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Abstract: Titanium implants undergo temperature fluctuations during manufacturing, transport, and
storage. However, it is unknown how this affects their bioactivity. Herein, we explored how storage
(six months, dark conditions) and temperature fluctuations (5-50 °C) affected the bioactivity of tita-
nium implants. Stored and fresh acid-etched titanium disks were exposed to different temperatures
for 30 min under wet or dry conditions, and their hydrophilicity /hydrophobicity and bioactivity
(using osteoblasts derived from rat bone marrow) were evaluated. Ultraviolet (UV) treatment was
evaluated as a method of restoring the bioactivity. The fresh samples were superhydrophilic after
holding at 5 or 25 °C under wet or dry conditions, and hydrophilic after holding at 50 °C. In contrast,
all the stored samples were hydrophobic. For both fresh and stored samples, exposure to 5 or 50 °C
reduced osteoblast attachment compared to holding at 25 °C under both wet and dry conditions.
Regression analysis indicated that holding at 31 °C would maximize cell attachment (p < 0.05). After
UV treatment, cell attachment was the same or better than that before temperature fluctuations.
Overall, titanium surfaces may have lower bioactivity when the temperature fluctuates by >20 °C
(particularly toward lower temperatures), independent of the hydrophilicity /hydrophobicity. UV
treatment was effective in restoring the temperature-compromised bioactivity.

Keywords: titanium; initial cell attachment; temperature; UV treatment; implant

1. Introduction

Titanium implants are commonly used for the restoration of missing teeth and in
the repair of fractured bones and joints. Titanium is highly biocompatible, thus most
implants used as intraosseous anchors are made of commercially pure titanium or tita-
nium alloys. Successful implant anchorage is dependent on the proportion of bone in
direct contact with the titanium surface without soft or connective tissue intervention,
which is referred to as bone-titanium integration or osseointegration [1-8]. Successful
osseointegration relies on the attachment and adhesion of bone-producing cells, such as
osteoblasts, osteoprogenitor cells, and stem cells, to the titanium surface [9-16]. Titanium
surfaces are highly bioactive immediately after processing [17-24] and facilitate increased
attachment and functionality of osteoblasts, which leads to enhanced bone formation on

Materials 2021, 14, 5493. https:/ /doi.org/10.3390/ma14195493

https://www.mdpi.com/journal /materials


https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0002-7566-3330
https://orcid.org/0000-0002-1231-2808
https://doi.org/10.3390/ma14195493
https://doi.org/10.3390/ma14195493
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ma14195493
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma14195493?type=check_update&version=1

Materials 2021, 14, 5493

20f13

the surface [17,19,22,25-27]. A newly fabricated titanium surface is superhydrophilic with
a water contact angle of 0°. However, this hydrophilicity is lost over time, along with a
reduction in bioactivity and bone-forming capability [17,19,22,25-27]. Specifically, titanium
surfaces stored for 4 weeks after processing have been reported to have a 50% loss in
capability to attract osteoblasts compared to newly processed surfaces associated with an
increase in hydrophobicity [17,19,22,26-29].

Implant products used in both dental and orthopedic treatments are typically sold in
sterile packaging containing either air or liquid (e.g., water or saline solution) [24,29,30].
During inventory management, transportation, and distribution, these implant products
are inevitably exposed to temperature fluctuations above and below room temperature
(~25 °C). Storage at the peripheral user level, such as dental practices and orthopedic
hospitals, is also often associated with further deviations from room temperature. It
is unknown whether these temperature fluctuations affect the superhydrophilicity and
bioactivity of titanium implants. If there is a negative impact of temperature fluctu-
ations, a potential countermeasure should be explored. Recent studies revealed that
ultraviolet (UV) light treatment of titanium restored its superhydrophilicity after ag-
ing/storage [19,31-36]. UV treatment has also been reported to remove surface impurities
(e.g., hydrocarbons) [32,37-40], thereby enhancing the biological activity of titanium for
osteoblasts and bone [15,16,19,20,25,28,31,33-35,40-63].

This study aimed to determine the effect of temperature deviations from room tem-
perature on the bioactivity of titanium implant materials. Further, UV treatment was
evaluated to recover any loss in superhydrophilicity due to temperature deviations. These
findings provided valuable insights regarding the effect of temperature fluctuations during
titanium implant manufacturing, transport, and storage on the ability of the titanium
implant surface to attract cells.

2. Materials and Methods
2.1. Titanium Disk Preparation

Commercially pure titanium disks (grade 2; diameter = 20 mm; thickness = 1.0 mm)
were acid-etched in 67% sulfuric acid at 120 °C for 75 s. The acid-etched titanium disks
were divided into two experimental groups, namely immediate use after preparation (fresh)
and storage in dark conditions (temperature = 25 °C; humidity = 58%) for six months (old).
The fresh and old titanium disks were held at 5, 25, or 50 °C for 30 min in ambient atmo-
sphere (dry conditions) or submerged in double distilled water (ddH,O) (wet conditions).
Titanium disks can be classified into four groups, viz. old-dry, fresh-dry, old-wet, and
fresh-wet. Each group contains disks exposed to three different temperatures: 5, 25, and
50 °C. Therefore, a total of 12 titanium disks are required. In addition, since the evaluation
was performed using three titanium disks (n = 3), a total of 36 titanium disks were used in
one experiment. Subsequently, 18 disks from two different groups (old-dry and fresh-dry)
were UV treated by TheraBeam SuperOsseo (Ushio, Tokyo, Japan) for 12 min.

2.2. Osteoblast Cell Culturing

Bone marrow-derived osteoblasts were isolated from the femurs of eight-week-old
male Sprague Dawley rats according to a previously reported procedure [10,11,64-68]. The
Nihon University Animal Research Committee approved this protocol (AP18DEN019-1,
approved on 31 July 2018). The osteoblasts were transferred to alpha-modified Eagle’s
medium supplemented with 15% fetal bovine serum, 50 ug/mL ascorbic acid, 10 mM Na-f3-
glycerophosphate, 10~8 M dexamethasone, and antibiotic-antimycotic solution containing
10,000 units/mL penicillin G sodium, 10,000 mg/mL streptomycin sulfate, and 25 mg/mL
amphotericin B. The cells were incubated in a humidified atmosphere of 95% air and 5%
CO, at 37 °C. After reaching 80% confluence, the cells were detached using 0.25% trypsin-1
mM EDTA-4Na solution.
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The prepared titanium disks were transferred to 12-well culture dishes, and the
cultured cells were seeded onto the titanium disks at a density of 3 x 10* cells/cm?. The
cells were incubated for 30 min before initial cell attachment was evaluated.

2.3. Titanium Surface Hydrophilicity

The hydrophilicity of the prepared titanium disks with and without UV treatment
were determined before and after cell culturing. The degree of hydrophilicity was evaluated
based on the contact angle formed between the titanium surface and 10 pL. ddH,O and
the area of ddH,O spread, which were measured using an image analyzer (ImageJ; NIH,
Bethesda, MD, USA).

2.4. Initial Cell Attachment

The initial attachment of osteoblasts to the prepared titanium disks was evaluated
by measuring the number of cells on the surface using a tetrazolium salt (WST-1)-based
colorimetric assay (Roche Applied Science, Mannheim, Germany). The amount of formazan
product was measured using a multi-detection microplate reader (Synergy ™ HT, BioTek
Instruments, Inc., Winooski, VT, USA) at a wavelength of 450 nm.

2.5. Statistical Analyses

The prepared titanium disks included old and fresh titanium disks that were exposed
to temperatures of 5, 25, or 50 °C under either wet or dry conditions, giving the groups
old—dry, fresh—dry, old-wet, and fresh-wet. The hydrophilicity and cell adhesion of three
titanium disks (1 = 3) were evaluated for each of the above preparation conditions. One-way
ANOVA was performed to determine the differences between the various groups. Statistical
significance was set at p < 0.05. Regression analysis was performed to determine the
relationship between hydrophilicity and cell adhesion. Statistical analyses were performed
using IBM SPSS Statistics version 20 (IBM, Armonk, NY, USA).

3. Results

The hydrophilicity and cell attachment of the various groups of prepared titanium
disks were compared, as the hydrophilicity and ability of titanium to attract osteoblasts are
believed to be strongly related. The initial cell attachment is dependent on the behavior
of cells immediately after attachment, which was evaluated until 24 h after cell seeding.
The number of initially attached cells has a significant effect on cell proliferation and cell
behavior (e.g., cell differentiation).

The hydrophilicity of the old-dry titanium disk surfaces was compared before and
after being held at 5, 25, and 50 °C for 30 min (Figure 1a). The water contact angle was
greater than 80° for all samples, and the area of water spread was small. Thus, these
samples had become hydrophobic. The attachment of osteoblasts on these samples was
also compared, where the titanium disks stored at 5 and 50 °C had 35% and 25% fewer
attached osteoblasts compared to the titanium disk stored at 25 °C (Figure 1b). Similarly,
the old-wet samples had become hydrophobic after storage at all three temperatures
(Figure 2a), and the same general trend in osteoblast attachment was observed (Figure 2b).

Commercialized solution-stored implants are sealed in water or saline solution im-
mediately after surface treatment. Therefore, the titanium disks were also evaluated
immediately after acid treatment (i.e., fresh titanium disk samples). The fresh-dry titanium
disks became less hydrophilic when stored at 50 °C, and exhibited a contact angle of 32°
(Figure 3a). However, the hydrophilicity of the fresh disks was maintained when stored
at 5 and 25 °C. Significantly fewer osteoblasts were attached to the titanium disks stored
at 5 and 50 °C compared to those stored at 25 °C, where the least osteoblast attachment
was observed on those stored at 5 °C (Figure 3b). Similarly, the fresh-wet titanium disks
stored at 5 and 25 °C remained hydrophilic, while those stored at 50 °C exhibited a partial
loss of hydrophilicity and a contact angle of 7° (Figure 4a). Further, the trend in osteoblast
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attachment of the fresh-wet samples was similar to that of the fresh—dry samples, where
less attachment occurred after storage at 5 (least) and 50 °C compared to 25 °C (Figure 4b).

30 minutes 30 mi pr ing in ph
processing osc O25°c Ws50°C
atmosphere
Old 02
- -
(6 months in5 c - —
dark conditi [ o 5°C ,
lark conditions) = > 2306 E300 - %‘
| [ 3 s¢ = £ S o015 %
- © [ a.
° 2200 E ©
o o E=3-1
=) o %] E
c o <

L ~ s 01
g Z 100 5
8 o v
€ S 5°C =KL
S H N 25°C R
o L L q 0 i ° oz

0 30 0 30 < 0.05

[T — —_—
Minutes Minutes
after after
processing processing
0
(a) (b)

Figure 1. (a) Hydrophobicity /hydrophilicity of the old-dry titanium disk surfaces illustrated as a photograph of 10 uL
ddH,O placed on the sample surface before and after temperature deviation (left) with the corresponding contact angle
(middle) and spread area (right). (b) Initial attachment of osteoblasts to the old—dry titanium disk surfaces. * p < 0.05,
statistically significant difference.
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Figure 2. (a) Hydrophobicity /hydrophilicity of the old—wet titanium disk surfaces illustrated as a photograph of 10 puL
ddH,O placed on the sample surface before and after temperature deviation (left) with the corresponding contact angle
(middle) and spread area (right). (b) Initial attachment of osteoblasts to the old—wet titanium disk surfaces. * p < 0.05,
statistically significant difference.
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Figure 3. (a) Hydrophobicity /hydrophilicity of the fresh-dry titanium disk surfaces illustrated as a photograph of 10 uL
ddH,O placed on the sample surface before and after temperature deviation (left) with the corresponding contact angle
(middle) and spread area (right). (b) Initial attachment of osteoblasts to the fresh—-dry titanium disk surfaces. * p < 0.05,
statistically significant difference.
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Figure 4. (a) Hydrophobicity /hydrophilicity of the fresh-wet titanium disk surfaces illustrated as a photograph of 10 uL.
ddH,O placed on the sample surface before and after temperature deviation (left) with the corresponding contact angle
(middle) and spread area (right). (b) Initial attachment of osteoblasts to the fresh-wet titanium disk surfaces. * p < 0.05,

statistically significant difference.

The relationship between storage temperature and cell attachment was investigated
using regression analysis. Cell attachment increased from 5 °C to room temperature (25 °C)
and subsequently decreased from room temperature to 50 °C, thus curved regression was
more suitable than linear regression. Specifically, a quadratic curve fit the relationship
between storage temperature and cell attachment with a very high coefficient of determina-
tion (R? = 0.81), and initial cell attachment peaked at 31 °C (Figure 5). Subsequently, the
relationship between initial cell attachment and hydrophilicity was evaluated at each stor-
age temperature (5, 25, and 50 °C) (Figure 6). Overall, there was no significant correlation
between hydrophilicity and initial cell attachment (R = —0.35) (Figure 6a). However, there
was some negative correlation between hydrophilicity and initial cell attachment when
each storage temperature was evaluated separately (R = —0.77, —0.88, and —0.70 for 5, 25,

and 50 °C, respectively) (Figure 6b—d).

These findings demonstrated the effectiveness of UV treatment after titanium has
been stored different temperatures. The surfaces of the titanium disks were superhy-
drophilic after UV treatment, regardless of storage temperature. The fresh and old titanium
disks exhibited similar trends (Figures 7a and 8a), and the initial cell attachment on the
temperature-abused titanium disks was improved after UV treatment. Further, the number
of attached cells was higher than that of the titanium disks stored at room temperature

without UV treatment (Figures 7b and 8b).
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Figure 5. Regression analysis of titanium temperature and cell attachment using a quadratic curve
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Figure 6. Relationship between initial cell attachment and hydrophilicity: (a) overall (R = —0.35), (b) at 5 °C (R = —0.77),
(c) at 25 °C (R = —0.88), and (d) at 50 °C (R = —0.70).
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Figure 7. (a) Hydrophobicity /hydrophilicity of the UV-treated old-dry titanium disk surfaces illustrated as a photograph of
10 uL ddH, O placed on the sample surface before and after temperature deviation (upper middle) with the corresponding
contact angle (lower left) and spread area (lower right). (b) Initial attachment of osteoblasts to the UV-treated old—dry
titanium disk surfaces.
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Figure 8. (a) Hydrophobicity /hydrophilicity of the UV-treated fresh—dry titanium disk surfaces illustrated as a photograph
of 10 uL ddH,O placed on the sample surface before and after temperature deviation (upper middle) with the corresponding
contact angle (lower left) and spread area (lower right). (b) Initial attachment of osteoblasts to the UV-treated fresh—dry
titanium disk surfaces.

4. Discussion

Commercialized implant bodies are often roughened to enhance osseointegratio
n [12,18,34,42,69-79], where acid treatment is the most common surface treatment
method [4,7,9,80-83]. The surface-treated implant body is subsequently packaged dry
or in solution (e.g., water or saline solution) before transportation and storage. Thus, this
study investigated the effect of temperature deviations on acid-treated titanium stored
under dry and wet conditions. The temperatures investigated were 5 °C, 25 °C, and 50 °C,
which represent the temperatures during transportation and storage. Body temperature
(37 °C) is a very important temperature for osteoblast culture and is the set temperature of
the incubator. Figure 5 shows that cell attachment increases at temperatures near 37 °C.
However, this temperature is not included in this study because the study was focused on
temperature fluctuations during transport and storage, prior to implant placement in the
oral cavity. In addition, pH is an important factor governing cell culture and function of
biological cells in the oral cavity. A CO, incubator was used in the present study under
an established condition of temperature and CO; concentration. Under the condition,
culture medium is supposed to work as a buffer and maintains the pH. In fact, the pH
of the culture medium was measured in this study, with or without titanium disks with
different temperatures. The medium showed a slightly alkaline pH value, which was
not affected by the presence of a titanium disk of room temperature and of high and low
deviated temperature.

Cell attachment was investigated using osteoblasts. Osseointegration involves os-
teoblasts responsible for bone formation and osteoclasts responsible for bone resorption.
Therefore, the effect of temperature fluctuations on osteoclasts must be elucidated. On the
other hand, among the cytokines produced by osteoblasts, TGF-f31 promotes bone forma-
tion, and IL-11 promotes osteoclast formation and suppresses bone formation. In addition,
TGF-p1 is also an IL-11 production promoter [84-86]. Therefore, osteoblasts are strongly
involved in osteoclast activity. The present results certainly motivated us to pursue this line
of research using osteoclasts in future projects. Pure titanium is a common material used
for dental implants; therefore, we used grade 2 pure titanium as a representative target.



Materials 2021, 14, 5493

8 of 13

In the medical field, there are many opportunities to use titanium alloys like Ti6A14V;
therefore, further investigation is required. Bacteria are strongly involved in determining
the prognosis of implants. We have studied the relationship between hydrophilicity and
bacterial biofilm formation [51,87,88] and revealed the role of hydrophilicity in reducing
the biofilm formation. Since the present study showed a novel relationship between the
titanium temperature and the state of hydrophilicity /hydrophobicity, the effect of titanium
temperature on the biofilm formation would be of an immediate future interest.

The titanium disks were hydrophilic immediately after acid treatment, and became
hydrophobic and stable when stored in a dark room for 6 months and subjected to subse-
quent temperature fluctuations under dry and wet conditions (Figures 1 and 2). Among the
old-dry and old-wet samples, the best initial cell attachment was achieved after storage at
25 °C. The hydrophilicity of the acid-etched titanium disks was maintained in all fresh—-dry
and fresh-wet titanium disks, with the exception of the fresh—dry samples stored to 50 °C
(Figures 3 and 4). Similar to the old sample groups, cell attachment was significantly higher
after storage at 25 °C compared to the other temperatures.

The relationship between cell attachment and temperature was best described using
curved regression of the measured values, where a reasonable coefficient of determination
of 0.81 was obtained (Figure 5). Further, there was no overall correlation between cell
attachment and hydrophilicity (Figure 6a), but a negative correlation was noted when the
samples stored at 5, 25, and 50 °C were considered separately (Figure 6b—d). This indicated
that cell attachment decreased with decreasing hydrophilicity.

A titanium surface exposed to the atmosphere will become covered in a titanium
oxide film. Titanium is a popular implant material because titanium oxide is stable with
high corrosion resistance at room temperature, and is highly biocompatible. Therefore,
temperature control is not typically considered during implant manufacturing, distribution,
and storage. Further, manufacturers and users do not typically consider temperature
fluctuations during titanium implant storage, as titanium has a melting point of 1812 °C
and is highly resistant to corrosion. However, despite the stable surface morphology of
titanium, the hydrophilicity and biological activity of titanium are lost over time [25,26].
This suggests that non-visual changes can affect the factors that are important for the
functionality of the implant material.

Achieving strong osseointegration between the implant material and bone is the
most important consideration during treatment, as this will ensure the long-term success
of the implant. Therefore, the factors that influence osseointegration must be carefully
considered, even if they seem trivial. Manufacturers have developed new surfaces for
implants to achieve improved osseointegration, while other products are stored in solution
immediately after titanium surface treatment to maintain hydrophilicity [89,90]. All new
developments and approaches must be investigated and considered to continue improving
the success rate of implant treatments.

Initial cell attachment to the implant surface will affect the subsequent cell prolif-
eration and differentiation, and is one of the key factors in osseointegration [91]. Cell
attachment is known to be compromised by the loss of titanium surface hydrophilicity, the
attachment of organic substances, and the attachment of carbon [19,92]. Further, this study
clearly demonstrated that temperature fluctuations can also have a significant effect, where
regression analysis indicated that initial cell attachment was maximized at approximately
31 °C. Considering human body temperature, high cell attachment would be expected in
the region of 31 °C instead of room temperature. However, the temperature is expected
to deviate from this during implant manufacturing, transportation, and storage, where
temperatures from 5 to 50 °C are commonly encountered during transport. For example,
the temperature during air transportation at 33,000 feet is —56.5 °C, while the temperature
inside a container during sea transportation can fluctuate from below freezing to 60 °C [93].
This exposure to extreme temperatures may limit the primary performance of an implant
surface, where decreased initial cell attachment was observed in this study after storage at
5 and 50 °C in both dry and wet conditions. Further, the storage method alone does not
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protect against the effects of temperature deviation, thereby demonstrating that implant
temperature control is important.

The hydrophilic acid-etched titanium disks became hydrophobic after 6 months of
storage at all temperatures and conditions, while the titanium disks exposed to temperature
fluctuations immediately after acid etching remained hydrophilic, with the exception
of exposure to 50 °C in the dry state. These findings indicated that the hydrophilicity
was relatively unaffected by temperature immediately after treatment, but did become
hydrophobic over time. Thus, storage in solution did aid in maintaining hydrophilicity.
The more hydrophilic titanium surfaces exhibited higher initial cell attachment. Previous
studies have reported similar findings, regardless of titanium sample shape [41,46,55].
However, the titanium samples that were compromised due to temperature deviations
exhibited no correlation between hydrophilicity and initial cell attachment.

The negative correlation between hydrophilicity and initial cell attachment at each
temperature suggested that the relationship between hydrophilicity and initial cell attach-
ment should be evaluated under constant temperature conditions. Alternatively, these
results may indicate that the effect of temperature on initial cell attachment was indepen-
dent of hydrophilicity. Storage in solution was more effective in maintaining hydrophilicity.
However, maintaining hydrophilicity is not the only factor that plays a role in effective
osseointegration, as the importance of hydrophilicity is attributed to its association with
cell attachment.

The temperature fluctuations in this study mainly affected the initial cell adhesion
on the titanium surface. However, it is difficult to resolve this issue during implant man-
ufacturing and transport. Further, solution storage of the implants did not completely
prevent detrimental changes. Therefore, manufacturers must consider implant temperature
control. Some aircraft and tanker containers used for transportation offer temperature
control functionalities, but are more expensive. A practical solution is controlling the
temperature after the implant reaches the user, but this requires temperature-controlled
storage equipment. Instead, UV treatment of the titanium surface can be conducted af-
ter the implant becomes hydrophobic over time, and restores the original hydrophilicity
achieved immediately after surface treatment. UV treatment also removes naturally de-
posited hydrocarbons from the titanium surface. Overall, UV treatment can significantly
enhance cell adhesion, proliferation, and alkaline phosphatase (ALP) activity, and ani-
mal studies have demonstrated that the initial osseointegration strength approximately
tripled, and the bone-and-implant contact increased from between 45% and 55% to over
95% [19,25,31,32,42]. This study demonstrated that UV treatment was counteracted the
effects of temperature changes, and restored the superhydrophilicity of the titanium disks
exposed to all storage conditions. After the development of microrough titanium implants,
implant therapy has been established as a standard measure with a high success rate. The
study revealed that, albeit in vitro, the significant adverse effects of temperature fluctua-
tions, which should be considered for future implant therapy, including the methods and
conditions of transportation and storage. More importantly, UV treatment has been shown
to restore the adverse effects of temperature fluctuations, implying a new function of this
surface treatment that potentially contributes to further improve implant therapy.

5. Conclusions

This study demonstrated that the storage of titanium disks at ~20 °C above or below
room temperature (25 °C) compromised the ability of the titanium surface to attract os-
teoblasts, where storage at low temperatures (i.e., 5 °C) had a greater detrimental effect
than that observed at high temperatures (i.e., 50 °C). This reduction in bioactivity was
associated with the loss of hydrophilicity of the titanium surface. UV treatment was suc-
cessfully applied to restore this adverse effect of temperature deviations by regenerating
hydrophilicity. These findings suggest that temperature should be carefully considered
when handling titanium implant materials, although UV treatment can be effectively used
to counteract the negative impacts caused by temperature abuse.
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