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Abstract: Osteoporosis increases the risk of bone fracture by reducing bone mass and thereby in-
creasing bone fragility. The addition of strontium (Sr) nanoparticles in bone tissue results in a
strengthening of the bone, induction bone formation by osteoblasts, and reduction of bone reab-
sorption by osteoclasts. The use of Sr for bone tissue regeneration has gained significant research
interest in recent years due to its beneficial properties in treating osteoporotic-induced bone loss. We
hypothesized that Sr-coated and antibiotic-doped HNTs could be used in antimicrobial coatings and
as an antibacterial drug delivery vehicle. Accordingly, we coated HNTs with strontium carbonate
(SrHNT) using a simple, novel, and effective electrodeposition method. We tested the antibacterial
properties of SrHNT on Escherichia coli, Staphylococcus aureus, and Staphylococcus epidermis using the
disc diffusion method. We assessed the potential cytotoxic and proliferative effects of SrHNTs on
pre-osteoblasts using a Live/Dead cytotoxicity and cell proliferation assay. We successfully coated
HNTs with strontium using a one-step benign coating method that does not produce any toxic
waste, unlike most HNT metal-coating methods. Antibacterial tests showed that the SrHNTs had
a pronounced growth inhibition effect, and cell culture studies using MC 3T3 cells concluded that
SrHNTs are cytocompatible and enhance cell proliferation.

Keywords: 3D printing; antibacterial; drug delivery; halloysite nanotubes; nanotechnology; surface
modification; tissue regeneration

1. Introduction

The long recovery time required for healing bone defects in many patients suggests the
need for a superior osteogenic scaffold [1,2]. Osteomyelitis is a refractory and challenging
condition, often requiring multiple surgical interventions, and can lead to limb amputation
or even death [3–5]. Chronic osteomyelitis is remarkably impactful on the elderly [5,6].
Disadvantages of the polymethyl-methacrylate (PMMA) carriers currently used include
insufficient antibiotic release, lack of sustained release, and the need for surgical removal of
PMMA beads, as they are not biodegradable [6,7]. In contrast, biodegradable and polymeric
antibiotic carriers can offer a sustained release, eliminating the need for removal until they
are gradually replaced by new tissue [8–10].

Osteoporosis increases the risk of bone fracture, resulting from decreased bone mass
and increased bone fragility [11]. This disorder affects all ages, with 10 million Americans
are currently afflicted and another 34 million are at risk [12,13]. With an aging population,
the incidence of osteoporosis arising from various causes leads to high bone turnover and a
reduction in bone material properties [12,13]. Currently, over two million fractures occur
each year, costing over $19 billion, and figure will rise to 3 million fractures per year by
2025, with costs estimated at $25 billion per year [13,14]. Bone defects are a leading cause
of morbidity and disability in elderly patients, and this number will increase as ‘Baby
Boomers’ retire [14]. Currently, there are over 200,000 hip replacements performed in the
US each year. This number will rise due to increased life expectancies, more active lifestyles,
and a larger population of at-risk individuals [13,14].
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Strontium (Sr) has received much attention in recent years due to its ability to promote
bone formation [15]. Specifically, Sr has been shown to increase osteoblast replication, dif-
ferentiation, and bone matrix mineralization, as well as to reduce osteoclast differentiation
and bone reabsorption [16–18]. Sr has also been reported to induce mesenchymal stem cell
(MSC) commitment to the osteoblastic lineage [19]. The in-situ release of Sr at a proper
dosage, directly at the implant–tissue interface or bone defect site, has been proposed to
enhance the implant osseointegration and new bone formation [20–22]. Sr nanoparticles
have been incorporated into hydroxyapatite (HA) [23], tricalcium phosphate (TCP) [24],
and calcium phosphate cement (CPC) [25]. In these materials, Sr was shown to induce
osteoblasts’ bone formation, [26] reduce osteoclastic activity, and initiate apoptosis [27,28].
Thus, incorporating Sr into a bone implant is an attractive method for developing a superior
osteogenic scaffold.

Halloysite nanotubes (HNTs) are aluminosilicates that are quite chemically similar to
kaolin clay. HNTs have a length ranging from 200 to 1500 nm, with an average length of
1000 nm [29]. The inner lumen has a diameter of 15 ± 2 nm, and the tube has an overall
average diameter of 50 nm. The widespread use of HNTs is due to their biocompatibility,
bioactivity, durability, availability, and low cost [29,30]. Unlike kaolin, instead of flat
“sheets”, HNTs are rolled into multilayered tubes [29,30]. The outer silica surface “gains” a
negative charge in rolling, while aluminum’s inner surface holds a positive charge [30]. This
polarization of the tube allows for functional engineering, surface modification by various
methods [31], or the prolonged-release profiles of loaded materials [32]. Initial studies on
HNTs have found improved strength properties when they are added to other materials,
such as epoxy, polymers, and paper [33–35]. Antibiotics, drugs, and growth factors have
all been successfully loaded into the lumen of HNTs [36–38]. Previous studies from our
lab have indicated that HNTs have potent osteogenic and chemotactic properties [39–42].
Alginate and HNT hydrogel nanocomposites have shown a pronounced osteogenic effect
on seeded osteoblasts. Moreover, microscopic observations suggested that osteoblasts
migrated and clustered around the HNTs and doped HNTs [41,42]. The potential of HNTs
and BMP-2-doped HNTs to serve as a chemoattractant for pre-osteoblasts was the focus
of a more recent study [43]. Here, we measured pre-osteoblast migration in response
to the presence of HNTs and HNTs doped with bone morphogenetic protein-2 (BMP-2).
Pre-osteoblasts were ‘seeded’ into collagen gel cultures and assessed for their ability to
attract pre-osteoblasts and produce an osseous matrix. The presence of HNTs stimulated
cell migration. The highest migration rate of osteoblasts occurred when the concentration
of HNTs was between 100–250 µg/mL [43]. HNTs, in conjunction with a BMP-2, promoted
pre-osteoblast cell migration. This suggests that HNTs, when added to a hydrogel, CPC
bone cement, or other polymer, may be a means to induce bone and tissue repair in
clinical patients.

When CPC/HNT composites doped with dexamethasone (DEX) were added to MSC
cultures and observed for alkaline phosphatase activity, it was predicted that composites
with DEX-loaded HNTs would promote MSC differentiation; however, the results were
unexpected. Differentiation was significantly enhanced on composites containing undoped
HNTs, while DEX-loaded HNTs produced insignificant results [39,40], supporting the
concept that HNTs inherently have osteogenic potential.

Several methods exist for the surface modification of halloysite nanotubes with metals.
Metal acetate and metal salts are substances used to deposit metals on the surface of
HNTs, which possess a negative charge [44,45]. Various technologies have been developed
that use specific metal compounds and multi-step chemical reactions [45,46]. Many of the
current HNT-metallization strategies use halloysite as a metal catalyst support. For example,
palladium nanoparticle deposition was achieved through a multi-step reaction with sodium
tetrachloride palladate (Na2PdCl4), methanol, and poly (vinyl pyrrolidone) [46]. Halloysite-
coated cobalt coatings were achieved by calcinating halloysite and cobalt nitrite under
temperatures as high as 623 K [47]. The deposition of silver onto HNTs has included the in
situ reduction of silver nitrite through the polyol process [48]. Synthesis of silver within
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the HNT inner lumen was achieved by vacuum loading of silver acetate followed by high-
temperature calcination [49]. Additionally, methods have shown that iron and nickel can be
deposited on the HNT surface through mixing of metal compounds and calcination at high
temperatures [50]. These HNT–metal fabrication methods rely on multi-step processing
with metal compounds, chemicals, and high temperatures for metallic deposition.

As HNTs are proven nanocarriers with properties that support bone tissue formation,
we developed a method for coating HNTs with metal carbonate compounds as the metal
ion donor and NMR shift reagents—through a simple breakdown of the salt in water. This
method produces a free positively charged metal ion that can readily bind to the negatively
charged HNT exterior, resulting in metallic coatings forming on the HNT surface.

The antibacterial properties of SrHNT on three bacterial species, Escherichia coli, Staphy-
lococcus aureus, and Staphylococcus epidermis, were assessed using the disc diffusion method.
In addition, SrHNT’s potential cytotoxic effects on mouse pre-osteoblasts (MC3T3-E1) and
mouse bone-marrow-derived mesenchymal stem cells (ATCC® Crl-12424™) were studied
using Live/Dead cytotoxicity and an MTS cell proliferation assay. The results indicate that
HNTs were successfully coated with strontium using a ‘green’ one-step coating method.
This method does not produce any toxic waste, unlike most HNT metal-coating meth-
ods. SrHNT was also effective in controlling bacterial growth in all three species studied.
Furthermore, cell studies also conclude that SrHNTs were cytocompatible after SrHNT
exposure and showed enhanced cell proliferation.

2. Materials

Halloysite and gentamicin were purchased from Sigma Aldrich, St Louis, MO, USA.
Cell culture and lab plastics were obtained from MidSci, St. Louis, MO, USA. Alpha
minimal essential medium (α-MEM) and Dulbecco’s DMEM were obtained from GIBCO
Invitrogen, Grand Island, NE, USA. Fetal bovine serum and penicillin were purchased from
Phenix Research Products (Candler, Buncombe, NC, USA). TryplE, an animal-free trypsin
substitute, and trypan blue were obtained from GIBCO Invitrogen, (Grand Island, NE,
USA). Mouse pre-osteoblast MC3T3-E1 (ATCC® CRL-2593™) and mesenchymal stem cells
(ATCC® Crl-12424™) cell lines were obtained from ATCC (Manassas, VA, USA). All bacteria
mediums were purchased from MidSci, St. Louis, MO, USA. Escherichia coli, Staphylococcus
aureus, and Staphylococcus epidermis were gifts from Dr. Rebecca Girono, Biological Science,
from Louisiana Tech University (Ruston, LA, USA).

3. Methods
3.1. Preparation of Sr Coated HNTs

Strontium carbonate (SrCO3) and HNTs were added to distilled water in equal
amounts (Figure 1). To assist in the even distribution of additives and to prevent ag-
glomeration, the reaction mixture (Rm) was sonicated at regular intervals for a duration of
30 min over 3 days. The Rm was exposed to three different temperatures. One sample was
kept at room temperature (25 ◦C), another in an incubator (60 ◦C), and the third sample was
microwaved until the solution boiled. The precipitate obtained for all samples was washed
in citric acid (Ph = 4) to remove excess CO3

2− ions and was then washed in deionized water
three times. The precipitate was collected and air-dried.
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Figure 1. Schematic representation of the process for fabricating SrHNTs.

3.2. Scanning Electron Microscope (SEM)

Samples were prepared for SEM and an S4800 Field Emission SEM, HITACHI was used
for imaging of the surface of HNTs. The high magnification obtained by SEM permitted
close comparisons of the surface morphologies of the HNT and SrHNTs.

3.3. Energy Dispersive Spectroscopy (EDS)

SEM–EDS analysis was performed for HNTs and SrHNTs using an EDAX dispersive
X-ray analyzer attached to a HITACHI S-4800 SEM to evaluate the elemental composi-
tion and weight percentage of Sr in the coated HNTs. EDS was conducted at 15 mm
with an acceleration voltage of 15 kV and the spectra were analyzed using the EDAX
Genesis software.

3.4. X-ray Diffraction (XRD)

XRD for HNT and SrHNT was performed using a Bruker D8 Venture diffractometer
(Brunker, Karlsruhe, Germany). The scan speed and step size used were 2 s and 0.02. The
diffraction patterns were recorded using a Philips PW 1710 X-ray powder diffractometer
over 20 within 3◦ and 85◦.

3.5. Fourier Transformation Infrared (FT-IR) Spectroscopy

FT-IR was performed on HNT, SrCO3, SrHNTs discs, and the discs of groups 1 and
4, to analyze the composition of the powders using the attenuated total reflection (ATR)
method. IR spectroscopy is used for the qualitative identification of organic and inorganic
compounds. This method was used for confirming the presence of functional groups in
organic compounds. The ATR method was selected, as it is a more efficient way to analyze
a sample, it provides a more accurate result, and it has a low signal-to-noise ratio.

3.6. Cell Culture

Mouse pre-osteoblast MC3T3-E1 (ATCC® CRL-2593™) and mesenchymal stem cells
(ATCC® Crl-12424™) cell lines were obtained from ATCC (Manassas, VA, USA). All cells
came cryopreserved from ATCC. Cryovials were thawed and allowed to equilibrate in a
water bath; all the cells were cultured in a 25 cm2 tissue culture flask and incubated at
37 ◦C under humidified 5% CO2 and 95% air. Pre-osteoblast and mesenchymal stem cells
(MSCs) were incubated in complete alpha-MEM and Dulbecco’s modified eagle medium,
respectively, containing 10% FBS and 1% penicillin. These two cells lines were chosen
to observe if SrHNTs influenced the development of pre-osteoblasts cells towards the
osteoblastic lineage and directed MSCs to develop into osteoblasts. Sub-confluent cells
were passaged with 0.25% trypsin, collected by centrifugation, suspended in the cell culture
medium, and cultured at a 1:4 split into 25 cm2 tissue culture flasks. All cell lines were
passaged to establish a working stock, and, in all experiments, passage four cells were used.
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3.7. Viability and Cytotoxicity Testing

A Live/Dead assay kit (Biotium, Fremont, CA, USA) was used to estimate cell viability
after exposure to native HNTs and SrHNTs. Cells were seeded into a 48-well plate at
a 1 × 105 cells/well concentration and cultured for 24 h. Native HNTs or SrHNTs at
concentrations of 0, 25 and 50 µg/mL were added into cell culture plates. The cytotoxicity
assay was performed on days 1, 3, 5, and 7. Fluorescence images were taken using an
Olympus BX 41 fluorescence microscope fitted with a Nikon digital camera.

3.8. Cell Proliferation Assay

After exposure to native HNTs and SrHNTs, cellular proliferation was assessed using
an MTS assay. Native HNTs or SrHNTs at concentrations of 0, 25, and 50 µg/mL were
added into cell culture plates. The assessment of cellular proliferation was conducted on
days 1, 3, 5, and 7. First, cells were seeded into a 48-well plate at a 1 × 105 cells/well
concentration and cultured for 24 h. Next, a 40 µL MTS stock solution was added to each
well and cultured for 2 h at 37 ◦C in darkness. 200 µL of each sample’s supernatant were
transferred to 96-well plates and read absorbance values at 490 nm by a microplate reader.

3.9. Bacterial Growth Rate Study

The antibacterial properties of HNTs, SrHNTs, and gentamicin-loaded G/HNTs,
SrHNTS, and HNTs that were loaded with the drug and then coated with strontium
(SrHNT/G). Escherichia coli (E. coli, ATCC 35218, Staphylococcus aureus (S. aureus, ATCC
BAA-1026), and Staphylococcus epidermis (S. epidermis, ATCC 14-990) were investigated.

3.10. Micro Titration Method

HNT, SrHNT, G/HNTs, SrHNTs, and SrHNT/G were evaluated for their effect on
bacterial growth rate and drug release using the micro-titration method since they were
in powder form. The starting concentration of the sample was 10 µg/mL. It was serially
diluted in four consecutive wells. Three colony cultures of bacteria (S. aureus) were chosen
to perform three repetitions of the tests. Bacteria were grown on Luria–Bertani (LB) broth.
The test was conducted in Miller–Hilton broth.

3.11. Statistical Analysis

Statistical analysis was performed using Microsoft Excel Analysis ToolPak plugin and
Origin 9.6. All experiments were conducted in triplicate, and one-way analysis of variance
(ANOVA) with p < 0.05 as the significance level was utilized for statistical analysis using
SPSS software. Statistically significant data was reported as (p < 0.05), and all the results
were reported as mean ± standard deviation (p < 0.05, n = 3) unless otherwise specified.

4. Results
4.1. Fabrication Method for Strontium Coating the Halloysite Surface

Native HNTs were coated with Sr by adding HNTs and strontium carbonate (SrCO3)
in identical amounts to distilled water, as seen in Figure 1. A sonicator was used to promote
the even distribution of reactants and prevent agglomeration. The reaction mixture (Rm)
was sonicated at regular intervals for 30 min over 3 days. The precipitate obtained was
then washed in citric acid (Ph = 4) to remove excess CO3

2− ions, and then washed 3 times
in distilled water. The precipitate was then collected and dried at room temperature.

4.2. Surface Topography

The coating of Sr on HNT was performed at three different temperatures. The SEM
images were taken to confirm the presence of coatings and confirm the best temperature
for coatings of the HNTs. The images of the HNTs coated by Sr at room temperature (60 ◦C)
and microwaved were analyzed for successful coating and shown in Figure 2.
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Figure 2. SEM images of HNTs dried under conditions. (A) HNT and Sr coated HNTs, (B) oven-dried,
(C) microwaved, (D) at room temperature. The red outline is of a single HNT.

As the SEM images show, the coating of Sr was successful in all three exposures. Since
the coatings were observed at room temperature, the experiment was conducted three more
times to observe the method’s consistency. There is an irregular but complete coating of Sr
on the HNTs, as seen in Figure 3. HNTs, by default, have a smoother exterior as seen in
Figure 2A. The SrCO3 hydrolyze into Sr2+ and CO3

2− ions when water is added to the salt.
Since halloysite has a negative exterior surface due to the presence of OH−, it attracts

the positively charged ions to form a bond, which can be either a Van der Waals bond or
a weak ionic bond. In both cases, the Sr2+ becomes attached to the surface of the HNTs.
The bond between Sr2+ and HNT surface was not weak since citric acid (pH = 4) was used
as a wash to remove the excess CO3

2− ions and the remaining SrCO3 salt. The images
were taken after the citric acid was washed away with water. Citric acid was used as a
substitute for lemon juice (pH = 2.5) to maintain the pH level’s consistency during the
washes. Other lemon types possess slightly different properties, which causes procedural
variations each time they are used. At lower pH, citric acid is a harmless and non-toxic
chemical that provides an environmentally safe option for removal of the excess unwanted
ions introduced during the formation of SrHNTs. SEM images showed a successful layering
of Sr on HNTs, which formed a bond strong enough to remain stable even after exposure
to acid with a pH of 4. This HNT coating and washing method showed that most of the
HNTs were coated. The SEM images showed the presence of SrHNT and HNTs.
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Figure 3. SEM images of SrHNTs of multiple attempts (A–D) show sediment-like formation on the
surface of HNT.

4.3. EDS Analysis

EDS, which is a quantitative analysis of the chemical elements present in a selected
region, was performed to ensure Sr’s presence on the HNTs. As seen in Figure 4, the
EDS–SEM analyzed the chemical characterization of the region selected on HNTs and
SrHNTs, as seen in the red outline in Figure 4A,B, respectively.

The quantitative analysis of the different elements presented in the HNT and SrHNT
elemental report clearly shows Sr-on-Sr coated HNTs. However, the exact peak of Si is
not visible in the reports of SrHNT. Therefore, the value is 0 as the K shell peak of Si
overlaps the L shell peak of Sr. All the samples of HNTs and the average of the qualitative
compositional information of HNTs and SrHNT are shown in Figure 5.

The presence of the element Sr was confirmed by EDS, giving value to the method
of coating SrHNT. The EDS method can be used to determine the presence of a chemical
element. It also gives an estimate of their abundance. The accuracy of this method can be
affected by various other factors, such as overlapping peaks. For a more accurate estimation
of the sample composition, further tests were performed.
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4.4. FTIR-ATR

To confirm the presence of Sr on HNTs, FTIR-ATR was conducted on the HNT samples,
which provided the molecular fingerprint to compare the samples. The high spectral
resolution data of the three samples can be seen in Figure 6A. Light in the infra-red region
was absorbed, corresponding to specific bonds present in the samples. The absorption
peaks on the inverted y-axis depict the percent of transmittance radiation in the sample.
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Figure 6. Elemental Analysis. (A) FTIR-ATR analysis of (—–) SrCO3 (—–) HNT and (—–) SrHNT
(n = 3). (B) XRD graph image of HNT, SrCO3, and SrHNT.

SrCO3 has a strong peak at 1400 and 800 cm−1 depicting the -CO group. The position
of the carbonyl group depends on the function of the molecule. The position of the carbonyl
group here is characteristic of SrCO3. For HNT, there is a distinct peak at 1040 cm−1

showing the -SiO group. There is a peak at 900 cm−1 showing the presence of the AlOH
bond. Band peaks at 3100–3700 cm−1 are caused by -OH groups. The OH bond usually
appears. These peaks are distinguishing factors for recognizing HNTs. For SrHNT, there
are combinations of peaks at 3100–3700 cm−1, 1400-800 cm−1, and 3600–400 cm−1. IR
radiation has an effect, such that the higher the frequency is, the higher the wavelength will.
SrHNT showed a distinct presence of Sr on HNT in the sample. FTIR results also showed
that the coating could be a combination of Sr2+ ions and SrCO3. The peaks show the CO
bond along with the presence of HNT absorption peaks. The validity of SrCO3 FTIR results
was confirmed based on previously published data. The peaks on SrHNT confirmed the
presence of HNTs and SrCO3.

4.5. XRD Analysis

To further confirm the presence of Sr on HNT, XRD was used as some bonds are not
visible through FTIR (Figure 6B). Since the wavelength of X-rays is on the atomic scale,
this was the final tool to measure the accuracy of the composition of SrHNTs. XRD was
used to compare the diffractions of HNT, SrCO3, and SrHNT, as seen above in Figure 6B.
HNTs have distinctive peaks at lattice structures 001, 110, and 002. There is a distinct peak
of SrCO3 at 111. Since the HNT is covered by Sr2−, the crystal structure of SrHNT shows
reduced peaks of HNT but the distinctive characteristic peak of SrCO3. This last peak
shows that SrHNTs were coated with strontium.

4.6. Viability and Cytotoxicity Testing for SrHNTs

A Live/Dead assay was performed to confirm the percentage of SrHNT that would
provide a beneficial effect without harming the cells (Figure 7).

Two different SrHNT concentrations were tested on pre-osteoblast cells. NIH ImageJ
software was used to count the cells. As seen in Figure 7, cells exposed to HNTs showed
good viability on days 1 (95%), 3 (95.6%), 5 (95.67%), and 7 (95.9%) at lower concentrations.
At higher HNT concentrations, the viability at days 1 (88.8%), 3 (88.9%), 5 (84.8%), and 7
(97.1%) was slightly different. Cells exposed to SrHNTs (at a concentration of 25 µg/mL)
showed viability on days 1 (88.2%), 3 (91.47%), 5 (92.5%) and 7 (97.135) after exposure.
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At 50 µg/mL, SrHNTs showed an initial positive cellular response on day 1. By day
5, cell viability decreased (55.3%), and almost no live cells were seen by day 7 (Figure 7).
No significant difference was revealed by the one-way ANOVA test performed using
SPSS software.

Although no research has been published to show the absence of Sr’s toxic effect, for
the use of SrHNTs in biological systems, it was necessary to predict the concentration that
could be used without hindering cell growth. These cytocompatibility tests were supported
using Sr concentrations no higher than 25 µg/mL.

4.7. Proliferation Assay

The effect of different concentrations of HNTs and SrHNTs on pre-osteoblast cell
proliferation was assessed over seven days, and the results are displayed in Figure 8. A
higher cell count is equivalent to higher absorbance. Exposure to high concentrations of
HNTs had a derogatory effect on proliferation compared to a lower HNT concentration.
Cells exposed to SrHNTs proliferated. Further tests must be conducted to determine the
impact of exposure on cells and for an extended period. The proliferation essay suggests
that SrHNTs did not alter cell proliferation rate by a large degree and, with time in culture,
could approach the rate of proliferation observed in control cells.
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Figure 8. Graph showing proliferation of pre-osteoblast cells after exposure to two different con-
centrations of 25 and 50 µg/mL of HNT and SrHNT for days 1, 3, 5, and 7. Grey and green lines
depict HNT and SrHNT, respectively. Marked lines represent high concentration lines. Error bars are
standard deviations where n = 3.

As the graph shows, exposure to low (0.341 Å) and high (0.439 Å) concentrations
of SrHNTs did not affect cell proliferation. However, exposure to a high concentration
(0.09 Å) of HNTs had a more derogatory effect on proliferation than a low concentration
(0.472 Å). As seen in Figure 8, there was no significant impact on cell proliferation damage
after exposure of cells to a high concentration of SrHNTs. The rate of proliferation was
higher in the case of SrHNTs. After being exposed to SrHNTs proliferated, cells exposed
to high concentrations of HNTs showed a decline in proliferation. Further tests must be
conducted to determine the effect of exposure on cells after an extended time. However,
the assay showed that in the presence of SrHNTs, the cell proliferation rate did achieve a
proliferation rate very similar to control cells over 7 days.

4.8. Bacterial Growth Rate

The effect of HNTs, SrHNTs, and gentamicin-loaded HNTs, SrHNTs, HNTSr (5 µg/mL)
on the growth rate of E. coli, S. aureus, and S. epidermis was tested over 48 h (Figure 9A).
Analysis of the data showed that HNTs have an inherent property that has some bactericidal
or bacteriostatic effect on nosocomial bacteria. This was enhanced when HNTs were coated
with Sr. When HNTs were loaded with gentamicin, it was released efficiently to inhibit
bacterial growth. When HNTs were loaded and then coated with gentamicin, no bacterial
growth was observed, showing the effectiveness of gentamicin release from HNTs.

SrHNT has some inherent quality that inhibits the bacterial growth rate. Coating
HNTs with Sr before or after loading with drugs does not hinder drug release capacity,
making them suitable carriers. The SrHNTs can serve as carriers for many drugs. When
embedded in biomaterials such as CPC or hydrogels, this will be a better way to release the
drugs in the implant, as research shows that loading drugs in carriers slow the release rate
and prolong the duration of effects. Since SrHNT itself lowers the bacterial growth rate, it
will help to reduce the chance of infection on the implant site for S. aureus (Figure 9B) and
S. epidermis (Figure 9C) separately. SrHNT lowered the growth rate for all three bacteria
compared to HNTs at a lower concentration.
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Figure 9. The pattern of bacterial growth over 24 h. Bacterial growth was tested based on the CSLI
microtitration method. (A) E. coli (B) S. aureus (C) S. epidermis. The data are the averages of 3 different
colonies. In this graph, the concentration of a sample of HNT, SrHNT, and Gentamicin loaded
(5 µg) = HNTs *, SrHNTs *, and HNTSr *. The total reaction mixture was 100 µL. Error bars indicate
the standard error of the mean.

5. Discussion

We successfully coated strontium on the surface of halloysite nanotubes. Several
strategies exist for the metallization on HNT surfaces [45–50]. Existing fabrication methods
include lengthy, multistep processes employing thermal decomposition [51,52], chemical
reduction [53], and other techniques that use toxic reducing agents, costly chemicals, and
require specialized equipment [44–51].
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The solvothermal synthesis method is a chemical reaction occurring at high temper-
atures and pressure that changes the fundamental properties of the solvent [54–56]. The
solvothermal process has two advantages. First, it is a one-step process with pH sensitivity
and high photocatalytic activity. The disadvantages of such a method are the use of acids,
bases, or other harsh chemicals as solvent or catalyst, specific requirements for oven for cre-
ating an atmosphere of high temperature; it is time-consuming and not cost-effective. In the
silanization method, the surface of HNT is modified by using γ-aminopropyltriethoxysilane
(APTES), which leads to Pd/NH2-HNT [44]. However, APTES is a toxic substance (MSDS
health score = 3).

Therefore, the chemical is carefully used under a fume hood since it creates noxious
odors that are destructive to the upper respiratory tract and mucous membranes. In
addition, this compound acts on the kidneys, liver, and nerves; hence, APTES is used as
an extreme precaution. The advantages of this method are that the surface property of
the NH2-HNT is beneficial in improving the dispersion and loading of Pd, which can be
uniformly distributed with smaller particle sizes. However, this result can lead to higher
catalytic activity of the product. The disadvantages of this method are that it requires
binding, which uses very toxic and harsh chemicals. In addition, it is a cumbersome and
expensive process. In the dry sintering method, metal acetylacetonates are compounds
often used to synthesize nanoparticles, metal catalysts, and NMR shift reagents [42,44].
The advantages of this process are that it is a simple process with more straightforward
fabrication conditions, is environmentally safe, and does not require the use of any caustic
material. The disadvantage of this method is that it is not very cost-effective, as it requires
an energy source to keep the oven at 300 ◦C.

Our electrolysis method offers a facile process for depositing metal nanoparticles on
the HNT surface. Metal nanoparticles (NPs), such as silver NPs, copper NPs, gold NPs,
and others, can be directly deposited onto the surfaces of HNTs through this rapid, low-
cost method. Furthermore, chemical processes that use toxic chemicals are not required,
thus eliminating exposure to toxic chemicals and costs associated with the disposal of the
resultant chemical waste. It offers a one-step and low-cost process for the fabrication of
mHNTs. Sr was coated on the surface of HNTs without the need for harsh chemicals and
did not produce any toxic waste.

The targeted application for our Sr-coated nanoclay is the remediation of a bone
infection while promoting bone tissue formation. Surface adsorption of serum proteins
facilitates bacterial adhesion and proliferation on the implant surface leading to biofilm
formation [54]. A biofilm is a multicellular community of microbes forming on a solid
surface or liquid–air interface. Microbes are densely packed within a self-assembled
extracellular matrix that protects resident bacteria from various environmental agents in a
biofilm [55,56]. As a result, they are much more resistant to antibiotics than the resident
bacteria usually present in the human body. Often, a very resistant biofilm increases
bacterial pathogenicity [54–56].

Our antibacterial tests showed that the SrHNTs have an inhibitory effect in bacterial
growth. Gentamicin is a widely used antibiotic for treating infections because it can inhibit
the growth of a broad spectrum of bacteria [57]. While effective, its major disadvantage
is its low bioavailability after oral administration and poor cellular penetration [58]. In
addition, when administrated systemically, gentamicin is excreted rapidly by the kidneys,
resulting in a very low plasma half-life. This result then requires the administration of
repeated doses leading to renal accumulation and nephrotoxicity [59,60]. Local antibiotic
delivery to a site of bone infection can deliver an adequate dosage and avoid the need for
prolonged administration of gentamicin and the resultant toxicity [61].

Furthermore, delivering antibiotics directly to the implant site rather than systemically
through intravenous injection and prescription drugs could reduce the outbreak of resistant
bacterial strains [57,58]. Furthermore, a biodegradable antibiotic carrier may result in a
more significant release and obviate the need for removal; they are gradually replaced by
ingrowing tissue [57]. Furthermore, the subsequent release of the antibiotic may occur dur-
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ing the carrier’s degradation phase; this could increase the antimicrobial efficacy compared
to non-biodegradable carriers [7,57].

Several studies have shown the osteogenic activity of strontium [62–67]. Sr-coated
HNTs were included within a biopolymer (3-polyhydroxybutyrate-co3-hydroxyvalerate)
matrix [62]. This matrix showed increases in mechanical resistance and porosity, and a lack
of cytotoxicity [62]. Strontium and selenium doped bioceramics were incorporated into
polyacrylamide-carboxymethylcellulose hydrogels synthesized by free-radical polymer-
ization. The composite hydrogel produces a supportive cell environment for MC3T3-E1
osteoblasts with enhanced cell proliferation and adhesion [63].

The composite also exhibited good alkaline phosphatase activity, suggesting its os-
teogenic potential [63]. Similar observations have been made in Sr/calcium phosphate
composites [64–67]. Sr is also used in non-biological applications such as bio-glass [68–70].

An implantable scaffold significantly improves the osteogenic response and shortens
recovery and healing in critical-sized bone defects is highly desired. Using MC 3T3 pre-
osteoblasts, our cell culture studies showed that SrHNTs are cytocompatible and enhance
cell proliferation. However, further studies on the osteogenic effects of SrHNTs are needed
before any conclusion can be drawn. We have shown in previous studies that HNTs possess
chemotactic, osteoconductive, and osteoinductive properties [39–41]. Therefore, we predict
that antibiotic-doped SrHNTs added to calcium phosphate, or another supportive cell
polymer can be used in a treatment that couples infection reduction while bone tissue
is regenerated.

6. Conclusions

Bone defects may be caused by trauma, tumor, or infection, cause significant patient
disability and suffering, and remain a significant clinical and socioeconomic problem.
Therefore, developing a novel bone graft substitute that reduces bacterial infection and
enhances bone regeneration is of clinical importance. We developed a facile method for
coating the surfaces of halloysite nanotubes with strontium carbonate. The results showed
that SrHNTs had a pronounced inhibitory effect on bacterial growth in both gram-positive
and gram-negative strains. Furthermore, SrHNTs did not provoke a cytotoxic response and
enhanced cell proliferation. Further studies are needed to explore SrHNT’s osteoinductive
capability. Nevertheless, the results support the potential of SrHNTs as a mechanism to
combat bone infection and assist in tissue regeneration during bone defect repair.
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