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1 | INTRODUCTION

Nicholas G. Fischer'® |

Conrado Aparicio 1**

Abstract

Previous studies have shown hydrophilic/hydrophobic implant surfaces stimulate/
hinder osseointegration. An analogous concept was applied here using common bio-
logical functional groups on a model surface to promote oral keratinocytes (OKs) pro-
liferation and hemidesmosomes (HD) to extend implant lifespans through increased
soft tissue attachment. However, it is unclear what physicochemistry stimulates HDs.
Thus, common biological functional groups (—NH,, —OH, and —CH3) were functiona-
lized on glass using silanization. Non-functionalized plasma-cleaned glass and —H
silanization were controls. Surface modifications were confirmed with X-ray photo-
electron spectroscopy and water contact angle. The amount of bovine serum albumin
(BSA) and fibrinogen, and BSA thickness, were assessed to understand how adsorbed
protein properties were influenced by physicochemistry and may influence HDs. OKs
proliferation was measured, and HDs were quantified with immunofluorescence for
collagen XVII and integrin B4. Plasma-cleaned surfaces were the most hydrophilic
group overall, while —CH5 was the most hydrophobic and —OH was the most hydro-
philic among functionalized groups. Modification with the —OH chemical group
showed the highest OKs proliferation and HD expression. The OKs response on
—OH surfaces appeared to not correlate to the amount or thickness of adsorbed
model proteins. These results reveal relevant surface physicochemical features to

favor HDs and improve implant soft tissue attachment.
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orthopedic) implants because of the materials' mechanical strength and

ability to osseointegrate.> However, despite Ti biocompatibility, implants

The ability of a biomaterial surface to promote a specific cellular
response is highly desired when devices are used for replacing critical
organs of the human body, such as teeth.! Among other properties, sur-
face wettability and electric charge are key properties repeatedly shown
to influence cell adhesion, proliferation, and differentiation.? Bulk tita-
nium (Ti) and its alloys have been the material of choice in dental (and

mainly fail because of peri-implantitis, that is, infection of the peri-
implant tissues that originates at the implant surface. On average, peri-
implantitis occurs in 9.6% of implants and fuels an enormous economic
burden on patients and the dental healthcare system.*°

Recent attention has been given to the soft tissue around
implants as an important factor for maintaining implant health.>”

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Journal of Biomedical Materials Research Part A published by Wiley Periodicals LLC.

J Biomed Mater Res. 2023;111:1021-1030.

wileyonlinelibrary.com/journal/jbma 1021


https://orcid.org/0000-0003-2230-5158
https://orcid.org/0000-0003-2969-6067
mailto:cjaparicio@uic.es
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/jbma
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjbm.a.37486&domain=pdf&date_stamp=2023-01-09

RAPTOPOULOS ET AL.

w22 | Wy LEY— |

Integrin a B, o e H/O”
SiH Si Si Si
OH TH OH o/ (l)\o o/ é\o o/<£\o /(!)\
] Collagen XVII [ 11 | [ | L[] [ ]
(B) (D)
100
—~ C Ols
<
L 80 D
(@)]
<Ct Cl2s
_ O Auger
o 60 B g Cls Si2s Si2p
@] 1= Sn3d 2
o] E 3 N1s p 02s
E o
s 40+
O
T 20
= A
= EEE.
O i E R — [ T
1100 1000 900 800 700 600 500 400 300 200 100 0
pGlass H CH; NH, OH Binding Energy (eV)
FIGURE 1 (A) Hemidesmosome structure, in particular, core components integrin asf4 and collagen XVII (COL17). (B) Water contact angles

of control and modified glass surfaces. Dissimilar letters indicate statistically significant differences between groups. Error bars represent standard
deviation (n = 5). (C) Chemical structures of organosilanes on glass surfaces. (D) X-ray photoelectron spectroscopy survey spectra of all tested

surfaces (n = 3)

This interest is driven by well-reviewed deficiencies in antimicrobial
and antibiotic strategies for treating infection rather than potentially
preventing it.%? Epithelial attachment around implants is ideally similar
to that around teeth as teeth have far longer lifespans than
implants.2® However, while oral keratinocyte cells (OKs) attach to
metallic abutments and form hemidesmosomes (HD) after 2-3 days
of healing, like they do to natural teeth,!* this attachment is weaker,
with less HD formation, compared to natural teeth.'?*® HD are cell
adhesive structures formed solely by keratinocytes of the junctional
epithelium directly abutting implants and are composed by three clas-
ses of proteins: cytoplasmic plaque proteins, transmembrane proteins
and basement membrane-associated proteins of extracellular matrix
(ECM).** Two key components of HD, that are also used as HD for-
mation indexes, are integrin agf4 and collagen XVII (COL17). Integrin
agfs connects the ECM with the intracellular keratin cytoskeleton,
while COL17 anchors HD into the lamina lucida of the basal mem-
brane with its extracellular component®>~*® (Figure 1A). Absence of
either of these abolishes HD formation and leads to fragility and
destruction of the dermoepithelial junction.*”=2* Overall, upregulation
of HD formation on dental implants is a promising route for prevent-
ing peri-implantitis through enhanced soft tissue attachment.

Previous studies have shown that coated Ti surfaces with pep-
tides inspired by the ECM can increase the number of HDs.?22% Alter-
natively, controlling HD formation using physicochemical surface

modifications is potentially advantageous given challenges, such as

stability and cost, associated with more complex surface coatings like
peptides and proteins.>* As a result, many previous studies have
attempted to increase our knowledge of cell interactions with physi-
cochemically modified surfaces that, broadly, enhance cell adhesion.?®
However, these studies generally focused on the effects of implants
on osseointegration by looking for ways to promote differentiation of
stem cells to osteogenic cells on modified surfaces rather than HD
formation.?®

Previous studies conducted on silane-modified glass surfaces with
human mesenchymal stem cells (MSCs) showed that, on the one hand,
those cultivated on —NH, modified glass surfaces promoted focal
adhesion formation together with osteogenic differentiation of MSCs.
—COOH and —OH surfaces were related to chondrogenic differentia-
tion and clean glass and —CH3 surfaces maintained the stemness of the
cells.?”?2 On the other hand, studies conducted with Chinese hamster
ovary (CHO) cells, mouse embryonic fibroblasts (NIH/3T3) and, calf pul-
monary artery endothelial cells showed that positively charged surfaces
enhanced cell attachment indirectly by greater protein absorption.?” As
a result, strategies capable of affecting the electric charge and/or
affecting the surface's wettability, have been used to create either
hydrophilic or hydrophobic surfaces that stimulate and prevent cell
adhesion, respectively.1??2° Although surface wettability seems to
determine the MSC response more than electric charge,® electric
charge is key during the initial 2 h (sedimentation) of cell attachment to

surfaces, when cells begin to form focal adhesions.?”3!
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It is known that epithelial cells around implants or abutments can
adhere to partially prevent bacterial colonization and peri-implantitist**%;
this adhesion is stronger around smooth or finely grooved Ti surfaces with
increased wettability.***? However, wettability is a general phenomenon
that may arise from different secondary forces at the surface/water inter-
face. Further, protein adsorption usually mediates cell/surface interactions
and is also guided by surface properties like polarity and charge.!

Overall, it is unclear what surface physicochemistry can promote
HD formation and how well, or poorly, trends from other cell types, like
MSCs, apply. Indeed, a recent meta-analysis aiming to discern ideal sur-
face properties for soft tissue attachment concluded that meta-analysis
of the data was not possible due to heterogeneity in the published
study designs®® A better understanding of keratinocyte proliferation
and HDs through rationally designed modified surfaces could soundly
inform implant design and provide support for a mechanistic descrip-
tion of the often-reported positive correlation between surface wetta-
bility and enhancement of soft tissue attachment around implants.2*

The aim of our study was to assess OKs proliferation and HD for-
mation cultivated on silane-modified glass surfaces with common bio-
logical functional groups of different polarity and charge (—H, —NH,,
—OH, and —CHy). By identifying, the physical-chemical property(ies)
that favor HD formation, bioinstructive abutment and implant sur-
faces could be engineered to promote strong and durable OKs attach-
ment to implants and prevent peri-implantitis.

2 | MATERIALS AND METHODS

2.1 | Surface coatings

2.1.1 | Selected chemistries

Silanization was performed based on previous studies to modify the sur-
face chemistry of glass disks with functional groups with different polarity
and/or different charge.3* 3¢ Plasma-cleaned glass disks were used as con-
trol group for the material itself (pGlass). Using silanization, an unreactive
terminal hydrogen was applied on plasma-cleaned glass disks serving as
control for the coating process (—H). In the test groups, the modifications
resulted in polar/positive/hydrophilic terminal —NH, surfaces (—NH,),
polar/neutral/hydrophilic —OH (—OH) and apolar/hydrophobic —CHs
(—CHa3) under physiological conditions.**?>%” A negatively charged/polar
functional group was not included in our final experimental design as syn-

thesis of an analogous —COOH terminated organosilane was not possible.

2.1.2 | Silanization

All chemicals were used as received from Sigma-Aldrich unless other-
wise noted. Borosilicate glass disks (Yuanbo Engineering Co. Ltd.) were
activated by plasma cleaning (O, for 20 min, PDC-32G, Harrick Plasma)
and immediately used. Activated samples were silanized by introducing
7.0 ml of anhydrous pentane into a N,-saturated chamber with 0.6 ml

of diisopropylethylamine (DIPEA), and depending on the modified

Y sk W LEY-_L10%

surface, 0.91 ml of triethoxysilane for —H group, 1.16 ml (3-aminopro-
pyl) triethoxysilane for —NH, group, 0.79 ml 3-(triethoxysilyl)-
1-propanol for —OH group (Gelest) or 1.57 ml butyltriethoxysilane for
—CHs (Gelest) for 1 h. Volumes were selected to maintain an equimolar
relationship between silane and DIPEA. Periodic 2-min ultrasonication
cycles were applied after every 10 min of reaction for a total of 1 h.
After silanization, the samples were washed with ethanol, isopropyl
alcohol, deionized water (DI) and acetone, and then dried with N,

gas.>*"3¢ Samples were stored under desiccation until use.

2.2 | Surface characterization
221 | Elemental composition by X-ray
photoelectron spectroscopy

A PHI 5000 VersaProbe Ill (ULVAC Inc.) X-ray photoelectron spectroscopy
(XPS) along with a monochromatic Al Ka X-ray source (45°, 1486.6 €V,
50 W, sampling area; 200 um diameter) were used for the elemental anal-
ysis. Results were collected using a step size of 1.0 eV with a pass energy
of 280 eV. Charge compensation had to be used and was calibrated with
the C1s signal located at 284.8 eV. Final surface elemental composition
determination (as atomic composition [atomic %]) was performed using
MultiPak (ULVAC Inc.) by subtracting (system optimized) peak areas from
background.®® At least 3 samples were tested per group.

2.2.2 | Water contact angle goniometry

Sessile drop contact angle measurements were performed using a
contact angle analyzer (DM-CE1, Kyowa Interface Science) with
appropriate software (FAMAS, Kyowa Interface Science). DI water
was used as the wetting liquid with a drop volume of 2 pl.2¢ The mea-
surement was made after plasma activation and after silanization. Five

samples were tested per group.

2.2.3 | Fourier transform infrared spectrometry

A Fourier transform infrared spectrometer (FTIR) (Nicolet iS50,
Thermo Fisher Scientific) in attenuated total reflection mode (ATR-
FTIR) was used to record spectra from 400 to 4000 cm™?! using an
incremental step size of 2 cm™L. Spectra were signal averaged from

8 scans; peaks of interest are shown.

2.3 | Oral keratinocyte response

2.3.1 | Keratinocyte cultivation and
hemidesmosome formation

Immortalized human TERT-2/0OKF-6 (OKs; BWH Cell Culture and
Microscopy Core) OKs from normal tissue from the floor of the mouth
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were cultured in defined keratinocyte serum-free medium (Gibco)
with 1% penicillin/streptomycin (Gibco) antibiotics under standard
conditions.*® OKs were cultivated (2 x 10* per well for all experi-
ments) for 1, 3, and 5 days based on previous work.2? After each cul-
ture period, cells were fixed for 10 min using ice-cold methanol or 4%
paraformaldehyde. Bovine serum albumin (BSA) in PBS (5%) was used
to block fixed cells before immunofluorescence. Cells were probed
with primary rabbit polyclonal antibody for COL17 ([critical late
marker for HD assembly - methanol fixed] ab28440; Abcam; 1:500)
and an antibody for Integrin B, ([ITGB4] critical early marker for HD
assembly - paraformaldehyde fixed) (NB10065599; Novus Biologicals;
1:500) for 1 h at room temperature. ITGB4, rather than integrin asf4
per se, was probed given ITGB4 is an obligate heterodimer with
ITGA6 to form integrin asp4. Samples were counterstained with DAPI
(4/, 6-diamidino-2-phenylindole dihydrochloride). Total fluorescent
intensity in each field was quantified after accounting for secondary-
only controls at constant microscope settings across all samples.
Micrographs (x10) were obtained on an upright fluorescent micro-
scope (DM 6B, Leica). Three fields of view (FOVs) were captured per
sample (ImageJ, NIH) with at least five separate samples tested per
group. Immunofluorescences are the gold-standard technique for HD

formation by experimental biologists.'®

2.3.2 | Keratinocyte proliferation

Samples were incubated for the given culture period (i.e., 1, 3, or
5 days), washed with PBS, and then incubated in CCK8 solution
(Dojindo; 9:1 OK:CCK8 medium) for 3 h. Optical density (OD;
A = 450 nm) was evaluated using a plate reader (Synergy HT, Biotek).
OD values were blanked to virgin CCK8 solution similarly incubated.
Previously DAPI-stained samples were also quantified in terms of
number of nuclei per field of view and converted to determine the

number of nuclei per disk. Five samples were tested per group.

24 | Protein adsorption

24.1 | Bovine serum albumin adsorption

Samples were equilibrated in PBS for 10 min to form a hydrated sur-
face layer. Then, samples were placed in 1.0% BSA (Pierce) in PBS and
incubated at 37°C for 1 h. Samples were gently washed thrice in PBS
to remove weakly bound BSA. Samples were then desorbed in 2%
(v/v) Triton X-100 in PBS for 60 min total with 20 min of ultrasonica-
tion.*® Protein concentration of the desorbed BSA was then deter-
mined using a commercially available kit (micro-BCA, Thermo-Fisher)
with a standard curve and normalized to pGlass. Four samples were
tested per group.

X-ray photoelectron spectroscopy was used to assess the BSA
adlayer thickness; high resolution N1s spectra were obtained using
the general XPS parameters as described, except with a pass energy
of 190 eV and a step size of 0.1 eV. Intensity was converted to

dehydrated thickness using a general relationship defined by others.**

Three samples were tested per group.

242 | Fibrinogen adsorption

Samples were equilibrated in PBS for 10 min to form a hydrated sur-
face layer. Then, samples were placed in 1 mg/ml fluorescently labeled
Fg (isolated from human plasma; Invitrogen) in PBS and incubated at
37°C for 1 h.*? Samples were gently washed thrice in PBS to remove
weakly bound Fg. Fluorescent intensity of samples was then mea-
sured using an upright fluorescent microscope (DM 6B, Leica).
Background-subtracted pixel intensities from non-adsorbed, newly
synthesized pGlass were calculated and analyzed in Image) (NIH);
three FOVs were captured from each of the three samples (ImageJ,

NIH) tested per group. Data was normalized to pGlass.

2.5 | Statistical analysis

Mean values for different groups were compared with a one-way
analysis of variance (ANOVA) followed by Tukey's HSD (honest sig-
nificant difference) post hoc test. Dissimilar letters in figures indicate
statistically significant differences between groups. GraphPad Prism
8.2.0 (GraphPad Software) was utilized to perform all statistical anal-
ysis. A p-value of <0.05 was considered statistically significant.
Means and one standard deviation on the mean are reported. All bio-
logical experiments were independently repeated twice, one repre-
sentative experiment is shown. Exact p-values may be found in
Tables S1-S16.

3 | RESULTS

3.1 | Elemental composition and WCA

The water contact angle (WCA) for pGlass, —H, —CH3, —NH,, and
—OH groups were 5.78° + 1.15°, 42.02° + 2.55°, 85.74° £ 0.99°,
65.73° £ 1.92°, and 34.92° + 2.30°, respectively (Figure 1B, and
Table S1). All differences were statistically significant. Notably, the
pGlass group was the most hydrophilic surface and —CHs5 surfaces
were the most hydrophobic. Overall schematics of the modified
chemical structures of the glass surfaces after silanization with com-
mon biological groups are shown in Figure 1C.

X-ray photoelectron spectroscopy was used for determining sur-
face elemental analysis to confirm synthesis of all modified glass sur-
faces. Si2s and Si2p (ca. 100 and 150 eV, respectively) and Sn3d
(ca. 500 eV) were detected due to the glass bulk substrate. Detection
of Si2p can be additionally attributed to presence of silane molecules
on all silanized surfaces. Correspondingly, carbon (C1s) and oxygen
(O1s) were also found on all surfaces after silanization (Figure 1D and
Table 1). Furthermore, in surfaces modified with NH,-terminated

silanes, N1s was detected (ca. 400eV). Figure S1 contains
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TABLE 1
and modified glass surfaces (n = 3)

Y sk W LEY-_L10%

X-ray photoelectron spectroscopy (XPS) semiquantification of elemental composition (Mean at% + standard deviation) of control

Surface Cis N1is O1s Nals Si2p Ci2p Ca2p
pGlass 14.35 + 0.80 0 64.10 + 0.78 0.93 +0.35 19.93 £0.71 0.19 £ 0.29 0.51+0.36
NH, 30.98 + 2.69 455+0.73 4718 +2.35 0.21 + 0.30 15.86 + 0.94 1.02 + 0.47 0.20 + 0.07
H 34.23+1.95 0 4639 +3.16 0.35 £ 0.40 17.88 £ 1.21 0.33+0.22 0.83+0.21
CHa 3575+ 1.72 0 4554 +1.17 0.11+0.19 17.36 £ 1.21 0.06 + 0.01 1.23 + 0.08
OH 31+ 1.50 0 53.14 + 2.06 0.66 + 0.43 14.94 £ 0.45 0.18+0.21 0.09 + 0.07
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FIGURE 2

(A) CCK8 metabolic activity (optical density) analysis of oral keratinocytes (OKs) cultured on control and modified glass disks for

1, 3, and 5 days (n = 5). (B) Proliferation (number of DAPI-stained nuclei) of OKs on control and modified glass disks for 1, 3, and 5 days.
Dissimilar letters indicate statistically significant differences between groups. Error bars represent standard deviation (n = 5; 3 FOVs per sample)

characteristics ATR-FTIR peaks for each group. Overall, these results

confirmed the expected chemistries in the modified glass surfaces.

3.2 | Metabolic activity and OK proliferation
Oral keratinocyte (OK) metabolic activity was assessed as the first
readout of oral keratinocyte behavior on surfaces with varied physico-
chemistry. On the one hand, OKs on —OH and —H surfaces
showed the highest CCK8 activity at every timepoint (Figure 2A,
Tables S2-54). This increased OKs CCK8 activity on the —OH and
—H groups compared to the other groups was increasingly prominent
from day 1 to day 5. On the other hand, CCK8 activity on —NH, sur-
face was significantly lower compared to —OH by day 5.

DAPI staining to complementarily measure OKs proliferation at
day 1, 3 and 5 revealed the highest number of cells on —OH and —H
at all three timepoints (Figure 2B, Tables S5-S7), confirming the

results from CCK8 activity. Indeed, by day 5, the number of DAPI-
stained OKs on —NH, surface was significantly lower than all other

modified surfaces.

3.3 | Bovine serum albumin and fibrinogen
adsorption

The amount of two model proteins, BSA and Fg, adsorbed on the sur-
faces was then measured given the importance of sorbed proteins in
mediating cell-surface interactions. There was significantly more Fg and
BSA adsorbed on —H and —CH3 modified surfaces than all other groups
(Figure 3AB, Tables S8 and S9). The pGlass and —OH surfaces showed
the lowest BSA and Fg adsorption among all groups. No significant dif-
ferences for BSA and Fg were observed between —NH, and —OH.

The thickness of the BSA adlayer on all groups was evaluated
using XPS.*° The —H and —CH3 groups had the thickest BSA layer
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FIGURE 3
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FIGURE 4

(A) Collagen XVII (COL17) expression levels by oral keratinocytes (OKs) on control and modified glass disks at 1, 3, and 5 days.
Values are normalized to pGlass at each timepoint. (B) Integrin f4 (ITGB4) expression levels by OKs on control and modified glass disks at 1, 3,
and 5 days. Values are normalized to pGlass at each timepoint. Dissimilar letters indicate statistically significant differences between groups. Error
bars represent standard deviation (n = 5; 3 FOVs per sample)

(Figure 3C, Table S10). Interestingly, even though —NH, adsorbed 34 | Hemidesmosome formation

more BSA and Fg compared to pGlass, the BSA adlayer thickness on
—NH,, was less than pGlass, suggesting notable differences of protein We next quantified HD formation, the hallmark of robust keratinocyte

conformation between these two surfaces. attachment to teeth, using immunofluorescence against two HD
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markers: ITGB4, expressed in early HD formation, and COL17,
expressed in later HD maturation.2*1843 Although OKs on pGlass and
—H groups showed the highest COL17 expressions at day
1 (Figure 4A, Tables S11-513, and Figure S2), —OH surfaces induced
a significantly higher expression of COL17 than all other tested sur-
faces by days 3 and 5. Conversely, pGlass and —NH, induced the low-
est COL17 expression by OKs at days 3 and 5.

Similar results to COL17 were observed for ITGB4, OKs on
pGlass and —H groups showing significantly higher expression of
ITGB4 than on every other group at day 1, but —OH surfaces induced
the significantly highest ITGB4 expression at day 3 and 5 (Figure 4B,
Tables S14-516, and Figure S3). In addition, as in the case of both
ITGB4 and COL17 expression, pGlass and —NH, surfaces induced the
lowest ITGB4 expression at days 3 and 5. Thus, the expression of
COL17 and ITGB4 by OKs showed almost identical trends on all
tested surfaces. Overall, the —OH surfaces induced the highest
expression of both HD markers.

4 | DISCUSSION

There are no known correlations between basic physical-chemical
properties of surfaces and induction of HD formation by OKs. We
explore this here using model control and modified surfaces with
organosilanes to offer well-ordered, robust coatings to modify surface
physicochemical properties toward identifying ideal surface chemis-
tries for desired cell phenotypes.***° Successful synthesis of organo-
silane surfaces is supported by our WCA results being similar to
previously reported surfaces with identical chemistries. WCA aver-
ages of 85.74°, 65.73° and 34.92° for —CH3;, —NH,, and —OH,
respectively, were comparable to values from previous studies mea-
suring 107°-112° for —CH5 groups, 26°-46° for —NH, groups, and
20°-30° for —OH groups.2>2¢37

Our —OH organosilane-modified surfaces demonstrated the high-
est OKs proliferation and expression of both ITGB4 and COL17 HD
markers compared to all other groups. Furthermore, while the —OH
organosilane group performed best, the pGlass control—also rich in
hydroxyls—was the lowest performing group. More specifically,
pGlass and —OH groups feature abundant terminal hydroxyls, with
the difference that hydroxyls are presented at the end of an alkyl
chain in the —OH group. Of note, HD formation and OKs proliferation
were significantly higher on —OH disks than pGlass disks, even
though both presented similar levels of protein adsorption. We pro-
pose the physical-chemical environment of a polar surface favors HD
formation by OKs and that the configuration (at the end of a hydro-
carbon tail), in which the hydroxyl group is presented on the —OH
surfaces, offers a certain degree of flexibility or diffusivity allowing
the protein adlayer to exert the appropriate biological effects contrary
to pGlass. Classical and recent work has shown the interplay between
(1) the secreted and (2) adsorbed ECM (3) and/or surface receptor
expression with the surface chemistry determines cell responses.*64”
Polarity at short-range interactions (pGlass; no alkyl tail) appears to

affect OKs and/or adsorbed or secreted matrix differently than longer
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range (—OH; with an alkyl tail) polar groups. Indeed, studies have
shown that cellular responses to the same ligand are affected dramati-
cally by immobilized ligand diffusivity.*® Further work is necessary to
better understand the potential role in ligand diffusivity in forming
HD on surfaces. Interestingly, a positive correlation between meta-
bolic activity and expression of HD markers COL17 and ITGB4 seems
to be present; this is consistent with previous studies suggesting an
intrinsic link among HD formation, proliferation, and the surface-
dictated environment OKs interrogate and respond to.2%3” Thus, con-
trol of HD formation through surface physicochemistry is a route to
control cell behavior beyond HD, such as proliferation and potentially
differentiation response that are linked to HD.*’ Future research
could investigate this by looking at cell cycle or apoptosis markers in
relationship to HD formation. Surface zeta analysis in future studies
could directly show the differences in surface charge among different
groups. Future surface characterization could be performed to com-
prehensively determine presence and quantify density of chemical
groups using time-of-flight secondary ion mass spectrometry and/or
colorimetric reactions.

Proteins and biomolecules that exist in human body solutions,
such as blood and saliva, will be adsorbed by the modified surface of
any device that will be implanted into the human body, dictating the
performance of these surfaces. Relatively hydrophilic pGlass and
—OH showed similarly low BSA and Fg adsorption and BSA thickness
but a markedly different OKs response. On the other hand, hydropho-
bic modified —CHs titanium surfaces seem to adsorb more BSA and
Fg than more hydrophilic modifications.***° In accordance with the
above, our —CH3 group presented the highest levels of BSA and Fg
adsorption. Similar results were shown for BSA thickness. This high
BSA and Fg adsorption was associated with only moderate OK prolif-
eration and HD formation. Overall, it could be assumed that BSA
thickness, BSA and Fg adsorption are not correlated with the OKs
proliferation nor HD formation on physicochemically modified sur-
faces. Our methods for studying adsorbed proteins had potential limi-
tations, such as molecular physicochemical properties after
fluorescent labeling can be different compared to native sequences or
desorption and then quantification of biomolecules in solution may
result in adsorption of said biomolecules to glassware and thus can
alter the quantified signal.

Others have shown osteoblasts cultivated on Ti surfaces with
preabsorbed BSA showed no difference on surface attachment com-

pared to control Ti surfaces,

while attachment of dental pulp
derived mesenchymal stem cells (DP-MSCs) was similar between Ti
surfaces with fibronectin (Fn) coating and control Ti surfaces.”* On
the other hand, osteoblasts' adhesion was enhanced on Ti surfaces
preadsorbed with Fn for 15 versus 180 min and non-coated Ti sur-
faces.”® Thus, not all cell types seem to respond in the same way on
BSA and Fg adsorption, which suggests that protein conformation,
rather than amount, is a critical variable to examine in future work.
This may relate to the reversibility of sorption. It appears that the irre-
versibility that a flat rigid substrate adsorbs more molecules, in con-
trast to a softer/more flexible monolayer of silanes, can impose that

fewer conformational states of proteins are available for the cells to
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interact with leading to favorable responses.>? Future work is neces-
sary to interrelate adsorbed biomolecule properties and HD upregula-
tion. Indeed, this becomes important when many biomolecules are
adsorbed simultaneously as surface properties guide which biomole-
cules preferentially adsorb®>>* and/or their conformation. These rele-
vant aspects of multi-protein adsorption and consequent biological
implications have not been directly studied here.

Interestingly, the —OH group's average WCA of 34.92° is close to
the WCA that has been related to the highest adhesion for human
endothelial cells.?? Others have identified a WCA of 24°-31° being
ideal for osteoblast differentiation.>>>° Yet others have shown that a
WCA of 60°-80° is ideal for fibroblasts' focal adhesion formation.>”~>?
We establish here that the relationship between keratinocyte HD for-
mation and physicochemistry is distinct from other cells and pheno-
types. Indeed, previously conducted studies with MSCs showed higher
proliferation levels and focal adhesion formation on —OH and —NH,
groups than —CHg group.? Similarly, MC3T3-E1 cells, osteoblast precur-
sors, presented the highest amount of adhesion on —NH2 and —OH
groups.®® Moreover, —NH, surfaces seem to promote osteogenic differ-
entiation of MSCs compared to other surfaces.2%"22 Similar results have
been shown for dental pulp stem cells (hDPSCs).2 Instead, we show HD
formation by OKs was the lowest on the —NH, surface. Therefore, con-
trary to MSCs that prefer positively charged, polar hydrophilic surfaces,
OKs prefer hydrophilic, polar, neutral surfaces for HD formation.

Other surfaces synthesized to upregulate HD have suggested the
importance of physicochemistry. For example, differently modified Ti
and zirconia (ZrO,) implant surfaces have been tested for oral epithe-
lial attachment in vitro and animals.3%¢"%% ZrO, implants showed
comparable HD formation with Ti implants.®? Other studies demon-
strated that Ti implants hydrothermally treated with calcium chloride
and zinc chloride had enhanced epithelial attachment compared to
machined and hydrothermally treated with strontium chloride Ti
implants.¢%? In vitro studies presented that using ultraviolet light to
modify Ti surfaces can enhanced HD formation of oral keratinocyte
cells.** However, fundamental evaluation of systemically varied chem-
ical groups and/or physicochemical modifications and their relation-
ship to HD formation has not been performed until present. Our
results will help unify disparate past in vitro results and provide guid-
ance for future mechanistic studies and enhancement of soft tissue
attachment around implants. The effectiveness of this HD-mediated
biologic seal needs additional testing with animal studies and mecha-
nistic studies focused on the role of extracellular matrix in HD forma-

tion in future work.%®

5 | CONCLUSIONS

Organosilane-modified surfaces featuring a terminal —OH can
increase OKs proliferation and HD formation. The favorable OKs
response on the —OH surface appeared to not correlate with surface
wettability or the effects of specific physical-chemical properties on
the amount or thickness of the adlayer of adsorbed model proteins.

These results highlight the potential of developing new surfaces to

favor HD formation by simple chemical modifications and thus,
advance peri-implantitis preventative strategies toward biologically-

informed biomaterials.
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