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Introduction: Titanium (Ti) and its alloys (eg, TigAl4V) are exceptional treatments for replacing or repairing bones and damaged
surrounding tissues. Although Ti-based implants exhibit excellent osteoconductive performance under healthy conditions, the effec-
tiveness and successful clinical achievements are negatively altered in diabetic patients. Concernedly, diabetes mellitus (DM)
contributes to osteoblastic dysfunctionality, altering efficient osseointegration. This work investigates the beneficial osteogenic activity
conducted by nanostructured TiO, under detrimental microenvironment conditions, simulated by human diabetic serum.

Methods: We evaluated the bone-forming functional properties of osteoblasts on synthesized TiO, nanotubes (NTs) by anodization
and Ti6Al4V non-modified alloy surfaces under detrimental diabetic conditions. To simulate the detrimental environment, MC3T3E-1
preosteoblasts were cultured under human diabetic serum (DS) of two diagnosed and metabolically controlled patients. Normal human
serum (HS) was used to mimic health conditions and fetal bovine serum (FBS) as the control culture environment. We characterized
the matrix mineralization under the detrimental conditions on the control alloy and the NTs. Moreover, we applied immunofiuores-
cence of osteoblasts differentiation markers on the NTs to understand the bone-expression stimulated by the biochemical medium
conditions.

Results: The diabetic conditions depressed the initial osteoblast growth ability, as evidenced by altered early cell adhesion and
reduced proliferation. Nonetheless, after three days, the diabetic damage was suppressed by the NTs, enhancing the osteoblast activity.
Therefore, the osteogenic markers of bone formation and the differentiation of osteoblasts were reactivated by the nanoconfigured
surfaces. Far more importantly, collagen secretion and bone-matrix mineralization were stimulated and conducted to levels similar to
those of the control of FBS conditions, in comparison to the control alloy, which was not able to reach similar levels of bone
functionality than the NTs.

Conclusion: Our study brings knowledge for the potential application of nanostructured biomaterials to work as an integrative
platform under the detrimental metabolic status present in diabetic conditions.

Keywords: osteoblast regeneration, bone surface interactions, cellular nanomodulation

Introduction

Orthopedic and dental implants have been successfully used for decades to replace or repair damaged bones, joints, and
teeth.! However, many clinical biomaterials have shown limited functionality under local and systemic diseases,” that
challenge the successful performance of metallic implants in terms of effective osseointegration, bone quantity and
quality regeneration.>* Thus far, DM is one of the most critical systemic diseases that negatively compromises the
appropriate bone integration to the implant and the subsequent healing required for effective tissue restoration.>® DM has
been described as a group of metabolic disorders characterized by hyperglycemia caused by defects in insulin secretion,

insulin action, or both.”® Furthermore, DM is strongly associated with periodontitis, delayed wound healing, a high risk
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of infections, and, more severely, impairments of bone metabolism.” ! Concernedly, the current trends outline that DM
type 2 accounts for ~ 85-90% of diagnosed patients who will require the application of implantable devices.’
Interestingly, a recent retrospective study on implant failure showed that diabetes mellitus positively correlates with
implant removal.'? On the other hand, another retrospective work analyzing 742 dental implants showed a 4.50% failure
rate between the control group (non-diabetic) and diabetic patients after the early stage of surgery.'* However, one year
after surgery, the researchers found an increase in implant failure to 9.82% in the diabetic group. Similarly, Olson et al
reported an implant failure rate of 12% in diabetes mellitus patients,'* which correlates with previous works, shedding
light on the current need for innovative, groundbreaking metallic biomaterials to increase the survival rate.

Several studies have concluded that the microenvironment simulated using diabetic serum can result in poor
osteoblast regeneration, decreased collagen synthesis, and improper matrix calcification.'''>'® Interestingly, the elevated
glycosylated proteins, the autoxidation of glucose due to higher O, levels,'” and overproduction of reactive oxygen
species (ROS) characterize the oxidative environment of the blood serum of diabetic patients.'® Similarly, the expression
of proinflammatory cytokines and mitochondrial oxidative stress have been outlined as constitutive factors of cellular
damage in diabetic conditions.'®° Far more important is the negative impact of these biochemical and molecular
components in the osseointegration process. Therefore, the correct osteoblast viability and functionality are impaired for
rapid implant restoration. Hence, it is necessary to develop complementary therapeutic strategies, such as introducing
metallic implantable materials with improved active surfaces.

Commercially pure Ti (Cp-Ti) and its alloys have been extensively selected as the primary option of metallic
implantable devices for biomedical, orthopedic, and dental applications.'* In this regard, TigAl,V alloy offers good
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corrosion and fatigue resistance, and favorable mechanical properties compared to Cp-Ti.?? Moreover, TigAl,V provides
acceptable biocompatibility, osseointegration, osteoconductivity, bone-to-implant contact, and long-term success rates
principally in patients without any metabolic disease.”** Interestingly, the surface physicochemical parameters of
metallic biomaterials have been widely described as playing a pivotal role in the control of cellular functionality. The
current trends outline that nanostructured materials enhance the physicochemical properties, thus offering a versatile
platform to promote cellular growth followed by tissue restoration.”* For instance, nanomodified surfaces such as NTs of
70-100 nm diameter are described as a frontline strategy to orchestrate a favorable osteoblastic functionality, rapid
proliferation, osteogenic expression, and maturation compared to their nonmodified counterparts.****?° Therefore, this
essential information hypothesizes that NTs can stimulate osteoblast growth functionality under severe diabetic
conditions.

In a previous study, Jiang et al suggested that sandblasted/acid-etched and anodized Cp-Ti surfaces improved the
osteogenic expression and proliferation of MC3T3-E1 cells using high glucose levels (25.5 mM) as DM conditions.?’
Similarly, Yang et al reported that glucose simulating DM (22 mM) decreases the adhesion and the bone-forming
performance of MC3T3-El on flat and SLA-modified Cp-Ti.*® Meanwhile, the application of 80-nm diameter NTs
supported osteoblastic proliferation and maturation after 21 days of evaluation. However, those interesting investigations
are limited by only using glucose as a DM stimulus, despite the harmful DM environment involving more complex and
detrimental substances that compose DM serum.

Therefore, considering the above-stated information and given the urgent need for novel metallic biomaterials
supporting DM, the present study evaluates the beneficial properties of TigAl,V configured with ~70 nm NTs on
osteoblast growth functionality using human DM serum for simulating the DM environment. Our current results advance
the knowledge in the design of stimulating regenerative surfaces for applications of tissue engineering in clinical DM and
underline part of the concerning mechanism.

Materials and Methods
Synthesis of TiO, Nanotubes

For the manufacturing of homogenous and reproducible 80-nm diameter NTs, we used a previously established protocol. >
Briefly, TigAl,V disks (ASTM F-136, Supra Alloys Inc., Camarillo, CA, USA) 12 mm in diameter and 2 mm in thickness were
polished by following a metallographic procedure (ASTM E3-11) using SiC emery paper (100—2000 grit) and 0.5 pm alumina to
achieve a mirror finish. Next, the samples were cleaned in an ultrasonic bath (Branson CPXH 2800, Emerson Electric Co.,
SLMO, USA) with pure acetone, ethanol, and distilled water for 20 min each. Then, the samples were placed in a special 125-mL
electrochemical cell and anodized using an electrolyte solution prepared with Microdacyn (Oculus Technologies, Guadalajara,
JAL, MEX) supplemented with 10 mg/L. NH4F (Sigma-Aldrich, St. Louis, MO, USA) and 100 mg/L NaCl (Sigma-Aldrich,
USA) at pH 6.8. Next, a potential of 20 V was applied for 5 min at room temperature (RT) using a DC power supply and
a platinum mesh as a counter electrode. The anodized samples were cleaned for 20 min under bath sonication with distilled water
to eliminate residues of fluoride salts, rinsed with isopropyl alcohol, and dried in a desiccator for 12 h. Importantly, all
experimental specimens were sterilized using ultraviolet (UV) irradiation (285 nm UVB light source) for 30 min on each side
inside a class II biosecurity cabinet.

Surface Characterization

The surface and cross-sectional morphology of the experimental samples were characterized by field-emission scanning
electron microscopy (FE-SEM; Tescan LYRA 3, Brno, Czech Republic), taking images at 20 kV accelerating voltage,
a working distance of 9.00 mm and the diameter of tubes was measured using top-view analyses with the Image J software
(1.48v, NIH, USA).*? The chemical composition of the material surfaces was assessed by energy dispersive X-ray spectro-
scopy (EDX) (Tescan LYRA 3, Brno, Czech Republic) using a silicon drift detector coupled to FE-SEM. The surface
topography and roughness values were studied using atomic force microscopy (AFM; NX10, Park Systems, South Korea)
equipped with an anti-acoustic box and an active vibration isolation table to prevent noises and vibrations that can affect the
measurements. The AFM was configured with a PPP-NCHR (Park Systems) tip with force constant = 42 N/m, resonance
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frequency = 330 kHz using the non-contact mode. The samples were fixed on a magnetic sampler holder using bi-adhesive
carbon tape. The operation scan rate for all the samples was 0.5 Hz, with a Z-feedback set point of 3x10* and amplitude of
21.376x10° nm. The scan surface area was 2.5 pm?. To provide the surface roughness differences between the NTs and TigAl,
V, we provide the average roughness (Ra), the root mean square division (Rq), and kurtosis (Sku) values. The static water
contact angle (WCA) of the NTs and TigAl,V surfaces was tested by depositing a 5 pL droplet of deionized water at 20 + 2 °C
and 45% relative humidity (RH). The droplet morphology was captured using a high-performance CCD camera of an
automatized tensiometer (Theta Attension; Biolin Scientific) equipped with an X-Y syringe. The WCA results were obtained
using the ONE Attension software, which enables a precise analysis of the two angles of the drop.

Human Serum Collection

After oral and written informed consent was obtained, blood was collected from three donors ranging from 40-60 years
old: two women diagnosed with type 2 diabetes mellitus (DS1 and DS2) prescribed only with hypoglycemic drugs
(metformin/glibenclamide), and a healthy male patient (HS) without any evidence of DM (Table S1). The blood samples
were collected in the fasting state, and serum was separated by centrifugation at 3000 x g for 15 min and sampled inside
a class II biosecurity cabinet. The serum samples were aliquoted and stored at —80 °C until used. It is important to
highlight that FBS (Gibco-Invitrogen) was applied as the normal cellular control condition. The protocol for blood
sample collection was approved by the bioethical committee from the Comité Nacional de Investigacion Cientifica of
Instituto Mexicano del Seguro Social, in compliance with the outlined in the Declaration of Helsinki.

Cell Culture

The initial preosteoblast mouse calvaria derived cell line MC3T3-E1 (ATCC CRL-2594) was cultured in o-minimum
essential medium (o-MEM, Gibco-Invitrogen) supplemented with 10% FBS and 1% penicillin/streptomycin (Gibco-
Invitrogen). The cells were incubated at 37 °C in a humidified atmosphere of 5% CO,, and the medium was changed
every 2-3 days after reaching an 80% confluence. To assess the cell proliferation, cytotoxicity, and morphology, each
experimental sample was positioned in an individual well of a sterile 12-well polystyrene plate (Corning, NY, USA).
Then, the cells were harvested and seeded on the specimens using 1 mL of medium containing a concentration of 1x10*
cells/cm? for 24 h. Next, the medium was changed to medium supplemented with HS, DS of each DM patient or FBS as
a positive control of osteoblastic growth. Each serum supplement was switched to 5% for each experimental time to
maintain the cells under a quiescent state. The application of DS in this scheme attempt to mimic the pathophysiological
conditions that occur in type 2 DM patients.*® The use of HS from a normal non-diagnosed DM patient was selected as
a control to mimic the normal human physiological condition.** The medium was changed every 3 days or after
completing the required assays. The MC3T3-E1 cells were used between passages 3 and 6.

MTT Assay for Cell Viability

The cell metabolic activity was assessed with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. After incubation for 1, 3, 5 and 7 days, the cells were rinsed thrice with warm 1X phosphate-buffered saline (PBS).
One milliliter of MTT (Sigma-Aldrich, USA) in a-MEM (5 mg/mL) was added to each well and further incubated at 37
°C in a humidified 5% CO, incubator for 3 h. The resulting formazan crystals were dissolved after discarding the
medium containing MTT, and the 12-well plate was transferred to an orbital shaker at 200 rpm and 37 °C with 500 pL of
dimethyl sulfoxide (DMSO; Sigma-Aldrich, USA) for 20 min under dark conditions. Then, 100 pL of the dissolved
crystals were deposited in a 96-well polystyrene plate (Corning, USA), and the optical density (OD) was measured at 490

nm using a microplate reader (Thermo Fisher Scientific, USA).**>3¢

Osteoblast Characterization by FE-SEM

To evaluate morphological changes in MC3T3-E1 cells seeded on the anodized materials, FE-SEM analysis was carried
out as described by others.>> After culturing for periods of 4 h, 24 h, and 21 days of seeding, cells grown on the samples
were rinsed three times with PBS (5 min) and fixed in 2.5% w/v glutaraldehyde (Sigma-Aldrich, USA) buffered with 0.1
M sodium cacodylate (Sigma-Aldrich, USA) at 4 °C overnight, washed three times for 5 min in 0.1 M sodium cacodylate
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buffer and postfixed with 2.5% glutaraldehyde for 2 h at room temperature (RT). The cells were dehydrated in a graded
series of ethanol solutions (25%, 50%, 70%, and 100%) for 15 min at each concentration. Finally, the samples were
sputter-coated with gold (10-nm gold layer) for 8 s and observed at 5 kV accelerating voltage. The image J software was
used to compute the length and density of filopodia on the NTs under the different biochemical serum conditions.?’

Osteoblast Differentiation Assay

In the osteoblast differentiation assay, the cells were seeded on the specimens (NTs, TigAl;V and polystyrene 12-well
culture plates) at a density of 1x10* cells/mL and cultured for 5 days in complete culture medium. Then, the cells were
cultured in osteogenic medium (a-MEM with 5 mmol/L B-glycerophosphate, 1 nmol/L dexamethasone, and 100 pg/mL
ascorbic acid) supplemented in separate aliquots with FBS, DS1, DS2, and HS as previously described. Each culture
condition was maintained by changing the corresponding medium twice per week until each evaluation period was
reached.

Mineralization Assay

Bone matrix mineralization was determined by Alizarin Red S (ARS, Sigma-Aldrich, USA) staining of cultured
osteoblasts to detect the deposited calcium nodules. Briefly, after osteogenic induction for 7, 14, and 21 days, the
specimens were washed three times with PBS, fixed in 4% paraformaldehyde for 30 min at RT, rinsed thrice with PBS,
and stained with 40 mM ARS solution (pH 4.2) in PBS for 20 min at RT. Then, the specimens were soaked with distilled
water until the unbound stain was completely removed, dried in a desiccator and imaged using a professional digital
camera (Nikon D750, NY, USA). ARS stain was dissolved from the cell matrix by incubating in 10% acetic acid at RT
for 30 min. Then, the cells were collected in a microcentrifuge tube and heated at exactly 85 °C for 10 min. Briefly, the
tubes were incubated on ice for 5 min, and the suspension was centrifuged for 15 min at 10,000 rpm. After centrifuga-
tion, the supernatant was transferred to a new tube, ammonium hydroxide was added to neutralize the acid, and the
absorbance was measured at 405 nm in a microplate reader.® In order to calculate the concentration of ARS bonded to
the mineralized samples, we performed dilutions of an ARS standard (40 mM) ranging between 2 mM and 0.0625 mM to
allow measurement within the linear range of the assay.’®

Collagen Secretion Assay

Collagen deposition on the anodized specimens in response to MC3T3-El cellular functionality was evaluated and
quantified by the Sirius red staining-based colorimetric assay.>® After osteogenic induction for 14 days as described, the
specimens were rinsed three times with PBS, fixed with 4% paraformaldehyde for 45 min, rinsed three times with PBS,
and stained with a 0.1% solution of Direct Red 80 (Sigma-Aldrich, USA) in aqueous saturated picric acid for 18 h at RT.
After rinsing with 0.1 M acetic acid to remove the total unbound stain, the specimens were dried in a desiccator for 12
h. The samples were photographed using a professional digital camera (Nikon D750, NY, USA). Next, the stained
specimens were eluted in 1 mL of the destaining solution (0.2 M NaOH/methanol 1:1) for 10 min, and the absorbance
was measured at 570 nm using a microplate reader.

Immunofluorescence Staining

After 7 days for RUNX2 and 21 days for osteocalcin (OCN), osteopontin (OPN) and osteoprotegerin (OPG) the cells
cultured on the anodized samples were washed three times with warm PBS and fixed with 4% paraformaldehyde for 45
min at RT. Once fixed, the cells were washed three times with PBS and permeabilized using 0.1% Triton X-100 in PBS
for 30 min. Next, the samples were washed three times, incubated for 2 h at RT in bovine serum albumin (BSA) blocking
solution (1% BSA/1 x PBS), and washed three times with PBS. Then, the cells were incubated for 2 h in primary
antibodies against OCN at a 1:80 dilution (Abcam, Cambridge, MA, USA), OPN at a 1:1000 dilution (Abcam,
Cambridge, MA, USA), RUNX2 at a 1:1000 dilution (Abcam, Cambridge, MA, USA) and OPG at a 1:200 dilution
(Abcam, Cambridge, MA, USA) in blocking solution at 4 °C overnight. Then, Alexa Fluor 488-labeled antirabbit, 1:1000
dilution (Invitrogen, Carlsbad, CA, USA), and Alexa Fluor 594 labeled antimouse, 1:1000 dilution (Invitrogen, Carlsbad,
CA, USA), each in blocking solution, were used as secondary antibodies for OCN, OPN, Runxs and OPG, respectively,
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incubated for 2 h at RT and washed three times with PBS.?° The cell nuclei were counterstained using 4',6'-diamidino
-2-phenylindole (DAPI) (Molecular Probes, Carlsbad, CA, USA) in PBS, incubated for 20 min at RT, and washed three
times with PBS.?’ Finally, the surfaces were inverted onto coverslips with fluorescence mounting medium (Fluroshield,
Sigma—Aldrich, USA), examined, and photographed using a green (OPN, Runxs and OPG), red (OCN), and blue (DAPI)
filter employing a fluorescence microscope under similar magnifications. To measure the fluorescence intensity, 5—10
micrographs of each sample were taken at the corresponding culture period using the same exposure time. The average
intensity was measured using ImagelJ software from five random cells on each surface.

Statistical Analysis

At least three independent experiments were performed, each in triplicate. Statistical analysis was performed using one-
way analysis of variance (ANOVA) followed by Bonferroni’s multiple comparison test for multiple group comparisons
using GraphPad Prism 6 software (Graph Pad, CA, USA). A P < 0.05 was considered statistically significant. The results
are expressed as the mean + standard deviation (SD).

Results

Surface Analysis

Figure 1 shows the surface structural morphology of the experimental materials, characterized using FE-SEM. The
anodization process results in the formation of a highly ordered nanoconfigured TiO, layer with a wall width of 83
+13 nm and a layer thickness of 1.18+0.01 pum (cross-section view) formed on the whole surface of the TigAly

70+18 nm 15+5 nm 83+13 nm 1.18£0.01 pm
0 20 40 60 80 100120 0 10 20 30 60 80 100 120110 145 120 1.25
Diameter (nm) Tube Thickness (nm) Wall Width (nm) NTs Layer (nm)

Figure | FE-SEM analysis of the anodized NT surface. (A) Top-view micrograph of NTs showing the diameter and tube thickness distribution. (B) Cross-section view of the
NT layer illustrating the wall width and layer broadness.
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V specimens. Moreover, the AFM analysis showed the transformation of the flat non-anodized TigAl,V control alloy
(Figure 2A) to a uniformly nanostructured surface (Figure 2B). Furthermore, the Ra (Figure 2B) and Rq (Figure 2C)
values displayed an exorbitant roughness increment after the anodization. Similarly, the topography distribution
illustrated a flattened profile from the TigAl4V, which was promptly spiked after the synthesis of the NTs (Figure 2D).
This approach further supports the presence of homogeneous, well-aligned, rougher and uniformly distributed NTs
over the modified sample. The NTs were estimated to have a tube diameter of 70+18 nm and a mouth thickness of 15
+5 nm (top view). On the other hand, the surface hydrophilicity was significantly increased after the anodization,
showing a decreased WCA for the NTs (Figure S1).

Effect of Human Serum on Osteoblast Viability

The impact of the different simulated microenvironments using human serum on the viability and proliferation of
MC3T3-El cells on the NT surfaces was evaluated by MTT assay (Figure 3). MTT indicates the differences between the
proliferating cellular rate on the NT surface under DM, human serum and FBS conditions. The results highlight that the
initial cellular viability was similar between the experimental conditions. However, at Day 3, higher proliferation was
observed under the experimental conditions than on the first day, and prominent growth was observed with FBS, which
followed this similar behavior after 5 days of incubation. Moreover, after 7 days, we detected that the nanoconfigured
materials were capable of maintaining late osteoblast activity; thus accentuating the DM conditions attenuated by the

A Ti6AI4V

B C D
15 15 10
8.
— 104 = 104
£ £ = 67 «
£ £ i~
© o 0 L]
[1'4 5 14 5- 4
2.
0- 0- 0-
Ti6AK4V NTs Ti6AI4V NTs Ti6AI4V NTs

Figure 2 AFM analysis of the TigAl4V control surface and the NTs. (A) 3D micrographs showing the surface topography. (B) Ra values of the experimental materials. (C) Rq
data of the surfaces. (D) Sku of the obtained from the surface characterization. The * shows significant differences.

International Journal of Nanomedicine 2022:17 https: 5475
Dove:


https://www.dovepress.com/get_supplementary_file.php?f=387386.docx
https://www.dovepress.com
https://www.dovepress.com

Valdez-Salas et al Dove

1.0- B FBS
- B DSH
0.8- m DS2
£ m HS
QO 0.6
S
>
= 0.4
3
0.2-
0.0-

1 3 5 7
Incubation time (Days)

Figure 3 MTT assay showing osteoblast viability under the experimental conditions after |, 3, 5, and 7 days of incubation. * and ** indicate significant differences between

serum conditions.

presence of proliferating cells (Figure 3). It is important to highlight that the DS and HS groups did not show significant

differences.

MC3T3E-1 Adhesion and Morphology

To study the cell morphology of the specimens and biochemical environments, we used FE-SEM technology. Initially,
Figure 4 shows the morphology of MC3T3-E1 adhered to the NTs for 4 h. The low magnification micrographs showed
that a promoted cell spread was stimulated by the controls (as expected) compared with the DS1 and DS2 conditions.
However, the NTs exhibited an evident cellular distribution, showing a typical osteoblastic shape with a dense ECM;
cytoplasmic prolongations and well-defined filopodia were detected among the different biochemical conditions.
Moreover, the application of the different medium conditions resulted in a controlled filopodia extension and density
(Figure S2), suggesting that the nanotopography could be the initial factor directing the front line of cell adhesion.

Figure 4 FE-SEM micrographs illustrating the osteoblast adhesion and cell morphology on the NTs after 4 h of culture. Magnifications are 250 X, 30,000 X and 80,000 X.
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Therefore, the NTs harbor attachments with other cells. The magnified images illustrated well-defined extending
lamellipodia and filopodia on all surfaces under biochemical conditions. Furthermore, the longed, abundant and
pronounced finger-like fibrillar shaped protrusion extending from the cell body, embracing, and interacting with the
nanotopography highlights a strong cell adhesion, accelerated by the NTs.

After 24 h of incubation (Figure 5), homogeneous cellular spreading over the NTs was evident in the experimental
microenvironment. Thus, abundant cytoplasmic prolongations maintain and promote cell attachment, clear cell bodies,
a denser ECM and the extension of the bone monolayer. However, the DS2 showed a decreased cellular elongation
compared to the experimental conditions (Figure S2). Thus, 24 h of culture could be a reasonable period for initial
cellular sensing of the adverse molecular microenvironment stimulated by the DS. The higher zoom displayed out-
standing filopodia that were efficiently anchored, thus tailoring osteoblast adhesion and proliferation.

Osteoblast Differentiation

Osteoblasts give rise to bone formation through cell proliferation, differentiation, and extracellular matrix mineralization.
The calcium (Ca) formation and deposition from the growing osteoblasts were quantitatively assessed using the ARS
staining assay. Interestingly, Figure 6A and B illustrate the results of ARS analysis of MC3T3-El cells cultured on the
NTs and the TigAl;V control surface (FBS, DS1, DS2, HS) after osteogenic differentiation for 7, 14 and 21 days.
Initially, Figure 6A displays the surface materials with a red color shade increasing in intensity and uniformity from 7,
then 14 and 21 days of differentiation. Moreover, we detected that the formation of calcified nodules was constantly
stimulated by the NTs in the different biochemical conditions, and in comparison with the TigAl,V materials, thus
highlighting a similar mineralization behavior. The results obtained from ARS quantification represent a remarkably
similar trend from the initial to middle phase of maturation between the different media completed with the experimental
sera (Figure 6B). However, an exacerbating significant ARS quantity was appreciated in the late osteoblastic differentia-
tion phase (21 days) for the NTs, further indicating a higher and evident nodule formation for the simulated micro-
environment. Furthermore, it was clearly detected that the nanostructured surfaces promoted a faster initial bone
mineralization, which was significantly higher in the late stage. Figure 7 a shows the collagen secretion from the

Figure 5 FE-SEM micrographs illustrating the osteoblast adhesion and cell morphology on the NTs after 24 h of culture. Magnifications are 250 X, 30,000 X and 80,000 X.
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Figure 6 ECM mineralization and collagen secretion assay after osteogenic differentiation. (A) Mineralized nodules of TigAl,V and NTs stained with Alizarin red S (ARS),
after 7, 14 and 21 days of differentiation. (B) Quantitative analysis of ARS staining on the surfaces. *Indicates significant differences in the ARS quantified between the TigAl4
V and NTs. @ Represents changes between DSI| and the analyzed serums in TigAl,V after 14 days of incubation.

MC3T3E-1 cells stimulated by the nanoconfigured surfaces after 14 days of culture. Interestingly, a monolayer of cells
stained by Picrosirius Red was detected. Of particular interest is collagen synthesis, which was closely similar among the
simulated DM environments and serum controls. However, a slight collagen reduction was detected for the DS model,
but no significant differences were calculated (Figure 7B). Therefore, the results of extracellular matrix mineralization
are remarkably comparable to the results of collagen secretion.

FE-SEM Characterization of Differentiated MC3T3-El Cells
Figure 8A shows FE-SEM micrographs of MC3T3-E1 cells cultured on the NTs after osteogenic differentiation
following 21 days of incubation. The lower magnification images show the distribution of the cells, highlighting the
capability to extend among the NTs under the biochemical conditions (SBF, HS, DS1 and DS2). Moreover, the
nanostructured surface promoted the secretion of well-defined hydroxyapatite crystals (Haps) on the cellular surface.
Interestingly, the crystal secretions were detected mainly over the cellular bodies and in the close surrounding space,
further supporting the results of ARS quantification (Figure 6B). The higher magnifications revealed the presence of
abundant and large bone nodules produced by the osteoblastic cells that were stimulated even under detrimental
conditions (by DS). These data correlated with the ARS results, indicating that NT surfaces promote and induce ECM
mineralization, Ca accumulation, and nodule formation even under detrimental diabetic conditions.

EDX analysis was performed to evaluate the chemical composition of the ECM of the differentiated cells, as well as
to estimate the atomic Ca and P levels by the experimental conditions. Figure 8B shows the percentage of Ca secreted by
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Figure 7 (A) Collagen secretion assay for 14 days of culture. (B) Quantification of secreted collagen.

the mature osteoblasts. The results showed that the positive control promoted Ca deposition more than the detrimental
biochemical stimulus. However, the P composition was slightly lower in the DS conditions, but those differences were
not significant (Figure 8C). Furthermore, the FE-SEM micrographs in Figure S3 support the formation of well-defined
Hap crystals growing from the cellular bodies under the experimental conditions. Thus, the results suggest a consistent
formation of Hap under harmful DM conditions. Interestingly, these results highlight that bone nodule formation was
stimulated by the NTs under the different experimental conditions, suggesting a slightly promoted deposition of bone
matrix minerals in the FBS, as expected.

Immunofluorescence Staining

To determine whether the biochemical conditions FBS, DS1, DS2, and HS modulate osteogenic expression, the
osteoblast differentiation markers Runxs2, OCN, OPN, and OPG were assessed at 7 and 21 days of induction.
Figure 9A shows the expression of Runx2 on the NTs under the experimental environments after 7 days of incubation.
The cellular morphology induced by the serum treatments was similar. Moreover, Runx2 was detected principally around
the nucleus for all the experimental environments (Figure 9A). To accurately assess and compare any significant
differences between the biochemical stimuli, a representative graph of Runx expression is provided (Figure 9B). We
detected a slight increase in the expression of DS1 in comparison to the studied sera; however, the differences were not
significant. This information suggests that Runx2 expression can be supported in the early stage of osteoblastic
differentiation even under detrimental DS. Moreover, the receptor expression of OCN was analyzed and quantified
(Figure 10). In Figure 10A, the OCN staining suggests that the OCN was intracellularly localized mainly in the
cytoplasmic space. The fluorescence quantification (Figure 10B) suggested that late osteogenic differentiation followed
a similar activation behavior among all the experimental conditions (FBS, DS1, DS2 and HS). Similarly, OPN expression
followed a similar pattern of activation (Figure 11B), suggesting that PG was also localized in the intracellular space
(Figure 11A). The OPG receptor, a negative regulator of osteoclastogenesis, was intracellularly expressed, showing
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Figure 8 Hydroxyapatite nodule formation after osteogenic incubation for 21 days under the experimental conditions. (A) SEM micrographs showing abundant and large
bone nodules on the NTs. Magnifications are 300 X, 1500 X and 15,000 X. (B) EDX analysis of the calcium atomic level. (C) Phosphorus atomic level secreted on the NTs.
The *indicates significant differences.

a similar localization behavior for all the experimental conditions (Figure 12A). Interestingly, Figure 10B illustrates
similar outcomes of OPG levels between FBS and the experimental serum microenvironments. However, DS2 and HS
showed slight differences in reduced expression compared with DS1 (Figure 12B).

Discussion

The surface of implant materials must contribute physicochemical properties beneficial for the patient. These character-
istics are a low elastic and fatigue modulus, excellent corrosion resistance, chemical stability, biocompatibility, and, more
importantly, successful bone-to-implant integration (eg, osseointegration).*” The osseointegration process demands
efficient osteoblast adhesion, proliferation, secretion of EMC proteins, and mineralization of the surface of the
material.?' Interestingly, anodized TigAl,V with NTs improves osteoblast bone-forming functionality more than its
nonmodified counterparts.’>?**' Moreover, we reported that NTs improved the angiogenic response compared with
nonmodified flat TigAl,V, Cp-Ti, and rough acid-etched TigAl,V surfaces under standard culture conditions.>” However,
the requirement of metallic implants by older and metabolically compromised populations is still growing day-to-
day.*** Extensive evidence indicates that chronic DM impairs osteoblast cellular functionality (eg, proliferation,
differentiation, mineralization).™'> Thus far, DM suppresses the bone mineral apposition rate, bone-to-implant contact,
demanded osseointegration, and peri-implant bone formation.''*** Hence, it is imperative to develop and study novel
nanostructured surfaces that can support and stimulate the formation of new bone under challenging conditions, such as
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Figure 9 Immunofluorescence of Runx2 expression in MC3T3-E| cells cultured for 7 days under the experimental conditions. (A) RUNX 2 intracellular localization,
magnification is 20 X. (B) Graph representing the fluorescence intensity expressed for Runx2.

the DM environment. Therefore, this study focuses on characterizing osteoblast bone-forming capability by 70 nm TigAly
V-NTs under the detrimental growing environment stimulated by diabetes mellitus (DM).

The anodization process is a successful method to synthesize NTs to improve the physicochemical and osteoblast
growth functionality of Ti-based metallic implants.?! Our current synthetic strategy resulted in the formation of
homogenous, aligned, rougher, hydrophilic and uniform NTs, highlighting a coating thickness of 1.18 pm (Figure 1).
It is important to outline that thicker nanostructured oxide coatings can improve the corrosion resistance and durability of
Ti-based materials.*>*° Moreover, the nanoconfigured structures can regulate and enhance the biological properties of
implant surfaces, thus far proposing that osteoblast cellular activity can be performed even under adverse metabolic
conditions.®>*>? Our present study indicates that early osteoblast growth performance (Days 3 and 5) is altered under
diabetic serum conditions. However, after seven days, the proliferative activity reached similar outcomes for the studied
conditions. These results suggest that DS boosts initial detrimental activity; nonetheless, NTs may develop a beneficial
microenvironment in part by the higher controlled interconnecting nanorough and wetter surface that ameliorates the
effects of DS, creating a prominent microenvironment that improves cell adhesion, following bone adaptation and
subsequent late cellular regeneration. Interestingly, Jiang et al reported the proliferation of MC3T3-El cells on SLA and

International Journal of Nanomedicine 2022:17 https: 5481
Dove:


https://www.dovepress.com
https://www.dovepress.com

Valdez-Salas et al Dove

B 2 500000
(7]
[
@ 4000004
whd
£
® & 300000
20
[
§~5 200000- T
o 100000+
(o)
=
m 0

FBS DS1 DS2 HS

Figure 10 Immunofluorescence of OCN expression in MC3T3-E| cells cultured for 21 days in conditioned serum. (A) OCN detection on the NTs, magnification is 20 X. (B) Graph
showing the fluorescence intensity expressed for OCN.

anodized SLA surfaces cultured with normal serum and DS.?” The authors detected that although SLA modifications
dramatically increase the surface roughness, that reached an osteoblast proliferation rate similar to those rates witnessed
in our current work. These interesting trends suggest that the nanoconfiguration parameters (surface area-to-volume, Ra,
Rq, Sku) may play a pivotal role compared to a high roughness to promote bone proliferation under DM conditions.
Moreover, in part, we can explain that NTs are interconnecting networks with a high surface area, aligned with each other
orchestrating a sustainable microenvironment due to the easy transport of nutrients, growth factors, and biochemical
signals for bone proliferation and maturation.>*>* However, we need to consider that MTT is substantiated in mitochon-
drial health and activity, therefore supporting that osteoblast-NT contact interactions can ameliorate the energetic activity
of DS effects, as proposed here (Figure 3).

It is important to highlight that the initial bone adhesion is required for conducting bone-surface contact interactions,
activation of signaling pathways associated to proliferation and subsequent bone regeneration.’*>> Therefore, we applied
FE-SEM after the initial adhesion phase (4 h) and continuous late adhesion (24 h) to characterize the new bone formation
conducted by our NTs (Figures 4 and 5). Interestingly, our work reveals that NTs could promote striking filopodia
anchoring under DS conditions, illustrating the presence of thick networking extending cellular protrusion following the
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Figure 11 Immunofluorescence of OPN expression in MC3T3-El cells cultured for 21 days in the evaluated serum environments. (A) OPN detection after each treatment

condition, magnification is 20 X. (B) Graph representing OPN fluorescence. The *indicates significant differences.

NT mouth structures. Moreover, the elongated cellular projections to the generation of a bone-forming monolayer coat
the NTs, with continuous cell-cell interplay extending among the surface. A previous study reported that osteoblasts
growing with DS showed a disrupted cellular morphology and stressed metabolism after 24 h of incubation.**°
However, the authors showed that isolating Ti with a hydroxyapatite (HA)/chitosan composite coating could ameliorate
the aberrant cell configuration conducted by the DS.>® Moreover, Li et al suggested that osteoblasts cultured under DS on
porous Ti surfaces follow a detrimental, flat, poorly elongated cellular morphology with reduced protrusions accom-
panied by decreased bonding filopodia.”” However, the application of a chitosan coating alleviated the aberrant
morphology observed on the micron-porous Ti after eight days of incubation. This information suggests that our
nanostructured surface can potentiate osteoblast adhesion behavior without utilizing expensive modification techniques.
Of particular importance, the present study additionally suggests that diabetic serum conditions can promote osteoblast
damage and reduce early cellular adhesion.

Extracellular matrix (ECM) mineralization is a critical process demanded during bone regeneration and bone-to-
implant maturation. However, several studies have concluded that diabetic conditions can impair or, in the worst case,
avoid successful bone mineralization.***® Given the importance of promoting osteoblast functionality, we tested the
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differentiation and, far more importantly, collagen secretion and bone-matrix mineralization conducted by the NTs under
DS conditions. Our study demonstrates that the NT surface can support osteoblast bone-forming functionality at
outcomes similar to those of using FBS, following substantial Ca/P elemental formation and collagen secretion.
Indeed, it proves that the DS condition initially gives rise to detrimental cell proliferation; nonetheless, the NTs can
develop a versatile scaffold that harbors a beneficial osteogenic environment. Far more importantly, the NTs further
established an immediate and long-lasting maturation process than the nonmodified TicAl,V alloy, a significant step
forward in the benefits of NTs. Several works have demonstrated that NTs from 70-100 nm can prominently increase
bone mineralization performance.?'***° Moreover, the application of nanoscale-featured surfaces can improve the focal
adhesion kinase (FAK) signaling pathway, resulting in improved cellular adhesion and subsequent osteoblast mineraliza-
tion and even angiogenic behavior.”*®° Ma et al suggested that the reactivation of FAK phosphorylation with the
subsequent integrin subunits a2, f1, and B3 expression by a nanoHA-Ti coating consequently reversed the suppression of
the BMP-2/Smad pathway under DS.°' The reported results indicated that osteogenic expression was recovered,
accompanied by improved cellular adhesion and proliferation. Moreover, osteoblasts cultured in DS over TigAl,
V coated with chitosan promoted the activation of the PI3K/AKT signaling system.”” The authors used specific inhibitors
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to propose that the deposited coating exerted an antioxidant action, immediately reducing the overproduction of ROS.
Furthermore, a recent study of TigAl4V porous materials coated with silk fibroin illustrated that the osteoblast miner-
alization rate resists the adverse effect of DS after 14 days under DS incubation.®” Interestingly, the authors advocated
that promoted ROS associated with DS inhibited the activation of the NF-kB pathway, which led to an extended-lasting
detrimental osteoblast functionality and increased cellular apoptosis. Nevertheless, those works have required the
application of different composite materials to ameliorate the cellular havoc conducted by DS. Meanwhile, our NTs
have demonstrated similar outcomes of protective osteoblast functionality in a diabetic environment, probably promoting
the accumulation and amplification of ions and biomolecules (which has been linked to the upregulation of calcium
deposition) as well as integrin activation on the hydrophilic and nanorougher surface.’® However, Yang and collaborators
reported that NTs of 80 nm alleviated osteoblast behavior under the hazardous diabetic condition of DM simulated using
only high glucose levels (22 mM).?® Therefore, despite these results being in line with our current study, it is important to
highlight that it is not equivalent to simulating DM using high glucose instead of DS. We consider that the overexpressed
detrimental properties of DM result from the synergistic action between high glucose, DS-related proteins and inflam-
matory cytokines.'®®' On the other hand, different molecular and drug substances may influence the biochemical
behavior of human diabetic and healthy serums. Indeed, diabetic drug therapies (eg, Metformin) or biochemical
modulators such as ascorbic acid can stimulate the osteoblast bone-forming functionality.®* > However, in our present
study, we can highlight that the bone mineralization rate guided by the experimental surfaces (NTs and Ti6Al4V)
followed a similar growth rate in terms of the evaluated human serum conditions and cellular control of FBS (Figure 6).
Thus, proposing that the drug therapy of the selected patients may not interfere in the beneficial effects of the NTs.

To determine the effects of DS on osteoblast differentiation, the relative expression of the key osteogenic markers
Runxs2, OCN, OPN, and OPG was evaluated. Interestingly, Runx2, an essential transcription factor that participates in
the early osteogenesis rate, is considered an initial master gene for several genetic expression pathways in the early stages
of osteoblast differentiation and upregulates OCN, the major structural component of the bone matrix.°*®” In our
investigation, immunofluorescence staining of Runx2 expression was performed on the surfaces of the experimental
NTs at seven days of differentiation. The results indicated that the NTs tolerated the detrimental DS effects, thus inducing
osteogenesis behavior similar to the behavior observed in the control culture conditions (FBS). Moreover, OCN showed
similar outcomes of intracellular expression, further supporting that NTs stimulate the osteogenic late differentiation rate.
Importantly, OCN and OPN are the most abundant noncollagenous bone matrix proteins that have crucial involvement in
the initial bone matrix mineralization stage and are commonly considered an early marker of osteoblastic
differentiation.®® For this reason, we evaluated OCN and OPN expression at 21 days under these challenging conditions.
Furthermore, we quantified OPN (a late osteogenic differentiation marker) after 21 days, illustrating the hallmarking
outcome of sustained expression.®® OPN plays a vital role during the biomineralization phase, including increasing bone
cell adhesion by concentrating in the mineralized collagen matrix during bone tissue formation and modulating matrix
mineralization.®” However, OPG, which has an inhibitory action on the TNF receptor family, inhibits NF-kB and
suppresses the RANK pathway, modulating the harmful environmental effects of ROS, osteoclast activation and
subsequent bone resorption.”””" Therefore, we measured OPG expression by osteoblasts, distinguishing that the NTs
regulated a mature protective microenvironment promoting similar OPG levels even under the uncontrolled DM
condition. Interestingly, the activation of OPG after 21 days showed that osteoblasts could be downregulating the
RANKL receptor, which is associated with a decreased late osteoclastogenesis and upregulated osteoblastogenesis
considered a major determinant of bone mass.”>’> The current OPG expression (the most important decoy receptor of
RANKL) detected after 21 days suggested that the NTs affinity for osteoblasts maturation can conduct a prolonged bone
growth process, a better bone remodeling cycle, and accelerated bone healing.”>’* Thus, OPG modulatory expression
may be the ultimate determinant of bone resorption and remodeling.”’ Considering the osteogenic markers of early and
late bone formation with the OPG featured performance orchestrated by the NTs, we can note that the application of
nanostructured surfaces can alleviate the cellular stress induced by dangerous DS conditions. The results of our current
study point toward the potential and promising application of nanostructured surfaces for overcoming osteoblast-forming
functionality under prejudicial metabolic conditions. However, more studies applying in vivo models and signaling
pathways associated to cell adhesion are recommended to support our results.
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Overall, our findings showed that NTs under crucial diabetes mellitus conditions in vitro can sustain the capability of
osteoblast cell adhesion, proliferation, differentiation, and matrix mineralization, which was positively related to Ca
deposition. However, the NTs significantly increased the expression of the regulating osteogenic markers Runx2, OCN,
OPN, and OPG at different stages of maturation. The assumption that nanostructured surfaces have the property of
inducing hydroxyapatite formation and subsequent osteoblast functionality under harmful conditions of disease opens
a promising door for the future application of TigAl,V-NTs under diabetic conditions.

Conclusions

The present study showed that osteoblast bone-forming functionality performance by 70 nm NTs under DM conditions.
Our work provides insight into part of the nanoscale-featured surface contact to ameliorate the harmful environmental
effects of DS. Thus, suggesting that DS can initially suppress osteoblast adhesion on TigAl,V implant alloy and the
nanotubular counterpart. Nonetheless, after five days of incubation, complete cellular recovery was stimulated by the
NTs, proposing that cell-nanosurface interactions could overexpress the associated cell adhesion signaling pathways. Far
more important is the striking differentiation, mineralization, and optimal osteogenic upregulation tailored by the NTs
under long-term DS culture conditions. These positive outcomes of bone formation shed light on the nanostructured-
configured materials to mitigate DM-induced bone dysfunction for clinical application in metabolically compromised
patients.
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