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ABSTRACT: Regenerative medicine leverages the innate potential of the

human body to efficiently repair and regenerate damaged tissues using & g B # & & 5

engineered biomaterials. By designing responsive biomaterials with the

appropriate biophysical and biochemical characteristics, cellular response can Ca"i'af ~ ’Q /A\Ne‘"a'
be modulated to direct tissue healing. Recently, inorganic biomaterials have [ R \/ ‘J’J" )
been shown to regulate cellular responses including cell—cell and cell-matrix “ / “\\ ‘p/"“
interactions. Moreover, ions released from these mineral-based biomaterials play =

a vital role in defining cell identity, as well as driving tissue-specific functions. /- Jﬂ\\{*"‘imimbia'

The intrinsic properties of inorganic biomaterials, such as the release of
bioactive ions (e.g., Ca, Mg, Sr, Si, B, Fe, Cu, Zn, Cr, Co, Mo, Mn, Au, Ag, V, :
Eu, and La), can be leveraged to induce phenotypic changes in cells or modulate ) e

. /ﬂ

the immune microenvironment to direct tissue healing and regeneration. -

Biophysical characteristics of biomaterials, such as topography, charge, size,

electrostatic interactions, and stiffness can be modulated by addition of inorganic micro- and nanoparticles to polymeric networks
have also been shown to play an important role in their biological response. In this Review, we discuss the recent emergence of
inorganic biomaterials to harness the innate regenerative potential of the body. Specifically, we will discuss various biophysical or
biochemical effects of inorganic-based materials in directing cellular response for regenerative medicine applications.

Vascularization
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1. INTRODUCTION

Regenerative medicine approaches harness the innate micro-
environment of the body to promote tissue healing via
directing immune and progenitor/stem cells to the site of
injuries.'~* Chemical stimulants, such as biomolecules
(proteins, metabolites, and minerals), are used to control
and direct cellular functions. For example, vascular endothelial
growth factor (VEGF) has been shown to direct the migration
of endothelial cells, which is critical in the wound healing
process.” Additionally, metabolic products that have the ability
to direct cellular functions as nutrients are broken down into
smaller constituents that are necessary components to various
important biochemical pathways.® Similarly, ions released from
minerals are utilized by the body as signaling molecules by
regulating processes such as heartbeat, nerve response, and
oxygen transport.”® Minerals also act as building blocks for
important tissue systems, such as bone, by providing structural
integrity to the skeletal system, and play important roles in
homeostasis. Despite the important role of minerals in the
human body, limited attention is given to their role in
regenerative medicine.

Inorganic biomaterials are attractive for a range of
regenerative medicine applications because of their tunable
properties (Figure 1A). These properties can be classified as
biophysical or biochemical cues that can direct tissue
regeneration.9 Biochemical properties, such as ionic dissolution
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products or release of therapeutics biomolecules, can direct
cellular functions though intracellular signaling. For example,
ions such as lithium (Li*), have been shown to upregulate the
wingless INT-1 (WNT) signaling pathway in stem cells and
can induce osteogenic differentiation.'’ Additionally, ions
comprising minerals are known to play a role in biochemical
processes such as regulation of apoptosis in the case of calcium
ion (Ca*),"" or cofactor activation in the case of magnesium
ion (Mg**)."” Biomolecules can also be sequestered and
released from mineral-based biomaterials to control and direct
cellular functions.> On the other hand, biophysical properties
such as shape, size, surface-to-volume ratio, topography,
stiffness, and charge of biomaterials can be modulated by
addition of inorganic biomaterials for regenerative medicine."*
For example, stiff biomaterials have shown to facilitate cells
adhesion and promote osteogenic differentiation of stem cells,
while soft biomaterials can facilitate chondrogenic differ-
entiation.">'® Thus, the biophysical and biochemical attributes
of inorganic-based biomaterials dictate their interactions with
biological systems, playing a key role in regenerative medicine.
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Most Common Inorganic Biomaterials

Au - Gold (Au) particles (sphere/rod/other shapes)

Ag - Silver (Ag) particles, Ag/Mg nanoparticles

Ca - Hydroxyapatitie (Caio(PO4)s(OH),) and calcium phosphate (Ca,(PO,),)
Si - Bioglass (4585), silica, nanosilicates (clays), silicon dioxide (SiO,)
B - Boron-modified Bioglass, hexagonal boron nitride (hBN)

Mg - Magnesium oxide (MgO)

Mn - Manganese-doped Bioglass, Mn-Au nanoparticles

Fe - Iron oxide (Fe,O,, Fe,0,) nanoparticles

Zn - Zinc oxide (ZnO) nanoparticles

Cr - Chromium oxide (CrO, Cr,0,, CrO,, CrO,)

Co - Cobalt chromium (CoCr)

Sr - Strontium-doped calcium phosphate

La - Lanthanum phosphate (LaPO,)

V' - Vanadium pentoxide (V,0;)

Eu - Eu(lll) complexes

Cu - Cuprous oxide (Cu,0)

(mesoporous silica, bioactive glasses)

Data Obtained from ISI Web of Science using following key words:
"Inorganic" AND "Biomaterials” (Accessed on December. 31, 2019)
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Figure 1. Inorganic biomaterials in regenerative medicine. (A) Inorganic biomaterials provide both biochemical and biophysical signals that
stimulate tissue healing and regeneration. (B) Growing trend for “inorganic biomaterials” demonstrated though increase in number of publications
for tissue engineering. (C) Some for the most common inorganic nanomaterials investigated for regenerative medicine.

In the past two decades, a large number of articles have
focused on evaluating the potential of inorganic biomaterials
for various applications including regenerative medicine
(Figure 1B). For example, bioactive glass has previously been
used as a scaffolding and substrate material for regeneration of
bone tissue due to its bioactive characteristics.'” Mineral-based
micro- and nanoparticles can be easily ingested by cells, so they
can provide bioactive cues to cells by release of ionic
dissolution products. These micro- and nanoparticles are also
combined with various polymers to fabricate scaffolds
including fibrous scaffolds, microporous structures, and
hydrogels (Figure 1C). These scaffoldings provide physical
support for cellular in-growth and tissue integration. Certain
mineral-based nanomaterials have also been utilized to bolster
the mechanical integrity of hydrogel networks to allow for
three-dimensional (3D) printing, which is an emerging
approach for fabricating scaffolds for regenerative medicine.

In this Review, we will focus on current state of art in the
field of inorganic biomaterials. We will first highlight the
unique contributions of biophysical and biochemical properties
of inorganic biomaterials in controlling and directing cellular
functions. Then, we will focus on the utility of inorganic
biomaterials for therapeutic applications. Additionally, the
ability of inorganic biomaterials to use both their biophysical
and biochemical characteristics to modulate cellular functions
will be explored. We will delve into various categories of
minerals and mineral-based biomaterials and discuss their
applications in regenerative medicine. Finally, we will discuss
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some of the emerging trends and future applications of
inorganic biomaterials.

2. BIOLOGICAL RESPONSE TO MINERAL-BASED
BIOMATERIALS

Minerals are nutrients, specifically inorganic compounds
comprised of one element or several, that are often essential
for the human body to function. Some mineral elements, or
dissolution ion products of common minerals, are considered
by nutritionists to be macrominerals or essential mineral
elements necessary for human biological processes.'® Elements
released from minerals, such as iron, calcium, and potassium,
play key roles in maintaining and directing cellular functions. A
daily intake of the four necessary macronutrients: vitamins,
macrominerals, essential amino acids, and essential fatty acids
is required for healthy human function.'” For example, iron is
present in hemoglobin and plays an essential role in
maintaining healthy red blood cell function. Iron deficiency
has been shown to cause complications, such as anemia,
maternal death during pregnancy, and is potentially implicated
in decreased cognitive development in children.””*" Supple-
mentation alleviates these risks, as humans cannot actively
synthesize iron and instead rely on dietary supplementation.”’
Although minerals play an important role in tissue homeo-
stasis, they have not been extensively used to stimulate in situ
tissue healing and regeneration.”

Inorganic biomaterials (including monolithic as well as
composites with polymers) designed for regenerative medicine
should respond to cellular signals and interact with

https://dx.doi.org/10.1021/acsami.9b17801
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Figure 2. Characteristic of inorganic biomaterials. (A) Biochemical cues include release of therapeutic ions, as well release of biomolecules from
inorganic biomaterials, whereas biophysical cues center around the physiochemical characteristics of a biomaterial such as the shape, size or charge.
(B) Intracellular and extracellular release of ions from nanoparticles and bulk biomaterials respectively can control and direct cellular functions to
stimulate tissue healing and regeneration. Inorganic nanoparticles get internalized by cells and acidic conditions in endosome results in intracellular
degradation of nanoparticles into individual ions. Similarly, extracellular releases of therapeutics ions from biomaterials can influence cellular
activity. Both these mechanism of ion release is shown to control and direct tissue healing and regeneration. (C) As inorganic biomaterials degrade,
the release ions can direct specific cellular processes, such as osteogenesis, chondrogenesis, and adipogenesis. Mineral-based biomaterials also
release ions involved in the homeostasis of bodily tissues, such as cartilage, bone, vascular, and neural. Many ions also have antimicrobial activities.

endogenous immune and progenitor/stem cells to stimulate in
situ tissue healing and regeneration. Tissue regeneration is a
multistep complex process involving various cell types and
biologics that function in a well-organized manner. Initial
biological response by immune cells dictate the degree of tissue
healing and regeneration. Immune response can be classified
into a pro-inflammatory or anti-inflammatory response and
balance between these responses decides the degree of tissue
healing. The type of biomaterials and its biophysical and
biochemical cues dictate the overall biological response
including tissue healing and regeneration.

Biophysical cues are defined as physical characteristics of
biomaterials, such as topography, charge, size, electrostatic
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interactions, and material stiffness that guide biological
processes (Figure 2A). For example, the surface charge of a
nanomaterial has the ability to dictate and control adsorption
of proteins, a phenomena also known as protein corona
formation.”” The type of protein corona and charge density
plays a vital role in defining cellular interactions, such as
cellular internalization. Aside from their charged nature,
nanomaterials with the same surface area with decreased size
provide large curvatures, restricting the cellular uptake.”> In
addition the size of biomaterials has a significant influence on
cellular ingestion. For example, smaller nanomaterials are
readily internalized via cadherin-mediated endocytosis com-
pared to micron-size biomaterials.”* By combining mineral

https://dx.doi.org/10.1021/acsami.9b17801
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Table 1. Summary of Cell Modulatory Capabilities for Elements/Biomaterials”

element valence effect ref
calcium (Ca) +2 calcium signaling pathways, bone/lattice structure 46, 47, 50, 61, 305
strontium (Sr)  +2 upregulates bone formation, causes osteoclast apoptosis 66, 68—71
m?gne)sium +2 enzyme cofactor: hexokinase, glucose-6-phosphatase, DNA polymerase 12, 41
Mg
silicon (Si) +4, —4 collagen fibril alignment 114-116
material component increasing biodegradation
boron (B) -3 upregulate osteoblast specific genes (Coll) 132, 138, 140
upregulate ERK, FAK, increase vascularization
iron (Fe) +2, +3 enzymatic cofactor, hemoglobin component, stent structural component 153, 158, 161
copper (Cu) +2 mitochondrial enzymatic cofactor 168, 178, 180, 182, 183
upregulate HIF-1a, increase vascularization
part of standard neural function, promotes neural differentiation
zinc (Zn) +2 enzymatic cofactor, transcription cofactor, zinc-finger binding domains 27, 170, 185, 193, 196
stent material component improving biodegradation
component of neural function and signaling
chromium (Cr) +3, +6 increases ROS which upregulates (HIF)-1a, involved in vascularization pathways but also potentially 208, 211
damaging at high concentrations or high oxidative state (+6)
cobalt (Co) +2, +3 mimics hypoxia and increases ROS which upregulate VEGF and FGF 91, 163, 216, 222
stimulate VEGF to enhance osteoblast proliferation
manganese +2, 43, +4,  affect glycosylation of proteoglycans (part of cell adhesion), important to BMD 231, 232, 234, 236, 306
(Mn) +6, +7 neuronal differentiation
molybdenum +3, +6 enzymatic cofactor 219, 263, 267, 269
(Mo) structural component in implants
imaging capabilities due to SPR
gold (Au) +1, +3 ROS generation, osteogenesis activated by stimulation of RUNX2 via p38/MAPK cascade 246, 250, 307
silver (Ag) +1 antimicrobial (antiadhesion), ROS generation 308, 309
vanadium (V) 45, +6 accumulates in bone increasing BMD and potentially replaces P in hydroxyapatite 275, 276, 280, 281, 283,
potentially increases angiogenesis, thought to be due to the production of ROS 286, 310-312
antifouling films
europium (Eu) +3 production of ROS increases vascularization and potentially aids in osteogenesis 292, 295
lanthanum (La) +3 activation of osteogenesis, though the exact mechanism is unclear 296, 297

“Some of these elements may provide useful in the field of therapeutics and have the potential have useful applications being incorporated in
nanomaterials to modulate cellular fate. It may be relevant to observe different type of minerals in combination, or utilize their potential cytotoxic
effects as a therapeutic device for cancer treatment. In any case, it is valuable to explore all options when developing new nanomaterials, as any bit

of information could be the next link to solving tough biological problems.

particles with a polymeric network, a range of scaffolds
including hydrogels and fibrous networks can be fabricated.
Through the addition of different amounts of micro- and nano-
sized inorganic particles to polymeric networks, biophysical
properties such as matrix stiffness and roughness can be
altered, which can directly influence cellular morphology.
Specifically, with an increase in matrix stiffness, osteogenic
differentiation in stem cells can be induced.">** Overall, the
biophysical properties of mineral-based biomaterials can
provide specific cellular cues, such as directing protein
adsorption, internalization, and cell morphology, suggesting
that mineral-based biomaterials can be utilized to control stem
cell differentiation and ultimately direct tissue regeneration.
Biochemical cues are ions, cofactors, cytokines, and signaling
molecules which are used to activate specific genes or pathways
to direct cellular responses. For example, cellular ingestion of
mineral-based nanomaterials can allow release of bioactive ions
within the cytosol sometimes due to lower pH (i.e., 5.5 in the
endosome) (Figure 2B). Ion release from inorganic bio-
materials is highly dependent on biostability. The intracellular
or extracellular release of ions can trigger the activation of ion
channels which control processes such as protein transport and
signaling receptors. For example, release of calcium and other
divalent ions outside the cell can trigger calcium-sensing
receptors (CaR) which play a role in processes including
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apoptosis, cell proliferation, differentiation, activation of ion-
channels, and chemotaxis.”® Ion release in the cytosol can
regulate protein binding and function, as well as biochemical
pathway activation through manipulation of cofactors.
Specifically, zinc finger binding domains interact with zinc
ions to mediate protein binding to other proteins and nucleic
acids.”” Release of ions from biomaterials can also regulate
gene expression. For example, ions released from calcium—
silicon composites can activate osteogenic-related genes and
can stimulate the formation of mineralized matrix.”**’ In
another example, cuprous oxide (Cu,O) nanoparticles are
utilized to suppress the expression of angiogenic pathways in
human umbilical vein endothelial cells (HUVECs) by
downregulating the vascular endothelial growth factor
(VEGFR2) signaling. This was accomplished via cell cycle
arrest by the Cu,O nanoparticles in the synthesis (S) phase.*
Ultimately these examples suggest that the biostability of a
mineral-based nanoparticle can be harnessed to cause the
release of biologically active, mineral dissolution ions directly
within the cell. These mineral nanoparticles when embedded
within polymeric network can slowly dissociate and release
ions, which can be used to direct cellular functions.*' In
addition, mineral-based biomaterials can be used to sequester
and release therapeutics to control cell fate. For example,
protein therapeutics can be loaded on the surface of inorganic

https://dx.doi.org/10.1021/acsami.9b17801
ACS Appl. Mater. Interfaces 2020, 12, 5319—5344


www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.9b17801?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

nanoparticles, which can be released to affect cell
function." >3

Both biophysical and biochemical cues of biomaterials can
be utilized simultaneously to first direct cell responses, but
ultimately stimulate healing for various tissues, such as neural,
vascular, bone, and cartilage (Figure 2C). Biophysical cues can
direct internalization of essential ions, nanomaterials, or
proteins into the cytosol. Consequently, biochemical cues
can then guide genomic changes within the cell to direct
cellular fate. From a holistic perspective, ions are used to
control various steps of the regeneration process. There are
three steps in this process: inflammation, proliferation and
maturation. During inflammation, ions control the tissue
response by promoting anti-inflammatory effects.”*™*° In the
proliferation phase, ions act to stimulate release of growth
factors.””** Finally, in maturation, ions act to direct cell fate to
different lineages by inhibiting or promoting various signaling
pathways.”’40 In this way, ions act to direct tissue regeneration
at each stage, and can be utilized for tissue engineering
applications.

Overall, inorganic biomaterials can influence cellular
functions though direct or indirect approaches. Given the
importance of macrominerals in tissue homeostasis and growth
it is imperative to leverage these necessary nutrients for
regenerative medicine. Here, we will discuss various essential
ions and mineral-based biomaterials that have an ability to
facilitate tissue healing and regeneration based on their
classification in the periodic table (Table 1).

3. ALKALI AND ALKALINE EARTH METALS

Alkali metal elements are housed on the left side of the
periodic table, typically exhibiting a monovalent, (+1) charge.
Alkali metals explicitly consist of the following elements:
lithium (Li), sodium (Na), potassium (K), rubidium (Rb),
cesium (Cs), and francium (Fr). These elements are highly
reactive, positively charged, monovalent metals capable of
forming strong alkaline hydroxides in the presence of water,
hence, the name alkali metals. Alkaline metal ions (housed to
the right of alkali metals on the periodic table) also play a
significant role in bodily functions. For instance, both
magnesium (Mg**) and calcium (Ca®") are essential for
numerous cellular processes. Specifically, Mg** ions act as a
cofactor for a large set of enzymes such as glucose 6-
phosphatase, hexokinase, and deoxyribonucleic acid (DNA)
polymerase.* Mg*" ions also chelate adenosine triphosphate
(ATP) and are involved in the activation of the adenosine
triphosphatase (ATPase) enzyme. Similarly, calcium ions serve
as one of the basic signaling molecules of our body. Therefore,
it is incredibly valuable to discuss and understand the role of
calcium and calcium-based biomaterials. Other alkaline metals
include beryllium (Be) magnesium (Mg), calcium (Ca),
strontium (Sr), barium (Ba), and radium (Ra). These alkaline
metals react with water to create basic hydroxides. Beryllium is
a known biological hazard as it replaces magnesium with in
cells, resulting in the inhibition of vital functions such as DNA
synthesis and thus has not been explored for biomaterial
applications.” Strontium acts in manner similar to calcium;
however, its cellular affect or function has not been well
characterized.*> Here, we will discuss some of these cell
regulating ions and mineral-based biomaterials for specific
tissue engineering applications.

3.1. Calcium and Calcium-Based Biomaterials. Cal-
cium is the third most abundant metal in the earth’s crust after
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aluminum and iron. In the human body it is an essential metal
as it is a constituent of skeletal tissue, with a recommended
intake of 1 g/day for an adult human. Current clinical uses of
calcium-based biomaterials are found in bone cements or
ceramic scaffolds used for bone regeneration. The total serum
concentration of calcium in the human body typically ranges
between 8.5 and 10.5 mg/dL.** Calcium is an essential part of
cellular signal transduction. Calcium in its Ca’* state acts as a
secondary messenger in a number of cellular signaling cascades
that allow the cell to interpret and respond to different external
stimuli.'" Within the human body, parathyroid hormone
secreted by the parathyroid gland is responsible for the
amount of calcium present in the bloodstream by modulating
the rate of reabsorption of Ca®" ion from the bone and kidneys.
In bone, Ca** is a signaling molecule between osteoclasts and
osteoblasts to regulate natural bone formation and metabolism
(Figure 3). It does this via gap junction communication, as well

Biochemical cues
Gene Activation

Matrix
Cell Signaling Mineralization

ca ca

lon
Channel

Cellular Stress

Bioglass Doping Q

Biostability
(Degradation)

Biophysical cues

Figure 3. Alkali and alkaline earth metals and their role in bone
formation. Individual ions from this group provide biochemical cues
relevant to osteogenesis.

as activating a purinergic G protein-coupled receptor known as
P2Y, which are necessary to propagate the Ca*" ion wave.”
Ca** also plays a key role in cell apoptosis in addition to the
physiological processes of muscle contraction and generation
of cardiac pulse creation.™ It is also necessary for the activation
of many kinase enzymes such as trypsin.”’~* Given the myriad
functions involving the Ca** ion, there is no surprise that
calcium-based biomaterials are used to modulate cellular
function for musculoskeletal tissue engineering.

3.1.1. Biochemical Properties of Calcium-Based Biomate-
rials. Use of nanosized hydroxyapatite (HAp) has been shown
to promote osteogenesis, but this is mostly attributed to
activation of stress related signaling.’”*" The release of Ca®*
ion, a biochemical property, has been shown to activate the
extracellular signal-regulated kinase 1/2/Fos-proto-oncogene,
AP-1 subunit/Jun-proto-oncogene, AP-1 subunit (ERK1/2-
FOS/JUN) pathway, while nano-HAp’s biophysical properties
induce osteogenesis™  via mitogen activated protein kinase/

https://dx.doi.org/10.1021/acsami.9b17801
ACS Appl. Mater. Interfaces 2020, 12, 5319—5344


https://pubs.acs.org/doi/10.1021/acsami.9b17801?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b17801?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b17801?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b17801?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.9b17801?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

extracellular signal-regulated kinase/mitogen activated protein
kinase 14 (MAPK-ERK1/2/p38) signaling.”’ The MAPK-
ERK1/2/p38 signaling pathway mediates osteoblast function,
which can be attributed to biophysical properties rather than
biochemical mechanisms.”> This pathway is considered the
noncanonical pathway of transformation growth factor-f/bone
morphogenic protein-2 (TGF-$/BMP-2), in which MAPK
cascades activate ERK1/2 or mitogen activated protein kinase
14 (p38).>* p38 is considered a stress activated kinase,”* which
is understandable given that nanoparticles tend to activate
stress-related pathways.’”~>’ Activation of p38 can be
attributed to a cellular response to biophysical stimuli rather
than biochemical cues because these nanoparticles are more
biostable (a common biophysical property) and activate
physical stress pathways (another common biophysical
attribute). Studies have clearly demonstrated that nanosized
hydroxyapatite significantly enhances osteogenic differentiation
of human mesenchymal stem cells.”® Therefore, it is important
to note that osteogenesis can be induced through genetic
pathway activation from both biochemically active ions and the
biophysical properties of biomaterials.

Calcium-based nanoparticles and their dissolution products
have been heavily investigated. These nanomaterials have been
utilized for bone tissue engineering not only due to their
similarity to bone, but also as a platform technology for drug
delivery and hydrogel scaffold fabrication. In drug delivery
applications, calcium-based nanoparticles have been inves-
tigated for cancer therapy due to their ability to disintegrate in
the low pH environment of tumors.”® This property can also
be applied for imaging purposes to deliver contrast agents to
these tumor regions. On the other hand, calcium-based
nanoparticles, such as nano-HAp, have also been utilized as
an additive to increase the mechanical integrity and strength of
polymeric hydrogels for bone tissue regeneration.'®

It is important to note that calcium-deposition from calcium
based-biomaterials is beneficial only for bone tissue engineer-
ing. Calcification in other areas, such as heart valves and other
cardiac tissues, can impair tissue functions and result in serious
pathologic conditions.”” Utilization of ion release from
minerals and mineral-based nanoparticles certainly have
benefits, but only when their therapeutic effect is localized.

3.1.2. Biophysical Properties of Calcium-Based Biomate-
rials. A range of calcium-based biomaterials, including calcium
silicates, carbonates, fluorinates, and phosphates, have been
investigated for their biophysical properties in tissue engineer-
ing applications. Calcium phosphates are perhaps the most
relevant to therapeutic delivery and bone regenerative
medicine applications, which include phases, such as
amorphous calcium phosphate (Cax(PO4)y'nHZO), hydrox-
yapatite (Ca;o(PO,)sOH,), tricalcium phosphate
(Cas(PO,),), and dicalcium phosphate (CaHPO,).”” These
calcium phosphates have the same constituent elements but
different physical lattice structure, which provide diverse
biophysical characteristics. In addition, calcium-phosphate-
based biomaterials have various biostabilities, and some
formulations are more susceptible to degradation or dis-
solution compared to others. This variation in dissolution time
is a good example of the biophysical properties attributed to
biomaterials, as these properties can be leveraged when
developing tissue engineering strategies. Both the biophysical
and biochemical characteristics of these biomaterials can
potentially alter cellular response and thus it is important to
understand their interactions within cells and tissue systems.
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Hydroxyapatite (HAp) is a major component of bone and
subsequently the skeletal system (Figure 3).°" HAp nano-
particles have been extensively used in bone-tissue engineering
applications,”” but have a slow dissolution rate under
physiological conditions. Another common calcium phosphate,
P-tricalcium phosphate (8-TCP), has a much faster dissolution
rate compared to HAp, and has been utilized specifically for
this biophysical property.”> The rate of degradation or
dissolution is important because the spatiotemporal release
of calcium from such biomaterials alters cellular response. For
example, cells will uptake dissolution ions from biomaterials
with faster degradation rates, which understandably means the
cells are responding to primarily biochemical cues presented by
fast-dissolving biomaterials. However, the cellular effect of slow
degrading biomaterials can be predominantly attributed to
physical characteristics such as surface topography and size, as
cells inevitably interact more with these properties in slow-
dissolving biomaterials. On the basis of these unique calcium-
phosphate properties, a combination of -TCP and HAp has
been used to modulate the degradation rate of biomaterial
scaffolds. To investigate the effect of biomaterial dissolution,
different formulations of f-TCP/HAp were investigated on
osteoinductive properties.”’ Increasing the concentration of -
TCP in B-TCP/HAp nanocomposites showed enhanced
differentiation of mesenchymal stem cells, as evident by
upregulation of osteospecific genes like runt-related tran-
scription factor 2 (RUNX2) and BMP2.%* This is attributed to
the increased Ca®" ion concentration due to degradation of the
B-TCP. Previous research has shown that Ca®* ions increase
the expression of BMP-2 through activation of first ERK1/2,
then FOS/JUN, and finally the transcription factor activator
protein-1 (AP-1) which turns on BMP-2 gene expression.”

3.2. Strontium-Based Biomaterials. Strontium (Sr) is
classified as part of the alkaline earth metals, has an atomic
number of 38, and has a charge of +2 (Sr**), which is
characteristic of this group of elements. As Sr** is similar to
Ca®, it can interfere with some of the pathways associated
with Ca**.°° Calcium is a major constituent in bone, but
strontium can also be found stored in this area, just at a
concentration of approximately a thousand-fold less than
calcium.”” Given its known presence in bone, strontium has
already been used as medication for osteoporosis in the form of
strontium ranelate (C;,H¢N,OgSSr,). Osteoporotic structural
damage in postmenopausal women is due to an increase in
osteoclastic activity. Daily ingestion of strontium ranelate has
been shown to decrease the risk of vertebral fractures by 41%
over a three-year period by reducing osteoclastic activity.”®
However, this supplement has associated side effects, such as
toxic epidermal necrolysis, though it is unclear whether this
condition is due to ranelic acid or strontium.”” This
therapeutic still needs better characterization, and alternative
delivery strategies can help prevent such side effects.

3.2.1. Biochemical Effect of Strontium-Based Biomate-
rials. Incorporation of strontium in biomaterials has been
utilized primarily as an eluted ion that acts as a biochemical
cue. For example, strontium is already being incorporated into
biomaterial scaffolds due to its osteogenic ability.”””"
Specifically, strontium/calcium polyphosphate loaded in silk
fibrin scaffolds showed enhanced osteogenic differentiation
compared to silk fibronin scaffolds.”’ In the absence of
calcium, strontium doped silicate glasses were shown to
increase osteoblast activity and differentiation.”””> The mode
of action by which strontium exhibits osteoconductive
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behavior can be attributed to the ability of this ion to cause the
apoptosis of osteoclast cells, which actively suppress bone
formation.’® Strontium interacts with the calcium-sensing
receptor (CaSR) and the osteoprotegerin (OPG)/ receptor
activator of nuclear kappa-b (RANK)/ receptor activator of
nuclear kappa-b ligand (RANKL) pathway which governs the
cycle of bone formation/resorption (Figure 3).°”7® The
modulation of OPG/RANK/RANKL pathways is due to
ability of strontium to promote production of osteoprotegerin
(OPG), which subsequently binds to the receptor activator
NF-kB ligand (RANKL) instead of RANK. The competitive
inhibition of RANKL by activation of OPG prevents osteoclast
proliferation and facilitates bone formation.”* Additional
studies have shown that strontium has the ability to interact
with calcium-signaling pathways as a biochemical cue.
Specifically, the CaSR receptor interaction with strontium
mediates the MAPK/ERK1/2 pathway.”> Therefore, it is
possible that strontium utilization as a biochemical cue may be
a useful tool in not only the bone resorption cycle by inhibiting
osteoclast survival but also another inducer of bone formation
through a well understood calcium pathway.

3.2.2. Biophysical Effect of Strontium-Based Biomaterials.
Addition of strontium within biomaterials has been shown to
alter material physical properties. Specifically, addition of
strontium within the hydroxyapatite lattice structure has been
shown to improve solubility and altered the crystallinity at a
10% strontium substitution for calcium.””’” Strontium
enhances solubility by expanding the crystal lattice by replacing
calcium ions.”” The biological effect of these altered physical
properties increases osteoblast proliferation and the deposition
of mineralization granules by cells.”® Along with apatite
formation, enhanced biomaterial solubility improves biomate-
rial integration with bone and allows for the ingrowth of native
tissue, and improves the mechanical integrity of the bone-
biomaterial interface.”®’? Thus, altering the biophysical
characteristics of hydroxyapatite by doping with strontium is
an alternative strategy to improve deposition of mineralized
extracellular matrix (ECM) and integration of biomaterials
with native bone tissue.

The addition of strontium into borosilicates was also shown
to suppress its degradation.”® Borosilicates have been utilized
for their fast dissolution rate and quick conversion into
hydroxyapatite, but as can be expected from highly dissolvable
materials, borosilicates have reduced mechanical integrity.*’
The balance between dissolution and mechanical integrity is
difficult to master, but with the addition of strontium,
borosilicates do not degrade rapidly.”® In addition, the
biological effect of strontium doping of borosilicates showed
increased cell proliferation.

Strontium in nanomaterial form is usually supplemented by
the presence of other minerals, such as in the case of strontium
hydroxyapatite nanorods, which are utilized uniquely for their
fluorescent properties and ability to deliver therapeutics.®'
Ultimately, strontium nanoparticles have not been heavily
studied for regenerative medicine and, typically, have been
used for their luminescent properties for imaging purposes.*”
In some regenerative medicine applications, strontium ions
have been eluted from nanomaterials, such as graphene
nanoparticles.”' However, strontium has been used to replace
calcium in hydroxyapatite due to similar size and charge of the
ion.”’ Interestingly, incorporation of strontium into hydrox-
yapatite increased osteo-specific markers after 21 days and
inhibited osteoclast activity, which are desirable outcomes for
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the treatment of osteoporosis.”* This might be attributed to
increased degradation of the lattice because of strontium
substitution.

3.3. Magnesium and Magnesium-Based Biomaterials.
Magnesium, another example of an alkaline earth metal,
typically has a charge of +2 (Mg’*) and an atomic number of
12. The total concentration of magnesium in a typical human
adult is around 25 g, with the 60% of the magnesium ion
(Mg*) residing in bones.® Magnesium ions have various well-
known roles in the human body, acting as cofactors for various
enzymes, modulating signaling and ion transport throughout
the cell, and mediatin§ energy metabolism and cell
proliferation (Figure 3).% Lack of magnesium has been
shown to play a role in the onset of diseases such as pre-
eclampsia, stroke, heart disease, diabetes, atherosclerosis,
asthma, osteoporosis, and many other pathological condi-
tions.*

3.3.1. Biochemical Effects of Magnesium. Magnesium
deficiency has been shown to play a role in osteoporosis,
specifically in postmenopausal women with the disease.®”
However, the specific contribution of magnesium is not well
understood, other than that magnesium deficiency correlates
with the presence of osteoporosis in women. Magnesium alloys
have been utilized for their physical attributes in bone-related
medical devices because of their imgroved mechanical strength
and bioresorption characteristics.*”*” The addition of 5—10
mM of magnesium sulfate (MgSO,) has been shown to
upregulate osteo-related gene expression and enhance matrix
mineralization.” Interestingly, these processes were promoted
by the activation of hypoxia inducible factor-1 (HIF-1), which
is known to play a role in osteogenic differentiation.” In
another study, cobalt/magnesium doped hydroxyapatite was
shown to enhance osteoblast proliferation and differentiation,
which coincided with magnesium ions generating reactive
oxygen species (ROS), which subsequently upregulated HIF-
1.°" However, because of the presence of cobalt ions, it is
difficult to discern whether the osteogenic induction was
because of magnesium or if magnesium and cobalt work
synergistically to enhance osteogenesis.

3.3.2. Biophysical Effects of Magnesium-Based Biomate-
rials. Magnesium ions are a significant constituent of bone, and
because of this, have been incorporated into biomaterials for
bone regeneration. As seen with strontium, magnesium has
been included alongside calcium in tissue regeneration
approaches. Specifically, one study utilized magnesium to
change the physical properties of bone cement formulations in
order to bolster the degradation rate and mechanical
integrity.92 Bone cement with incorporated magnesium was
shown to exhibit good biocompatibility and decent degrada-
tion that provided proper tissue in-growth along with
improved compressive strength compared to standard calcium
phosphate cement.”> This study primarily focused on the
added benefits of magnesium as a means to increase
degradation of the cement as well as adding mechanical
integrity, by providing unique biophysical cues to improve
bone tissue response to this biomaterial. However, the role of
magnesium as a biochemical cue for bone formation has been
investigated sparingly, and was not investigated in this context.

Aside from macroscale biomaterials, such as scaffolds,
magnesium has also been used in nanoparticle form for
various reasons, such as antibacterial additives,”>"* gene
delivery devices,” bone tissue engineering,”® and even heavy

metal removal modalities in industrial applications.”” Magne-
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Figure 4. Metalloids have shown to direct formation of bone, cartilage, and vascular structures. (A) Silicon provides unique biochemical cues to
stimulate regeneration of musculoskeletal tissues, such as bone cartilage and muscles. Silicon-containing biomaterials such as nanosilicates, bioactive
glasses and mesoporous silica can induce osteogenic differentiation of stem cells in absence of growth factors. (B) Boron-based biomaterials such as
boron-doped bioglass and hexagonal boron nitride are shown to stimulate angiogenesis and osteogenesis.

sium oxide (MgO) is most commonly utilized as an
antibacterial additive. This nanomaterial is used primarily for
its ability to increase pH and generate ROS that acts as the
preventative molecule that targets bacterial cells.”” In addition,
MgO have been shown to cause membrane damage in bacteria
such as Escherichia coli (E. coli).”* MgO nanomaterials are

98,99

typically formed by hydrothermal reaction, thermal

decomposition,'” or sol—gel synthesis.'*""'**

Inorganic nanomaterials, such as MgO, have improved
antimicrobial properties.'”> Increased surface area of metal
oxide nanomaterials increases the ability of ROS formation,
making it effective against microbes. The mechanism of MgO’s
antimicrobial activity has not been fully investigated, but it is
clear that the presence of MgO significantly alters the
membrane integrity of E. coli, which may lead to cell
death, 104108

nanoparticles, MgO showed enhanced antimicrobial properties
104

Interestingly, compared to zinc-oxide (ZnO)

but the exact mechanism is not known.
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4. METALLOIDS

Metalloids appear on the right of the periodic table and include
elements such as boron (B), silicon (Si), germanium (Ge),
arsenic (As), antimony (Sb), tellurium (Te), and polonium
(Po). Some of these metalloids are biologically relevant, such
as (Si), but some are toxic (such as As). For example, silicon-
based biomaterials are extensively used as implants, contact
lenses, and therapeutic delivery systems. Interestingly, bio-
logical systems and cells have adapted to accommodate and
processes these elements. For example, a family of membrane
proteins called major intrinsic proteins (MIPs) are utilized by
bacteria, fungi, mammals, and plants to regulate arsenic and
boron homeostasis, as well as silicon intake and transport."%’
Cells certainly utilize or at least tolerate the presence of some
metalloids, but the exact mechanism by which they act is not
well understood. We will discuss some of these metalloids and
their biomedical applications.

4.1. Cellular Effects of Silicon and Silicon-Based
Nanomaterials. Silicon is a metalloid with an atomic number
of 14. The human body typically houses around 1 to 2 g of
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silicon, and this element has been implicated as a relevant
constituent of bone and connective tissue.'' Silicon deficient
diets directly result in reduction of collagen and glycosamino-
glycans (which are important components of connective
tissue)."'" This observation has been documented by addi-
tional research indicating that orthosilicic acid (Si(OH),)
stimulates collagen synthesis, along with causing increased
expression of alkaline phosphatase (ALP) and osteocalcin
(OCN), however the molecular mechanism behind these
findings has not been well characterized.''> Collagen
comprises over 90% of bone matrix and helps to provide
mechanical support and structure to connective tissues. '’
Interestingly, in osteoporotic bone, collagen fibril formation is
random rather than aligned, suggesting that this structural
arrangement of collagen I plays a large role in the pathology of
this disease.''* Importantly, dietary supplementation with
silicon was shown to increase bone mineral density in women
before menopause and also in men, suggestinfg that silicon can
play a preventative role against osteoporosis. " However, the
mechanism by which silicon aids in collagen fibril alignment
and mineral density improvement is not well understood.

4.1.1. Biophysical Effect of Silicon-Based Biomaterials.
Silicon has already been incorporated into a large variety of
biomaterials, including bio%lasses,lm bioglass ceramics,’'” and
silicon-based nanoparticles’'® (Figure 4A). Bioglass (45SS, a
specific formulation of bioglass) contains Si0,(4S wt %), CaO
(24.5 wt %), Na,0(24.5 wt %), and P,O; (6.0 wt %) has been
extensively investigated for bone tissue engineering.''>'"
Interestingly, bioactive glass has been shown to promote cell
proliferation by forcing the transition of cells from gap 1 (G1)
to synthesis (S) phase.'”” However, silicon is not the only
element in bioglass, so it is difficult to identify the primary
cause of increased cell proliferation. In other bioactive
ceramics, silicon has been incorporated into hydroxyapatite
to increase bioactivity. The incorporation of silicon makes
HAp ceramic more susceptible to degradation.'”’ As
previously mentioned, increasing the degradation rate
improves native tissue integration into biomaterials, so many
studies have incorporated new elements into hydroxyapatite to
alter the degradation rate of this well-known biomaterial.”*”**
The addition of silicon to hydroxyapatite is no exception and is
a testament to the utility of modifying biophysical properties of
biomaterials to improve bioactivity.

Nanosilicates (Na*7(Mgjs sLig3Sis) 0,0(OH),)*7), a type of
layered silicates containing sodium, magnesium, and lithium,
have been shown to induce osteogenic differentiation of stem
cells."”*~"** Nanosilicates have been shown to dissolve within
the lysosome at low pH, and subsequently release the ions that
comprise it, providing biochemical cues to cells for osteo-
genesis and chondrogenesis.125 In addition, nanosilicates have
been used to design injectable hydrogels, bioinks for three-
dimensional (3D) printing, drug delivery methods, and bone
scaffolds.'*~"*" These unique physical properties stem from
the nanosilicates dual-charged nature which facilitate electro-
static interactions with a range of polymers. These electrostatic
interactions between nanosilicates govern the formation of a
house of cards structure that enhances the mechanical integrity
of nanosilicate—polymer networks. The high surface area and
charged characteristics of nanosilicates can be used to deliver a
range of therapeutics agents.'>*** Apart from nanosilicates, a
range of nanoclays are used for biomedical applications.'*

4.2. Cellular Effects of Boron. Boron is considered part of
the metalloid group, with an atomic number of 11. Though not
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fully characterized, boron does play an essential role in animals
and humans. Developmental biology highlights boron as a
necessity in embryonic development, and when in deficit
results in affected embryos or necrosis.”' Additionally, a
boron deficient diet in male pigs decreased the bone lipid in
femurs and resulted in a higher bending moment, which
suggests that boron plays a crucial role in bone metabolism."*!
Low concentrations of boron also activate the MAPK pathwa;r,
suggesting that it is important to cell metabolism in humans."”'
Therefore, boron could modulate stem cell differentiation
because it has been proven essential in cell and bone
metabolism (Figure 4B), and has already been incorporated
into biomaterials for regenerative medicine applications.

4.2.1. Biochemical Effect of Boron. The biological effect of
bioglass doped with boron has an effect on vascularization, as
well as bone formation. Boron-based bioglass has been shown
to cause proliferation of human umbilical vein endothelial cells
(HUVECs) by the phosphorylation of extracellular signal-
regulated kinase (ERK1/2), p38 protein, and focal adhesion
kinase (FAK)."*” Though all of these proteins are associated
with vascularization, ERK1/2 and p38 are pivotal growth
factors associated with proliferation, differentiation, and
cellular modulation,'** whereas FAK is necessary for vascular
and embryonic development.'** Boron-doped bioglass micro-
particles showed increased vascular density levels in embryonic
quail chorioallantoic membranes (CAMs) compared to
bioglass particles, and had comparable vascularization to
growth factor treatment.'””> Additionally, boron has been
shown to upregulate vascular endothelial growth factor
(VEGF) and transformation growth factor-beta (TGF-f)
which are part of vascularization.”” It is interesting that
boron-bioglass is involved in modulating a variety of biological
processes, and further solidifies the significance of this
biomaterial in regenerative medicine applications.

Boron ion (3+) has also been implicated in the activation of
the ERK1/2/p38 pathway, which regulates osteo-specific
genes, such as BMP, RUNX2,"** OCN, and bone-sialoprotein
(BSP)."*® Additionally, intake of dietary boron has been said to
enhance bone formation”” and prevents calcium loss and bone
resorption in women past menopause.137 In biomaterials,
boron-doped bioglass scaffolds showed a large increase in
proliferation of osteoblasts compared to controls, with an
increase in both RUNX2 and collagen 1- alpha 1 (COL1A1)
expression.'”® COLIAL is known to be activated during the
process of cellular differentiation into osteoblasts."*” Several
studies have shown boron effects osteogenic differentiation in
osteoblasts, however the role of boron in osteogenesis is not
well understood. Nanoparticles eluting boric acid showed
upregulation of osteoblast specific genes (COL1Al, osteo-
pontin (OPN), and OCN) in preosteoblasts.'*” These results
indicate that release of boron from biomaterials may be a
useful therapeutic approach to improve bone tissue engineer-
ing, in addition to its already established incorporation for
unique physical properties.

4.2.2. Biophysical Effect of Boron-Based Biomaterials.
Borosilicate glasses are also used for bone tissue engineering
due to their bioactive characteristics.*” Boron-trioxide (B,0;)
replaces silicon dioxide (SiO,) in the standard bioglass
structure (45% SiO,, 24.5% Na,O, 24.5% CaO, 6% P,0),
and because of this, the normal three-dimensional network
cannot be formed. This makes borosilicate susceptible to
dissolution due to limited chemical durability."*" Increased
dissolution of bioglass improves the nucleation of hydrox-
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yapatite. Borosilicate dissolution is relevant to the field of
bone-bonding, which is a hallmark of bone-tissue engineering,
and can be directly attributed to hydroxyapatite formation.'**

Hexagonal boron nitride (hBN), an emerging two-dimen-
sional (2D) nanomaterial, has been used for biomedical
applications."*® This material has semiconductive properties
due to an increased band gap that allows for its use in
biosensor and contrast agent.** Boron-nitride nanotubes are
also investigated for drug delivery'® and regenerative
medicine.'** Boron nitride nanotubes have shown to promote
osteogenesis by release of boron ions."** Addition of boron
nitride nanotubes provides biophysical cues to polymeric
networks by increasing the matrix stiffness."* Increased matrix
stiffness provides mechanical cues that enhance the osteogenic
capabilities of stem cells.'*” This particular nanomaterial holds
great potential in the field of tissue engineering due to its
bioactive characteristics.

5. TRANSITION AND POST-TRANSITION METALS

Transition and post-transition metals make up the bulk of the
periodic table, ranging from transition metals, such as iron,
chromium, copper, and zinc, all the way to the noble metals
gold, silver, and copper and post-transitional metal bismuth.
Because of the wide number of elements in this category, their
effects vary depending on charged state and atomic weight.
Many transition metals have multiple charged states (i.e., Fe**
vs Fe®*), for which cells must account by having homeostatic
pathways to mitigate any potential cytotoxicity. ** However,
many transition metals have important biological roles, such as
those found in protein complexes. The transition metal class
has several extremely significant biologically interactive ions,
specifically iron (Fe), copper (Cu), zinc (Zn), manganese
(Mn), cobalt (Co), and nickel (Ni)."** Other transition metals
are not well characterized, but may have significant biological
roles with potential impact on regenerative medicine if better
studied.

5.1. Cellular Effects of Iron. Iron (Fe) (atomic number
26) is a major component of hemoglobin’s quaternary
structure in human body."*” Heme-iron and inorganic iron
both play roles in biological processes, and there are specific
biochemical mechanisms for iron homeostasis adapted by the
human body that process iron in its various forms.”’ Iron
deficiency anemia is a known condition that has significant
adverse effects, resulting in preterm labor or infant mortality in
some pregnancy cases, . and decreased motor activity and
attentiveness in children.">" Iron-based biomaterials, such as
iron oxide nanoparticles, have been extensively investigated for
biomedical applications because of their unique super-
paramagnetic effect.

5.1.1. Biochemical Effect of Iron. Iron ions typically
oscillate between Fe?* and Fe’* states and are highly reactive.
In cells, iron is sequestered in the protein ferritin for storage
and transport, which hold this ion in the Fe** state.'>* This
cellular process is designed to prevent the presence of “free”
iron ions which are highly reactive and can create ROS, thus
making it necessary to sequester these ions in proteins for
storage."*? Tron is utilized in multiple biological processes such
as electron transport,154 oxygen transport,l"5 and DNA
metabolism."*° Interestingly, in the brain, inorganic iron is
utilized to bind serotonin and form catecholamine and when
chelated out causes significant medical effects such as loss of
consciousness.'”” Iron homeostasis has been shown to regulate
stem cell pluripotency, by controlling glycerophospholipid
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metabolism though the mechanism by which iron accom-
plishes this is unknown.">® Clearly iron ions have important
biological significance, which makes this inorganic ion a
potential candidate for modulating biological processes for
regenerative medicine strategies.

5.1.2. Biophysical Effect of Iron-Based Biomaterials. To
date, iron has been used in biomedical applications, such as
diagnostic imaging, drug delivery, and stents.">” ¢! In stents,
the use of iron as a base material is beneficial for structure.'®!
With the addition of a polylactic acid (PLA) coating the
degradation of iron stents can be accelerated, creating
byproducts with good biocompatibility."®" Iron oxide nano-
materials, such as Fe;O,, have been extensively studied for
their superparamagnetic properties.159’160’162 These magnetic
nanoparticles have been utilized as contrast agents for
magnetic resonance imaging (MRIS),lé3 drug carriers for
localized delivery,'®” and increased hydrogel matrix stiffness to
alter cell morphology.'®* Magnetic nanoparticles combined
along with thermoresponsive polymers can be used to remotely
delivery therapeutic agents upon exposure to an external
magnetic field.'*>'®° The high surface area of magnetic
nanoparticles can be used to conjugate multiple polymeric
chains on the surface of these nanoparticles.'°* Such
nanoparticles can act as a cross-link epicenter and can help
in improving the mechanical properties of polymeric hydrogels.
The change in biophysical characteristics, such as stiffness of
the hydrogel network, can be used to modulate stem cell
behavior.

5.2. Cellular Effects of Copper. Copper (Cu) is a
transition metal (atomic number 29) with normal stability as
Cu® and an essential trace element for standard metabolic
function.'®” It is also a common cofactor to many enzymes that
are important to human biological processes such as catalase,
cytochrome oxidase, and peroxidases.'®® When deficient in
copper (Menkes syndrome), individuals exhibit neurodegen-
eration, seizures, and hypothermia, which can result in death
depending on the severity and are in part due to inhibition of
important functions, such as catecholamine production,
peptide amidation, and mitochondrial respiration.'® When
copper is present in excess (Wilson’s disease), individuals
experience toxic levels of copper resulting in hepatic
abnormalities and neurological defects.'”

In biomedical applications, copper ion elution has been
widely utilized as a birth control mechanism in intrauterine
devices. The elution of copper ions prevents fertilization as a
spermicide, with some evidence suggesting that implantation is
also impaired.'”""”* This spermicidal property is caused by the
activation of inflammatory processes, such as leukocyte and
prostaglandins present in the uterus because of presence of
copper ions.

Other studies investigated the role copper ions in bone
regeneration by doping mesoporous silica nanospheres with
copper and showed that osteogenic gene expression was
enhanced along with the creation of a hypoxic environment."'”*
This hypoxic environment is indirectly beneficial for bone
formation, specifically because hypoxia generally stimulates
angiogenesis and vascularization. Vascularization is important
for bone homeostasis because the vascular system provides
nutrient exchange, oxygen transport, hormone cues, and
growth factors to bone tissue.'”> Other studies have shown
that copper also upregulates vascular endothelial growth factor
(VEGF) gene expression through hypoxia and promote
vascularization (Figure SA).'”°”'7® Copper ions induce

https://dx.doi.org/10.1021/acsami.9b17801
ACS Appl. Mater. Interfaces 2020, 12, 5319—5344


www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.9b17801?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

A Transition Metals in Vascular Applications

Mechanical and Degradative Properties

Fe & Mg add structural
support in stents y

Zn addition improves
biodegradation of stents

lon Biochemical Properties

Free lons enhace

ROS production ROS activate

e @ HIF-1a
e é\ > VEGF
Pros) |_>® -
SO

VEGF
VEGF enhances
wound closure \J »
C Noble Metals Induce Osteogenesis D
®
[ <)
— LIPS
{ ]
e ©
Gold and Silver AuNP and AgNP

Cellular
Internalization

Osteogenic
Gene Activation

Bone Matrix Formation

B Transition Metals for Neural Applications

Transition Metal lons are Co-factors
for Neural Enzymes

i e

glutamine synthetase

zinc finger protein Cu/Zn superoxide dismutase

®

Mn-doped AuNP enhance
neural differentiation

Ag Ag

Electrodes

Ny

Anti-microbial Properties of Transition Metals

Silver materials conduct
electrical impulses for
neural stimulation

{ ]
oo ]
—_ —_
® e
Phospholipid Bilayer Damage
~ = -
~ -
~ g -
~ -
~ ~ — -
%] / =< _
- - \ / S~
_ - - \ / =~ .
p
02
02 o ®
siti —
OH- ®
02 o2- ®
ROS Formation H202 Cytosolic Protein Binding

Figure S. Effect of transition and post-transition metals. (A) Vascular applications of transition metals (Fe, Mg, Cu, and Zn). Doping metals with
transition metal such as Mg and Zn facilitate dissolution of implants. While release of copper from biomaterials can stimulate angiogenesis. (B)
Some of the transcription metals, such as Zn and Cu, are used in neural tissue engineering, and noble metals, such as Ag and Au, are used for neural
stimulation. (C) Noble metals (Au and Ag) are shown to induce osteogenesis. (D) Antimicrobial properties of transition metals are also
demonstrated.

regulates VEGF downstream.'”® This property has been shown

to be an effective addition in wound healing biomaterial

hypoxia-inducible factor (HIF-1) dependent pathways and
upregulate the protein production of HIF-1a which positively
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applications, as copper ions were shown to improve wound
closure with a higher cell density in the granulation layer of
tissue.”””'** Copper is also an imIportant ion implicated in
neural development and function.'®" For example, copper ions
promote neural differentiation by activating copper—regulating
genes, such as Cu transporters and metallothioneins (MTs)."®

During the neural differentiation of progenitor cells, accumu-
lation of copper ions in the cytoplasm was observed.'®'**
These studies highlight that copper ions can be used for a
range of biomedical applications such as nerve tissue
regeneration, wound healing, and bone-tissue vascularization.

5.3. Cellular Effects of Zinc. Zinc (Zn) is another
transition metal with an atomic number of 30, and is a known
essential mineral nutrient involved in multiple biological
processes, specifically as a cofactor for enzymes and a relevant
component of cellular metabolism (Figure 5B).'® Severe zinc
deficiency defines the disease known as acrodermatitis
enteropathica with symptoms, including severe skin and
gastrointestinal lesions, growth retardation, and an impaired
immune system.'*® In this disease, dietary zinc is not absorbed
correctly within the intestines because of a genetic defect. The
wide breadth of symptoms associated with zinc deficiency are a
testament to how biologically relevant zinc atoms are to
standard human bodily function. Notably, transcription
proteins often bind to DNA by utilizing “zinc finger binding
domains” which require a zinc atom within the protein
structure in order to properly function. These transcription
factors regulate hormone receptors, such as estrogen,
testosterone, and vitamin D, among other genetic pathways.'**

5.3.1. Biochemical Effects of Zinc lon. Zinc has a known
role in enzymes associated with cellular filamentous structures,
such as collagenase, proteoglycans, and keratins.'®” Addition-
ally, zinc has a role in intracellular signaling by influencing the
secretion of insulin and regulating apoptosis.'** Incorporation
of zinc coatings in titanium implants enhanced bone growth
and osseointegration.'® The presence of zinc has been shown
to increase alkaline phosphatase activity and stimulates
mineralization in rats; however, the mechanism by which
zinc does this is unknown.'?® However, zinc was also shown to
prevent both osteogenic and adipogenic differentiation of
mesenchymal stem cells (MSCs), suggesting that the effect of
zinc on bone formation is more complex than simply
promoting stem cell lineage commitment.'”’ Ions, such as
zing, play a role in so many biological processes that it is no
surprise that addition of these elements into tissue systems has
complex effects.

Zinc is incredibly important for neurodevelopment and
neurogenesis. Zinc deficiency inhibits the neuronal stem cell
marker nestin in mice (both before and after birth)."”
Additionally, zinc deficiency has been shown to decrease
proliferation of neural stem cells and also enhance apoptosis of
such cells partially due to increased ROS production.'”® These
effects are likely because zinc (in addition to being a relevant
cofactor for enzymes and transcription factors) as a free ion
modulates synapse receptors, such as N-methyl-p-aspartate
(NMDA), and @-amino-3-hydroxy-S-methyl-4-isoxazolepro-
pionic acid (AMPA)/kainite glutamate receptors along with
regulating ion transport channels.'”® Zinc ions are heavily
involved in human bodily functions, including neural growth
and neurogenesis and may be useful for regenerative
applications in other tissues as previously mentioned.

5.3.2. Biophysical Effects of Zinc-Based Biomaterials. Zinc
has been incorporated into biomaterials related to orthopedics,
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drug delivery, imaging, and cancer therapy.'”* Cardiovascular
stents have been doged with zinc to tune the degradation
profile of the stent.'”>™""” Zinc oxides (ZnO) have defects at
the nanoscale that result in the emission of blue fluorescence
making this nanoparticle a good candidate for sensing and
optical applications."”®'”” In drug delivery applications,
nanostructures containing zinc oxide have been engineered
for gene delivery.”” Zinc nanoparticles itself can selectively
cause apoptosis of cancer cells due to activation of tumor
suppressor genes (tumor protein 53 (pS3)) and apoptotic
genes (BCL2-associated X (BAX) and caspase-3).”"" This is
attributed to ROS production because of the presence of ZnO
nanoparticles.”%>

5.4. Cellular Effects of Chromium. Chromium (Cr) is a
transition metal (atomic number 24), and the most stable
forms are Cr** and Cr®". Chromium works in conjunction with
insulin hormone and is necessary for sugar metabolism.””’
Specifically, Cr’" has been shown to increase the activity of
insulin signaling and facilitates glucose uptake, thus making it a
potential therapy for managing type-2 diabetes.””* The charge
of chromium is important because Cr’* is less toxic and
nonmutagenic, while Cr® is considered a class-1 carcinogen
because of its ability to create ROS and leads to activation of
apoptosis, which accounts for its known cytotoxicity.**>**°
Cr® is more reactive than Cr**, and thus produces more ROS
making it more toxic.”"’

5.4.1. Biochemical Effect of Chromium lons. The ROS
generated by chromium have an effect on angiogenesis and
potentially activate inflammatory processes. ROS stimulate
hypoxia-inducible factor 1 (HIF-1), which activates vascular
endothelial growth factor (VEGF) transcription,”> and
regulates genes associated with neovascularization, cellular
metabolism, cell migration, and cell survival.>*® However, if not
propetly controlled, the intense activation of HIF-1 results in
tumorigenesis.””” It is important to note that ROS play a vital
role in normal cell function by activating HIF-1 which
regulates important cell processes.”'’ A limited concentration
of chromium could have a positive effect on tissue healing
through activation of HIF-1 by promoting vascularization. The
effects of chromium on bone formation have also been
investigated. Increased doping of chromium on alumina tubes
showed increased cellular activity.”'' This might be caused by
chromium induced insulin stimulation, which promotes
collagen synthesis and prevents bone resorption.”'>*"?

5.4.2. Biophysical Effect of Chromium-Based Biomate-
rials. Chromium-oxide nanoparticles have been synthesized
and have been shown to be internalized by phagocytosis.”'#*'>
Although these nanoparticles are internalized, they do not
show any effect on osteogenic activity.”'® This finding suggests
that the physical arrangement of ions has a great impact on the
functionality of biomaterials. The use of chromium in
biomaterials is mostly limited to cobalt—chromium alloys,
which are used in stents,”’” dental prosthetics,218 and bone
implants.”'” These alloys are used primarily as structural
components for their mechanical integrity and corrosion-
resistant attributes. Increasing the presence of chromium
actually reduces the corrosion of steel by creating a “healing”
oxide film in the presence of oxygen, and at a concentration of
12% chromium, the well-known material “stainless steel” is
formed.”'”**° However, degradation products from the
implants are also known to cause inflammation, cytotoxicity,
and hypersensitivity, and have the ability to travel in the
bloodstream throughout the human body.”*' Therefore,
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because of this well-known toxicity, it is understandable that
the use of chromium in nanoparticle form has been incredibly
limited in the field of biomaterials.

5.5. Cellular Effects of Cobalt. Cobalt (Co) (atomic
number 27) is an important part of the essential vitamin B12,
which is necessary supplementation for humans.”** It is a
transition metal just like chromium, with common oxidation
states of Co®* and Co®". Most notably, ionic cobalt has the
ability to upregulate the transcription factor HIF-1la, which
promotes vascularization and bone formation.

5.5.1. Biochemical Effect of Cobalt lons. It has been
established that Co®" ions enhance osteoblast proliferation, and
differentiation.”’ Specifically, CoCl,-treated bone-mesenchy-
mal stem cells (BMSCs) showed significantly increased
mineralization after subcutaneous implantation.””® Co?*
presence seemed to stimulate the expression of VEGF, which
helps in osteogenesis of BMSC-derived osteoblasts.””*
Increased vascularization helps with tissue ingrowth and matrix
deposition.”*> However, little is known about how Co?* affects
other cell processes. Cobalt is considered a possible carcinogen
because of its ability to prevent DNA repair.”’® This ion
induces ROS that can cause oxidative damage and angio-
gerlesis.Z()(”224 In addition, cobalt is also known to induce a
hypoxic environment, which activates angiogenic factors, such
as VEGF and fibroblast growth factor (FGF).”” Despite
positive attributes of these cytokines, VEGF and FGF can push
cells toward uncontrollable growth and cause tumorigenesis.

5.5.2. Biophysical Effects of Cobalt Nanoparticles. As
mentioned previously with chromium, nanoparticles generated
from CoCr implants present a cytotoxic risk to patients
because they are easily phagocytosed by cells.”*" This can lead
to adverse immune response and possible device failure. CoCr
nanoparticles increase free radical formation and have been
associated with DNA damage at certain concentrations, which
can lead to foreign body reaction.””® However, when cobalt is
added to other types of mineral-nanoparticles, they can be used
for biomedical applications without adverse effects. For
example, iron-oxide nanoparticles containing cobalt have
been utilized as a drug delivery vehicle for cancer
therapeutics.zn’228 Despite some promising applications of
cobalt containing biomaterials, it is important to investigate
their immune response and effect on cells.

5.6. Cellular Effects of Manganese. The transition metal
manganese (Mn) has an atomic number of 25, and can be
found with several different oxidative states, specifically Mn**,
Mn?**, Mn*, Mn®, and Mn’*. Interestingly, manganese is an
important cofactor in several enzymes key to brain function
such as manganese-superoxide dismutase and glutamine
synthetase.””” Importantly, glutamine synthesis is necessary
for the production of glutamine, an important precursor to the
neural transmitters glutamate and gamma-aminobutyric acid
(GABA).229 Manganese-superoxide dismutase is necessary to
mitigate damage reactive oxygen species in the mitochondria,
which would otherwise lead to apoptosis of neural cells.”*’
Some studies suggested that deficiency of Mn affect the
presence of groteoglycans and glycosylation of other
glycoproteins,”"*** which are necessary for cell-adhesion
abilities, growth, and differentiation.” Incorporation of
manganese within nanoparticles or other biomaterials could
improve cell adhesion and proliferation, and may be relevant
for affecting neural cell fate.

5.6.1. Biochemical Effect of Manganese lon. Supplemen-
tation of manganese increased the serum osteocalcin and bone
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mass density in ovariectomized mice, suggesting manganese
plays a role in bone hemostasis.”** Interestingly, manganese
ion has been shown to neutralize the formation of ROS, and
subsequently increases osteoblast proliferation.”** Additionally,
in the presence of manganese doped alumina enhances bone
marrow compared to controls. The porous nature of the
scaffold allows for tissue ingrowth, suggesting that this mineral
is a valuable addition to bone-ceramic interfaces.”’' However,
manganese has a copious number of oxidative states, so it
would be interesting to understand the effect of charges on
tissue regeneration. Moreover the exact mechanism of how
manganese improves bone mineralization is not well under-
stood. Thus, there is a need for additional studies on this
element.

As previously mentioned, manganese has been noted as an
important element for proper neural function. However, at
high concentrations manganese intake can be neurotoxic,
causing symptoms such as hallucinations, irritability, hand-
writing deterioration, and dementia.”*> Additionally, accumu-
lation of Mn>* ions inhibits key mitochondrial enzymes more
effectively compared to Mn®** ions, because of increased
oxidative potential.”*> The use of nanomaterials to deliver
appropriate doses of manganese has been explored. Interest-
ingly, manganese (Mn)-doped gold (Au) nanoparticles have
been shown to have an increased effect on neuronal
differentiation, which can specifically be attributed to the
presence of manganese (Figure 5B).>° Manganese ions do this
by competing with calcium ions for calmodulin binding which
subsequently enhances neural differentiation because of the
change in intracellular calcium ion concentration.””” In this
case, the Mn—Au composite prevented burst release of
manganese, and controlled ion release in a dose-dependent
manner. Mn is released in the endosome due to low pH,
whereas Au-nanoparticles do not degrade because of their
stability. In this way, stable nanoparticles can be used to
provide safe dosages of mineral ions.

5.6.2. Biophysical Effect of Manganese-Based Biomate-
rials. The presence of manganese in biomaterials to date is
limited. An iron—manganese scaffold has been developed for
bone-tissue engineering, primarily for structural component.238
Interestingly, addition of manganese enhances the degradation
rate of the scaffold. Manganese content was found to be higher
at grain boundaries and caused the decreased mechanical
integrity and enhanced degradation properties of this
biomaterial. Manganese nanoparticles have also been utilized
as contrast agents””’ and drug delivery vehicles.”****
Additionally, bioactive glass nanoparticles doped with man-
ganese have been shown to provide an antibacterial effect in
addition to the well-known osteogenic applications of this
biomaterial.”**

5.7. Cellular Effects and Uses of Gold. Gold (Au) is an
inert rare earth metal (atomic number 79), with high ductility
and malleability. Gold nanoparticles (AuNPs) differ greatly
from bulk gold in terms of physical properties. For example,
gold nanoparticles have been utilized as fluorophores for
imaging purposes,”* as well as delivery for therapeutic
oligonucleotides.244 In addition, AuNPs have also been
shown to promote osteogenic differentiation in human
mesenchymal stem cells (hMSCs)*** via activation of the
p38/MAPK pathway, ultimately activating transcription of
osteo-specific genes through RUNX2 (Figure 5C).**° As
previously mentioned, nanoparticles have been shown to
activate this stress-related pathway because of their surface
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energy, suggesting that biophysical cues from nanomaterial
properties can affect osteogenesis. It is established that uptake
of nanoparticles generates stress within cells, specifically
through ROS production. ROS, which nanoparticles produce,
are known to activate MAPK pathways, such as p38, which
have the potential to activate osteogenic genes.”*” Therefore,
this stress pathway could be used as a means to promote
osteogenesis in response to ROS producing nanomaterials.

In addition to induction of stress pathway activation, an
important aspect to consider is the biophysical effects induced
by different sizes and shapes of AuNPs. For example, decrease
in particle diameter has been shown to increase the toxic
effects of AuNPs.”*® This property can be associated with
increased surface-to-volume ratio resulting in higher produc-
tion of ROS. Additionally, AuNPs (nanorods) have been
shown to exhibit higher cytotoxicity than AuNPs (nano-
spheres) when treating a human cancer cell line.”*’ This
toxicity was associated with desorption of a capping agent
cetrimonium bromide (CTAB) caused by larger surface area of
nanorods compared to the gold nanospheres with the same
capping agent. However, more in-depth studies need to be
done to rule out the effect of capping agents and to evaluate
the effect of nanomaterial geometry on cellular functions.

To prevent these cytotoxic effects when using AuNPs,
surface modification via polymers are utilized. One study
investigated the use of various polymer coatings on AuNPs to
modulate the protein corona and observe the cellular uptake in
hepatocytes and associated toxicity.””” They showed that
coating AuNPs with polymer mitigates the production of ROS.
Additionally, at cytotoxic concentrations, pro-apoptotic genes
were activated when exposed to branched polyethylenimine
(BPEI) coated AuNPs. BPEI coating prevented the generation
of a protein corona, which actually caused cytotoxic effects.
Therefore, not only is the coating important to prevention of
cytotoxic effects, but the subsequent protein corona created
around nanoparticles has a significant effect on cellular uptake
and effect, retention time, and excretion.

Given the stability of AuNPs against degradative agents,”** it
is difficult to discern the relevance or the effect of gold ion on
cell differentiation or modulation. So far most of the literature
has been focused on the biophysical cues that AuNPs generate
and have overlooked any potential biochemical mechanisms
that gold ions could have on cell modulation. It may be
prudent for researchers to investigate the utility of gold ions,
given the modulatory capabilities of the cations previously
mentioned.

5.8. Cellular Effects and Uses of Silver and Silver
Biomaterials. Silver (Ag) (atomic number 47) mirrors the
properties of gold both at the macro and nanoscale, but is
utilized in biomaterial applications for different reasons. In its
bulk form it is a highly conductive and stable metal, whereas
silver nanoparticles (AgNPs) exhibit a surface plasmon
resonance, and the potential to generate ROS. The shape
and size of AgNPs has an effect on its properties, one example
being the inherent surface plasmon resonance of these
particles.”>" Specifically, 30 nm AgNPs exhibit dipole plasmon
resonance at a wavelength of 367 nm, while 60 nm AgNPs
have quadrupole plasmon resonance at a wavelength of 357
nm.”*” However, the major biomedical application of silver
nanoparticles lies in the field of antifouling agents. The
incorporation of AgNPs into polymer membranes (such as
chitosan) dramatically reduces bacterial adhesion without
changing the bulk properties of the membrane. This change
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in bacterial adhesion is generally attributed to nanoparticle
induced membrane lysis, cytosolic protein binding, and the
presence of ROS, created at the surface of the membrane
(Figure 5D).”*® As previously discussed, ROS have the
capability to be cytotoxic at high concentrations. This property
can be utilized as an antimicrobial additive by using these
oxidative agents to attack potential bacterial colonizers on
biomaterials that could lead to device failure.

AgNPs have been shown to cause permeated membranes in
bacteria, indicating that these materials not only cause
cytotoxic effects but also bind to membranes of fouling agents
such as E. coli a Gram-negative microorganism.234 This
mechanism is caused by free radicals, but it is interesting that
Staphylococcus aureus (S. aureus), a Gram-positive organism, is
shown to be more resistant to this type of antibacterial
method.”>> However, other reports show that positive charged
silver ions can cause the disruption of negatively charged
cellular membranes because of electrostatic interactions.”>
One group supposed that this property of silver ions was due
to the increased peptidoglycan layer of Gram-positive bacteria,
which acts as a larger barrier to toxic effects.””’ The
permeation aspects of the bacterial cell membrane seem to
be dictated by thickness, which is shown in that Gram-positive
bacteria are less susceptible to silver toxicity than Gram-
negative. Ultimately, silver antimicrobial effects may be more
beneficial in cases pertaining to Gram-negative bacteria with
thinner cellular membranes, rather than thick, Gram-positive
bacteria which can be targeted via other mechanisms. Whether
cell lysis is caused by ROS generation or difference in charge,
clearly silver nanoparticle have various ways to prevent biofilm
production.

The effect of size has also been observed for antimicrobial
properties. AgNPs have been shown to be more effective at
inhibiting bacteria than silver ions alone, and this effect
decreased as size of the nanoparticle increased.”*® Smaller sized
nanomaterials were more easily transported into the cell
compared to silver ions, and once internalized could produce a
large quantity of damaging ROS, ultimately making a more
effective antimicrobial treatment. Additionally, small silver
nanoparticles have been shown to prevent biofilms through
other mechanisms aside from ROS generation. In some cases,
silver nanoparticles destroy the cellular membrane and cause
cell lysis,”> while others prevent enzyme function and
respiratory chain operation.'”” Silver nanoparticles prove to
be a useful antibacterial agent that target unwanted biofilms in
many different ways because of their size variance and inherent
antibacterial elemental composition.

Additionally, some evidence has shown that silver nano-
particles may play a role in osteogenesis in addition to their
antimicrobial properties. In vitro and in vivo work has shown
that silver nanoparticles may enhance osteogenesis; although
there has not been much additional investigation into these
findings.”>” Additionally, other studies have incorporated silver
alongside titanium and magnesium for osseointegration
applications, and successfully promoted matrix mineralization.
Dually doping with magnesium and silver produced the
greatest osteogenic effect, though doping with silver alone
showed some improvement over titanium alone.”®® Therefore,
AgNPs and incorporation of silver ion into nanomaterials may
have additional benefits to bone-tissue regeneration applica-
tions apart from their well-known antimicrobial properties.

Silver biomaterials have also been utilized for neural
stimulation. Silver nanowires have been used in micro-
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electrodes and showed good biocompatibility along with
electrical conductivity within a hydrogel system.”*' These
nanowires have proven useful in the production of flexible and
transparent electrodes with high conductivity, such as in one
study showing a range of 5285-8130 S cm™' in a
polydimethylsiloxane (PDMS) layer.”*> The well-known
conductivity of silver has made it a valuable material for
bioelectronics both at the macro and nanoscale, providing yet
another useful application for silver-based biomaterials in the
field of biomedical engineering.

5.9. Effects of Molybdenum. Molybdenum is a transition
metal with atomic number 42 and oxidation states of Mo*',
Mo**, and Mo®*.*** Mo plays an important role as an enzyme
cofactor’®* and is a component of nitrogenases in prokar-
yotes.”®® In the human body, deficiency in molybdenum results
in fatalities, with patients exhibiting cerebral deficiency and loss
of neurons due to a lack of sulfite oxidase enzymes.”*
Mammalian enzymes that utilize molybdenum are limited to
sulfite oxidase and xanthine oxidase,”*®> which in the case of
sulfite oxidase (found in the liver) is essential for processing
sulfur compounds.”®’

In biomaterials, molybdenum has been incorporated into
stainless steels to increase strength”®'” and improve resistance
to pitting corrosion.”*® Molybdenum dioxide (MoQO,) nano-
particles have been used as a photothermal agent for cancer
therapeutic as they exhibit a localized surface plasmon
resonance (SPR) effect.”® These nanoparticles degrade in
phosphate buffer solution (PBS) and release molybdenum
ions, which can cause some cytotoxicity. However, the study
did not investigate the effect of molybdenum ions on cells.”*
Additionally, molybdenum disulfide (MoS,) 2D nanomaterials
show superhydrophobic properties by modulating their defect
ratio.””>*”" Another study has used MoS, nanomaterials as a
cross-linking agent using thiolated polymers to engineer
cytocompatible hydrogels.”’* This is a relatively new
biomaterials and there is a need to investigate the biophysical
and biochemical effects of these nanomaterials on cellular
functions.

5.10. Cellular Effects of Vanadium. Vanadium (V) is a
transition metal (atomic number 23) with a charge of V*°
(vanadate) or V*® (oxovanadium). Vanadium-based com-
pounds enter the cell passively or through the anionic channels
and have been shown to interact with cellular machinery in
different ways.””* For example, vanadate can bind to (Na,K)-
adenosine triphosphatase (ATPase), a solute pump that
regulates ion traffic into the cell, and creates competitive
inhibition for the enzyme’s activity, which is normally
dependent on sodium to phosphorylate.”’* Toxicity of
vanadate was evaluated in fetal mice, and though at normal
levels, no embryotoxicity occurred, sodium orthovanadate
(Na3VO,) showed fetal-growth retardation at known maternal
toxicity.””> This highlights the importance of dosage of these
mineral ions because ionic compounds have the potential to
cause toxic effects.

5.10.1. Biochemical Effects of Vanadium lon. The effect of
vanadium on bone health has been investigated in diabetic rats.
Type 1 diabetes can cause bone resorption and decreased bone
mineral density, making this animal model useful for bone-
focused research.”’® Vanadium may accumulate in bone by
replacing some of the phosphate molecules present in
hydroxyapatite (Ca,o(PO,)s(OH),),””” which showed en-
hanced bone formation in diabetic rats.”’® Additionally,
vanadate has also been shown to mimic the effects of
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insulin.”’**”® Interestingly, diabetic rats supplemented with

vanadate showed similar blood-glucose levels to those of
nondiabetic rats after 4 weeks.””” Vanadium may act by either
inhibiting insulin receptor protein tyrosine phosphatases
(PTPases) or activating of cytosolic protein kinases,”
suggesting that this ion could be useful in bone-related
biomaterial applications.”*’

Other therapeutic avenues of vanadium have been explored,
including stimulation of new blood vessel development.
Administration of one vanadium compound improved angio-
genesis in rats.”®! Within the cellular membrane, introducing
V* or V*¢ in this hydrophobic environment can induce a redox
reaction resulting in ROS, which has the potential to induce
angiogenesis.””> Vanadate was shown to induce HIF-la and
VEGF protein expression through the production of ROS,
which may occur through the process of the mitochondrial
electron transport chain reducing vanadate and forming free
radicals.”®

Other studies have used vanadium in antitumor capaci-
ties.”*® Tt is important to note that angiogenesis and tumor
angiogenesis share similar pathways (such as the need for
hypoxia) but differ in other respects, such as the activation of
oncogenes or mutation of tumor-suppressors in respect to
tumor angiogenesis.”** According to several studies done in
rats, supplementation with vanadium provides protection
against hepatocarcinogenesis by reducing the amount of
carcinogen-derived reactive intermediates and potentially
causes apoptosis through production of ROS.”*’ In mice, the
supplementation of vanadocene dichloride showed antitumor
effects against carcinomas of the colon and lung by
accumulation of vanadium in nucleic acids which inhibited
DNA and ribonucleic acid (RNA) synthesis.”*>**> However,
the mechanism as to how vanadium specifically prevents
tumors is not a simple one, and there does not seem to be a
solution as to how vanadium should be used to inhibit tumors.
The utility of this ion has only been suggested, and at this
point, more research would need to occur before vanadium
could be definitively used for therapeutic applications.

5.10.2. Biophysical Effect of Vanadium-Containing
Biomaterials. Similar to other transition metal nanoparticles,
vanadium-based nanoparticles have been shown to have
antimicrobial properties and have previously been used in
paints for this reason. Specifically, vanadium pentoxide
nanowires (I)Jrevent biofilm formation through peroxide
formation.”® This nanomaterial property is not dissimilar
from that of the elemental form, so it is difficult to discern
whether the physical formulation of the nanowire or vanadium
itself is the cause of the antifouling property. Vanadium doped
scaffolds have also been utilized, primarily due to vanadium’s
known inhibitory role of PTPases as previously mentioned.
One group utilized vanadyl acetylacetonate to dope scaffolds
containing hydroxyapatite nanoparticles to induce endochon-
dral ossification, by blocking PTPase and thus increasing osteo-
specific protein production.””” However, vanadium nano-
particles have yet to be used alone in order to promote
osteogenesis, which could be a potential avenue of research.

Currently, vanadium is found within common titanium
implants (called Ti-6Al-4 V) for orthopedic applications.
However, it has been found that at certain concentrations the
presence of vanadium within degradation products of these
implants can increase cytotoxic effects.”®® Additionally, the
titanium implants containing vanadium showed lower
corrosion resistance, and lower cell growth ratios, suggesting
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Figure 6. Role of lanthanide ions in tissue regeneration. (A) Europium ions aid in the process of vascularization. This occurs through the
generation of reactive oxygen species (ROS). (B) Lanthanum-based biomaterials promote bone formation by stimulating Wnt/f-catenin pathway.

that the presence of vanadium in titanium implants may be
detrimental.** It is unclear how the incorporation of vanadium
actually affects implants structural composition and material
properties aside from the knowledge that these alloys have low
wear resistance.””’ Further characterization of the biophysical
effects of vanadium-biomaterials is needed to conclude
whether incorporating this element is useful. There is certainly
room for further characterization of all of vanadium’s
properties to determine how the biochemical and biophysical
attributes of this element could affect therapeutic systems
outside of orthopedic implants.

6. CELLULAR EFFECTS AND USES OF LANTHANIDE
METALS

Lanthanide elements (atomic numbers 57—71) have been
explored as substitutes for other ions to control and direct cell
functions.””" For example, utilization of Ln* in place of Ca**
has shown numerous different effects on enzymatic function.
Ln* has been shown to bind to Ca?* sites on cellular
membranes and macromolecules.””' However, a large difficulty
in assessing their biochemical role in cells comes from the
inability of lanthanide elements to cross the cell membrane.””’
Another study explored the effect of europium III hydroxide
on angiogenesis in HUVECs.””” They did not observe a
change in cell proliferation with other lanthanides (Nd, Sm,
Gd, and Tb) but observed increased proliferation with Eu(III)
hydroxide (EullI(OH),).””* Eulll(OH); produced similar
vascularization results in chick chorioallantoic membrane
(CAM) assays (Figure 6A). These angiogenic properties
were due to the production of ROS as validated by imaging
with green fluorescence.

Lanthanide nanomaterials have been previously used for
luminescence used in diagnostics and imaging, including that
of Eu(III) complexes.”””** In some cases, europium has been
used within bioactive scaffolds for imaging alongside the
activation of osteogenesis, and did show an enhancement in
the expression of osteogenic-related genes.””> However, the
mode of action for Eu(Ill) is not well understood.”*” It would
be interesting to see if Eu(IIl) nanoparticles had similar modes
of ROS generation as the ion constituents or if they possess
unique biophysical attributes that can modulate cellular
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phenotype and function in addition to their luminescent
qualities.

Lanthanum-phosphate nanoparticles have been utilized
within scaffolds to activate osteogenesis (Figure 6B).296
Components of the Wnt/f-catenin pathway were shown to
be activated in the presence of these nanomaterials,”’® whereas
other work has indicated that lanthanum acts through the
Smad-dependent BMP signaling pathway by simulating the
phosphorylation of surface serine/threonine kinase receptors
1/5/8 (SMAD 1/5/8).>”7 1t would be interesting to fully
characterize the effect of lanthanum compared to lanthanum-
nanomaterials to understand whether activation of these
osteogenic pathways is related to biochemical cues from
lanthanum ions or biophysical properties of lanthanum-
nanomaterials. The presence and effect of lanthanide elements
in orthopedic implants has also been explored. Magnesium-
lanthanide alloys (containing either lanthanum, neodymium, or
cerium) were shown to corrode slowly without apparent
systemic effects and exhibited good biocompatibility.””®
However, no additional bone growth was observed, suggesting
that the presence of lanthanide elements provided only
desirable physical material characteristics rather than signifi-
cant activation of biological processes.

While utilizing lanthanide-based materials is an interesting
method to promote vascularization mechanisms or provide
structural support, the use of lanthanides is relatively difficult
and quite expensive. There are much more readily available
elements that are capable of forming ROS that could be
utilized as a vascularization technique, and are potentially
much less costly. The study of lanthanum in osteogenesis
activation is in its infancy and certainly needs more
characterization. Additionally, limited research has been
performed to elucidate the effect of degradative products
from lanthanide-based implants. However, the premise of using
lanthanides does bring up an interesting idea of exploring the
boundaries of how we currently use these elements. Still, it is
important to consider the cost and potential ease of production
of therapeutics, because these are intended to treat a wide
number of patients and must have the potential for
manufacturing.
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7. FUTURE PERSPECTIVE

Ions released from inorganic biomaterials can be utilized to
modulate cellular functions such as inflammation, wound
healing, and angiogenesis. Although functions of some of the
common ions are well-known, there are a multitude of ions
which have not been investigated in detail. For example, the
effect of rare earth elements as well as the lanthanide series
have not yet been fully characterized in terms of their
biological response. In addition, one of the major limitations of
evaluating the biological response of ionic dissolution products
is the use of tradition biological assays such as polymerase
chain reaction (PCR) and Western blot to evaluate a
preselected set of genes or proteins. These traditional
approaches have inherent biases and lack the ability to provide
a deep understanding of the effect of ions at a global scale. The
recent emergence of “omics” techniques which provide
readouts of different biological processes have allowed us to
understand complex biological interactions of biomaterials in
an unbiased approach. Specifically, transcriptomics, proteo-
mics, and metabolomics have laid down the necessary
foundation to provide an unbiased global view of the cellular
activity with pivotal insights about the affected cellular
pathways. Thus, emerging “mineralomics” approaches to
evaluate the biological response of minerals (or ions) using
omics-based techniques have the potential to transform our
understanding of the role of minerals in tissue regeneration,
leading to a new class of regenerative therapies. For example,
recent study have shown that mineral nanoparticles can
stimulate both chondrogenesis as well as osteogenesis though
multiple signaling pathways.'*’

While individual minerals may display mild to moderate
cellular responses, the combination of ions could augment/
subdue these biological responses. Screening of different ions
in combinations using high-throughput analysis can boost our
ability to identify uniquely useful ion combinations. Combin-
ing minerals with synergistic characteristics will enhance
regenerative capacities through simultaneous stimulation of
different cellular pathways. Use of omics-based approaches will
yield a comprehensive genetic profile that will enable us to
distinguish “hit” mineral combinations with the ability to
trigger complementary intracellular pathways and subsequently
produce a more stable cellular differentiation. This knowledge
will contribute in designing inorganic biomaterials with
predetermined stoichiometry to direct cellular functions.

As jons play an important role in a multitude of biological
processes, it is expected that they must have an ability to
stimulate or suppress immune responses. Some earlier work
has shown that patients with metallic implants develop
sensitivity to specific antigens.”””>°" However, the effect of
ions on immune response has not been thoroughly
investigated, so it would be interesting to see if ions can be
used for immunomodulation. Immune response can play an
important role in defining the outcome of wound healing and
regeneration processes, specifically in the balance between pro-
inflammatory and anti-inflammatory processes are important.
Specifically, the response of immune cells including macro-
phages, dendritic cells, and lymphocytes (T-cell and B-cells),
to ionic dissolution products needs to be investigated.
Development of inorganic biomaterials for immune modu-
lation will provide new approaches for immunomodulation.

Another emerging application of inorganic micro- and
nanomaterials are their use as reinforcing agents for designing
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biomaterials inks or bioinks for 3D printing.’** Traditionally,
polymeric hydrogels are used as bioinks for 3D printing
because of their high water content and ability to maintain
high cell viability. However, one of the primary limitations of
polymeric hydrogels is their weak mechanical properties. The
addition of inorganic biomaterials, such as microparticles and
nanoparticles, can significant improve the mechanical strength
and physiological stability of hydrogels.*”* In addition, some
nanoparticles, such as nanoclay (nanosilicates), can incorpo-
rate shear-thinning properties to hydrogel networks, which is
highly desirable for 3D printing.’®* Such shear-thinning
biomaterials can shield encapsulated cells from shear forces
and improve cellular viability postprinting. Also, inorganic
nanomaterials can also sequester a range of therapeutics that to
can be used to direct cellular functions.

8. CONCLUSION

The properties of mineral-based biomaterials are dependent on
the constituent atoms. The composition of biomaterials
provides unique biophysical and biochemical attributes that
can direct cellular function. Ions released from mineral-based
biomaterials can direct cellular function by activating specific
genes or biochemical pathways. Incorporation of various ions
within biomaterials can change physical properties, such as
dissolution rate, charge, topography, and mechanical integrity.
While some ions have been extensively studied, such as
calcium (Ca’*) and magnesium (Mg**), but other less
common elemental ions have not yet been studied for this
purpose. These lesser-known and poorly characterized mineral
ions may have significant biophysical or biochemical effects
when incorporated into biomaterials that could enhance and
modify current tissue engineering strategies. Ions from
minerals such as molybdenum (Mo) or lanthanum (La),
though not thoroughly investigated to date, show incredible
promise in directing cell fate when incorporated within
biomaterials. Additionally, a deeper understanding of physical
and chemical properties with respect to cellular function is key
to developing fine-tuned regenerative medicine therapeutics.
This Review highlighted several lesser known and charac-
terized elements and mineral-based biomaterials along with
their potential biophysical and biochemical effects within the
body to explore their possible therapeutic avenues.
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