposits with more defined morphologies
(spherules) with sizes around 40 pm. The highest concen-
tration of CAP-p15 (1.5 pg mL ") promoted the formation of a
uniform layer with flake-like crystals. The EDX analysis showed
a Ca/P ratio of 1.68 for deposits formed on pristine surfaces,
while crystals formed with 0.5, 1, and 1.5 pg mL™" peptide con-
centrations showed Ca/P ratios of 1.9, 1.73, and 1.87, respect-
ively. These values are higher than the stoichiometric value of
hydroxyapatite (1.67), indicating possible substitutions in the
hydroxyapatite lattice.*

This journal is © The Royal Society of Chemistry 2025
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1.5 pg/mL

because of the peptide distribution. One-way ANOVA; ns, no significance; * p < 0.05; ** p < 0.001.

(cc)

Fig. 3 Roughness analysis. At the lowest concentration, CAP-p15 shows a uniform distribution covering grooves and holes from sandblasting treat-
ment. Additionally, higher concentrations produce larger agglomerates distributed on the surface, reaching heights of 20.28 + 5.40 um on surfaces
treated with 1.5 pg mL™%. The concentration of 1.5 pg mL™ displayed a higher Sa of 2.29 + 0.29 ym due to the agglomerates on the surface, no stat-
istical differences between 1 ung mL™* and pristine surfaces. On the other hand, 0.5 pg mL™* of CAP-p15 presented the lowest Sa (0.87 + 0.06 ym)

Initial
Sample mesurement 2 min 3 min 4 min 5 min
(0 min)
316L SS/TiO,

316L SS/TiO,/CAP-p1S
(0.5 pg/mL)

316L SS/TiO,/CAP-p15
(1 pg/mL)

316L SS/TiO,/CAP-p15
(1.5 pg/mL)

) )P
| ) )P
|1 )P
1)k
|1 )P
1 1)P

Water contact angle (°)

1504 o
100+
50
e
‘QQ::—F‘-—‘
0 T T T T T T
0 1 2 3 + 5

Time (minutes)

—-e- 316L SS/TiO,

316L SS/TiO,/CAP-p15
1 pg/mL

316L SS/T;
0.5 pg/mL

i0,/CAP-p15

316L SS/TiO,/CAP-p15
v

1.5 pg/mL

Fig. 4 Contact angle measurement of samples (from 0—5 minutes). The adsorption of CAP-p15 contributes to a decrease in the contact angle as
the concentration increases, showing values of 31.25 + 2.3° to 22.7° + 1.69° for 0.5 pg mL™%, and 19.85° + 1.06° to 10.6° + 1.83°, and 9.55° + 0.77° to
3.95° 4+ 0.7° for concentrations of 0.5, 1 and 1.5 ug mL™?, respectively.

This journal is © The Royal Society of Chemistry 2025

Biomater. Sci,, 2025, 13, 5122-5133 | 5127


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5bm00294j

Open Access Article. Published on 01 August 2025. Downloaded on 3/14/2026 1:02:15 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

p—
h
|

p—
[—]
1

]
1

Cumulative CAP-p15release (%)

=]

View Article Online

Biomaterials Science

= 0.5 pg/mL CAP-p15
—=— 1 pg/mL CAP-pl15

- 1.5

pg/mL CAP-pl15

T I I I I I I

Oh 12h 1d 2d 3d 6d 9d 12d 15d 18d 21d

Days

Fig. 5 Cumulative CAP-p15 release of the three concentrations. Data reported as mean + SD (n = 3).

316L SS/Ti0,/CAP-p15

316L SS/ TiO, (0.5 pg/mL)

316L SS/TiO,/CAP-p15
(1.5 pg/mL)

316L SS/TiO,/CAP-p15
(1 pg/mL)

7 x.x:«“k( {

\* Carp 173 &'

Fig. 6 SEM micrographs obtained after immersion in AS for 21 days display the distribution of small precipitates on the pristine samples with
undefined edges. Deposits observed on functionalized surfaces showed spherules and layers formed by flake-like crystals. EDS analysis revealed

values of Ca/P close to hydroxyapatite.

Spectroscopy analysis was used to determine the chemical
composition of deposits (Fig. 7). ATR spectra of crystals on
316L SS/TiO, revealed the presence of bands v, 560 cm ™, v,
598 cm™, v; 960 cm ™, v; 1021 em™ " that corresponds to phos-
phate groups (PO,*"), the band at 1645 cm™" corresponds to
an OH™ group, and incipient presence of the band ~860 cm™"
is characteristic of the adsorbed carbonate group (CO;>").>"*?

These same bands were observed in the deposits formed on
functionalized surfaces with CAP-p15, however, the presence
of bands corresponding to CO;>~ at v, 860 cm™*, v; 1318 cm ™",
v; 1415 em™, v; 1456 cm™, and v; 1540 cm™?, indicate the
presence of predominantly carbonated hydroxyapatite (CHAp)
B-type which is the most common substitution in human
bones.?*3? On the other hand, the band around ~1171 ecm™
corresponds to v; domain phosphate ions from apatite.*®
Additionally, the discrete band located ~1212 cm™" have been

attributed to the HPO,>~ group, specifically in dicalcium phos-

5128 | Biomater. Sci, 2025, 13, 5122-5133

phate dehydrate (DCPD, brushite).** The presence of this band
suggests the coexistence of early mineral phases, which is con-
sistent with the dynamic nature of apatite maturation
processes.

Cell viability

As shown in Fig. 8, all tested concentrations of CAP-p15
improved the viability of hPDLCs. A noticeable increase in cell
viability was observed after 24 hours of culture across all three
concentrations evaluated. This improvement was sustained up
to 72 hours, particularly at the 0.5 pg mL™" concentration.
However, the 1 pg mL™" and 1.5 pg mL ™" concentrations also
maintained viability percentages above 90%. According to the
international standard ISO 10993-5:2009, cell viability below
70% indicates cytotoxicity; therefore, none of the tested con-
centrations displayed cytotoxic effects.®®

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 ATR spectra of precipitation after 21 in AS. All samples display PO4>~ groups corresponding to apatite; however, in functionalized surfaces, it
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Fig. 8 Percentage of cell viability of hPDLCs cultivated in 316L SS/TiO, surfaces treated with CAP-p15 (n = 3). Two-way ANOVA, ns, no significant; *

p < 0.05, ** p < 0.001, **** p < 0.0001.
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Cell attachment

Fig. 9 illustrates the hPDLC attached to 316L SS/TiO, sur-
faces (43.7%). More importantly, we can see that 316L
SS/TiO, surfaces functionalized with the three different con-
centrations CAP-p15 promoted an increase of percentage
attached cells after 24 h (140.7%, 93% and 94.1% for 0.5, 1
and 1.5 pg mL™', respectively). The SEM micrographs
reveal that the hPDLC attached on pristine surfaces have a
rounded morphology; meanwhile, cells on functionalized
samples present cytoplasmic extensions and spread over the
surface suggesting a higher viability. Notably, surfaces func-
tionalized with 0.5 pg mL™" concentration of CAP-p15
demonstrated the highest percentage of adhered cells,
approximately 3.2-fold higher than the control. These results
may indicate that cell attachment could be attributed to the
chemical and topographic changes generated by the pres-
ence and distribution of CAP-p15 on the 316L SS/TiO,
surfaces.

= *
S 100 —_—
D

=
=BG
“ N’
3 50
= i
S

0—
316LSS/TiIO, 0.5ugmL  1pgmL 1.5 pg/mL

316L SS/TiO,/CAP-p15

Fig. 9 Morphological analysis (A) reveals that HPDLC attached to pris-
tine surfaces have a rounded morphology. The cell spreads on functio-
nalized surfaces, acquiring polygonal or star-shaped structures (B—D)
(highlighted in red). Quantitative analysis of the percentage of HPDLC
attached to the substrates (E). All concentrations of CAP-p15 (0.5, 1, and
1.5 pg mL™Y) promote an increase (3.2-fold and 2.1-fold) in the percen-
tage of attached cells compared to control surfaces. One-way ANOVA, *
p < 0.05, **** p < 0.0001.
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Discussion

Corrosion and inadequate osseointegration remain signifi-
cant limitations for implants and medical devices made
from 316L stainless steel (316L SS). Approximately 20% of SS
implants are removed due to corrosion-related compli-
cations, including inflammation, allergic reactions, and
fibrous encapsulation.?®*” To address these challenges and
improve the interfacial characteristics and long-term per-
formance of SS, several functionalization strategies have
been developed. In particular, applying an amorphous TiO,
coating to rough SS substrates has been shown to enhance
osseointegration, promote an anti-inflammatory environ-
ment, reduce bacterial attachment, and inhibit biofilm for-
mation, thereby providing an additional layer of protection
against infection.?®

Moreover, incorporating biomolecules such as peptides has
emerged as a promising method to provide specific biological
cues, thereby enhancing cell attachment and differentia-
tion.>**™*! In this context, our study evaluated the impact of
physical adsorption of CAP-p15 peptide at three different con-
centrations (0.5, 1, and 1.5 pg mL ™" of CAP-p15) on 316L SS/
TiO, substrates. The results indicated a concentration-depen-
dent increase in surface roughness, peaking at 2.2 pm, likely
due to weak intermolecular interactions between the negatively
charged CAP-p15 and the surface under physiological con-
ditions (37 °C, pH 7.4), as well as peptide self-assembly.

Initially, the pristine 316L SS surface exhibited a high-water
contact angle (WCA) of 128°, confirming its hydrophobic
nature. After functionalization, WCA progressively decreased
by 22.7°, 10.6°, and 3.95° for the 0.5, 1, and 1.5 pg mL™" con-
centrations of CAP-p15, respectively. This reduction indicates a
shift toward a more hydrophilic surface, and the effect appears
to be dependent on peptide concentration. It is well estab-
lished that surfaces with WCA values below 90° are considered
hydrophilic, whereas values above 90° indicate hydrophobi-
city.*” Previous studies have indicated that nanoscale and
microscale surface roughness, along with hydrophilic pro-
perties, can enhance early cellular responses such as adhesion
and differentiation compared to hydrophobic surfaces.*

Notably, CAP-p15 adsorption onto amorphous TiO, surfaces
has been reported to promote the formation of nanospherical
structures, further increasing the surface roughness.”!
Roughness is a key parameter in implant osseointegration,
influencing initial cell-surface interactions such as adhesion
and proliferation. Although there is no universal optimal
roughness value, several studies suggest that moderate Sa
values (~1-2 pm) can enhance the bone implant contact (BIC)
more effectively than either smoother surfaces or those with Sa
values exceeding 2 pm."%**

Interestingly, the 0.5 pg mL™" concentration resulted in the
lowest surface roughness, due to a more homogeneous distri-
bution of the peptide across the surface grooves. This hom-
ogeneity may expose more active peptide sites, facilitating cel-
lular interaction despite the lower roughness. In contrast,
higher concentrations (1 and 1.5 pg mL ") resulted in the for-

This journal is © The Royal Society of Chemistry 2025
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mation of larger peptide aggregates (Fig. 3), which can be
attributed to the intrinsic hydrophobicity of CAP-p15.

Numerous studies have been conducted to enhance the
surface properties of SS through topographical or chemical
modifications.*>™ For instance, Majhi et al.*> reported that
the peptide KLLLLRLRKLLLRR (KLR) on SS substrates pro-
moted an increase in roughness while contributing to a
decrease in the contact angle, decreasing it to slightly below
90°. This slight tendency toward hydrophobicity was attributed
to the presence of alkyl groups in APTES molecules, which are
necessary for covalent binding. In contrast, our results demon-
strate that the physical binding of CAP-p15 promotes a
decrease in hydrophobicity, resulting in contact angles within
the hydrophilic range.

To demonstrate the ability of CAP-p15 to induce mineral
formation, we incubate the samples in AS for 21 days. During
this period, the cumulative peptide release of the three concen-
trations of CAP-p15 were measured. A slightly lower release
was observed for the concentration 0.5 pg mL™" compared to
higher concentrations. Additionally, the reduction in release
can be attributed to the precipitation of mineral phases
induced by incubation in AS, which likely hindered the
diffusion of the peptide from the material surface. After the
incubation period, all surfaces functionalized with CAP-p15
showed the formation of deposits with flake-like crystals of
varying sizes, dependent on the peptide concentration; in con-
trast, pristine surfaces exhibited cauliflower-like crystals with
undefined edges. The spectroscopic analysis of precipitates
showed the presence of phosphate groups characteristic of
apatite. However, at concentrations of 1 and 1.5 ug mL™", we
also observed carbonate groups characteristic of carbonated
hydroxyapatite, which is present in physiological mineralized
tissue. The nucleation of these precipitates is related to the
distribution of CAP-p15 on 316L SS/TiO, surfaces, which act as
templates for the nucleation of calcium phosphates, as
observed in proteins such as amelogenin and peptides derived
from it.*® In silico analysis demonstrates that CAP-p15 has an
isoelectric point of 5.48, indicating a negative charge at physio-
logical pH allowing it to interact with calcium ions and
thereby facilitate mineral nucleation.

Finally, the biocompatibility was assessed through a cell
viability assay, the results display values above 90% after
72 hours of cell culture, confirming the absence of cytotoxic
effects. This aligns finding by Ureiro-Cueto et al."® where the
adsorption of CAP-p15 enhanced the cell proliferation and
even the differentiation of mesenchymal stem cells. Cell
attachment was evaluated after 24, the SEM analysis showed
that hPDLC cells on the functionalized surfaces exhibited a
cuboidal morphology with numerous cytoplasmic extensions,
indicating strong cell-surface interactions. These observations
are consistent with other studies where SS surfaces were func-
tionalized with peptides such as RGD, REDV, and KLR, con-
tributed to increased cell attachment, and even showed anti-
bacterial properties; however, covalent peptide immobilization
still presents challenges, particularly related to the use of
linkers. 394043
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Despite the inherent limitations of physical adsorption (e.g.
uncontrolled peptide release and activity loss), our results
reveal the potential of CAP-p15 as a bioactive molecule for
developing new surface functionalization strategies for bone
tissue regeneration.

Conclusions

The physical adsorption of CAP-p15 onto 316L SS/TiO, sur-
faces, induced changes in surface chemistry, roughness and
wettability promoting the formation of carbonated apatite.
Notably, a lower concentration of CAP-p15 significantly
enhanced cell viability and attachment compared to the 1 and
1.5 pg mL™" concentrations. These findings suggest that CAP-
p15 biopeptide possesses potential applications in bone tissue
regeneration for stainless steel implants.
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