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Abstract: In this review, we reported the main achievements reached by using bismuth oxides and
related materials for biological applications. We overviewed the complex chemical behavior of
bismuth during the transformation of its compounds to oxide and bismuth oxide phase transitions.
Afterward, we summarized the more relevant studies regrouped into three categories based on the
use of bismuth species: (i) active drugs, (ii) diagnostic and (iii) theragnostic. We hope to provide a
complete overview of the great potential of bismuth oxides in biological environments.
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1. Introduction

Recently, the concerns for human healthiness have risen day by day. Pharma industries and
the research community have committed themselves to improve both the knowledge and on-field
real application of newly designed drugs and protocols. Despite the numerous available established
treatments, there is still an urgent need to develop new and innovative technologies that could help to
delineate tumor margins, identify residual tumor cells and eventually eliminate them [1-3].

Furthermore, the development of new antimicrobial agents able to overcome antibiotic resistance
rising has become critical [4].

All of these issues have been deeply investigated by nanoscience and material technology.
Among all the promising nanostructured or nanosized materials, bismuth-based ones, although rather
neglected, are full of unexpressed potential [5].

Bismuth has been used in plenty of applications since the 19th century for the treatment of
bacterial infections but its use slowed down in the middle of the 20th century after the reversible
bismuth encephalopathy occurred in France and Australia [6,7]. Nonetheless, bismuth-based medical
formulations are still being used for stomach issues treatments as bismuth subsalicylate [8,9], colloidal
bismuth subcitrate [10-12] or bioactive conjugated as ranitidine bismuth citrate [13].

Organo-bismuth derivatives are not the only species of great interest as nanosized oxides
and related materials have raised more and more interest in the scientific community due
to their cost-effective fabrication processes [14,15], high stability [16] and versatility in terms
of morphology [17,18]. Furthermore, the high atomic number of bismuth brings about a high
energy radiation attenuation larger than that of lead at an almost negligible risk of toxicity [19].
The combinations of bismuth properties represent a unique chance to exploit singularly or
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simultaneously cytotoxicity and diagnostic effects. In this paper, we overview the literature providing
a synthetic although comprehensive discussion on the main achievements reached by using bismuth
oxide and related materials for biological applications. After presenting the main chemical and physical
properties of bismuth, we regroup the studies in three main categories dealing respectively with (i)
biological activity, (ii) use for the production of biomaterials and diagnostic agents and (iii) production
of theragnostic platforms.

2. Bismuth Oxide and Related Materials: Productive Strategies

Nowadays, bismuth is mainly produced as a side product of lead streams and could be isolated
through the Betterton—Kroll process [20] or through an electrochemical procedure known as Betts
electrolytic process [21]. It is obtained in a highly purified form for those applications where it is used
as a replacement for lead [22].

Commonly, bismuth is used in form of halide, oxo-halide, nitrate and oxides derivatives. Bismuth
halides (BiX3, X = F, Cl, Br, I) are generally prepared by treating bismuth oxide in a watery medium
by adding the specific HX acid. Bismuth trihalides are bipyramidal molecular species in the gas
phase with angle X-Bi-X in the range 96-100° [23]. In the solid phase, they show a variety of different
structures based on the halogen present in the crystals. BiF3 shows a pseudo-ionic structure with
tricapped trigonal prismatic motive where bismuth atoms are surrounded by nine fluoride atoms,
while the other halides show bicapped trigonal prism crystals. Bismuth oxide halides (BiOX) are
formed by partial hydrolysis of bismuth halides. BiOF and BiOlI can also be made by heating the
corresponding halides in the air. BiOX have complex layer lattice structures [24] and, when heated up
to 600 °C, BiOCl or BiOBr are decomposed by forming Biys031 X719 [25].

Moving on, bismuth can easily be produced as bismuth nitrate. Firstly, it is recovered as
Bi(NO3)3-5H,0 through crystallization after hydrolysis of BiOs by using concentrated nitric acid. If a
diluted acid is used is possible to recover the basic salt BiO(INO3). BiO(NO3) could be also produced by
precipitation treating Bi(NO3)3-5H,O at 150 °C with butanol forming road-like structures as reported
by Liu et al. [26]. As clearly enlighten by Briand and Burford [27] the hydrolysis of Bi(INO3)3-5H,O
could lead to a plethora of different compounds. Furthermore, several attempts were reported in the
literature [28-32] pursuing the thermal oxodehydration of Bi(NO3)3-5H,O with the formation of a
series of complex species as summarized in Figure 1.
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Figure 1. Comprehensive scheme of chemical evolution of Bi(NOj3)3-5 H,O.

An interesting study was reported by Tanveer et al. [17] about the transition from Bi(NO3)3-5H,0O
to BisO;NO;3; showing how it is possible to isolate a species of Bi;O;NOj tailored on the surface
with [S—B1203.

Bismuth oxides are the other deeply studied class of bismuth compounds and they present four
different phases [33] as reported in Figure 2.

At room temperature, monoclinic «-Bi;Oj is the common stable phase with a polymeric-distorted
layered structure composed of pentacoordinate bismuth atoms enclosed into pseudo-octahedral units.
At a temperature higher than 710 °C, « phase is converted into the cubic 4 phase that has a defective
structure with random oxygen vacancies [34]. The 3 phase and several oxygen-rich forms are closely
related to the & phase. In particular, the vacancy structures of highly defected bismuth oxides some
sites filled with O~2 together with Bi(Ill) and Bi (V) sites. Bismuth oxide y-phase shows also a cubic
structure but it is highly unstable and hard to synthesize without supporting it onto other oxides or
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metallic species [35]. The other two polymorphic metastable bismuth oxide phases are known as the w
phase stable at temperatures higher than 800 °C [36] and the ¢ phase isolated in 2006 by Cornei and
co-workers [37].

824°C
Melt

5-Bi, O,

640-660°C

710-740°C Slow quench

o-Biy0y F20-640°C 7 g 0,

0,,800°C

600°C 220-430°C
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¥BiO30 = BiO, 757" BiO35
Rapid quench

Figure 2. Scheme of phase transition of bismuth oxide.

Bismuth(V) oxides are less stable than Bi(Ill) but several studies reported their preparation as
lithium [38] or sodium [39] salt derivatives.

Bismuth derivatives were also studied for the production of colloidal phases. Kiran et al. [40]
synthesized a bismuth-substituted cobalt ferrite with a nominal formula CoFe;—0.1Bij 104 quite active
for the reduction of 4-nitrophenol to 4-aminophenol in a watery solution of sodium borhydride. Metal
bismuth nanoparticles were produced by Petsom et al. [41] showing that the size of the nanoparticles
can be tuned by adding different amounts of ionic and non-ionic surfactants.

Furthermore, several organometallic species of bismuth such as subgallate [42] and subsalicylate [8]
have found use in medical applications that will be more thoroughly discussed in the next sections and
briefly summarized in Table 1.

Table 1. Summary of main properties of bismuth and related compounds.

Bismuth Species Advantages Issues

m  High cytotoxicity for low
average size particles
Only spherical shaped
Neat surfaces without any
functional groups

[ ] Easy to synthesized
High size control

[ Highest concentration of
radiopaque atoms

Metallic bismuth

[ Low concentration of

[ ] Hydrosoluble radiopaque atoms
Organometallic bismuth | High cellular uptaking [ Fast excretion
m  High stability m  Could trespass the

hematoencephalic barrier [43]

m  Fast hydrolysis in watery
phase under mild conditions
m  High shape tunability m  Difficult to isolated as
] Highly tailoring surface pure compounds
m  Difficult to predict the correct
active species

Bismuth nitrates
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Table 1. Cont.

Bismuth Species Advantages Issues

| Oxidizable

Bismuth halide and R e st = Hygroscopic
oxohalides y Yy n nghly acidic
m  Highly stable
m  Easy to synthesized . .
) . n Highly hydrophobic
: : " High size control [ Phase impurities
Bismuth oxides m  Poor cytotoxicity P
[ ] Surface defects
[ ] Good cellular uptake
m  Photocatalytic activity

3. Bismuth Oxide and Related Materials for Biological Applications

3.1. Bismuth Based Nanomaterials as Biological Active Drugs

The first and main point to clarify is about the interaction between bismuth-based materials
and living organisms. In 1989, Slikkerveer et al. [44] reported a very comprehensive overview of
the toxicity of bismuth species. As clearly emerged, the oral intake of bismuth compounds leads
to a significant increase in blood concentrations of bismuth [45] and the amount rose rapidly up to
380 umL/g [46]. Gavey et al. [47] show how the uptake could be magnified by bismuth citrate soluble
species or by the simultaneous administration of cysteine [48]. Lechat et al. [49] reported a study about
the administration of bismuth subnitrate showing how poorly or watery insoluble bismuth species
decrement the organism uptake. As reported by several studies run on rats using BiCl; [50,51], bismuth
binds to high molecular weight metallothionein protein close to those that bind copper cations [52].
Bismuth is excreted by both urine and feces but rats retain up to 10 wt.% of the dose administrated
even after 90 days [53].

The invivo tests suggest that bismuth salts or organometallic derivatives could lead to
bioaccumulation and encephalopathy [54]. Stephens et al. [55] used homo- and heteroleptic bismuth(III)
thiolates to prove that the bismuth complex surrounding drives the antimicrobial activity of the
bismuth species.

Luo et al. [56] reported a study about the in vivo cytotoxicity of different tailored bismuth
nanoparticles. The authors produced metallic bare bismuth nanoparticles and tailored their surface
with amines, poly(ethyleneglycol), neat and amine tailored silica. The study was run by using HeLa
and MG-63 cell lines showing cytotoxicity of bismuth species higher for the HeLa. The authors
reported that the non-toxic concentration of bare nanoparticles was attested to 0.5 nM while they
induce cellular death at a concentration of up to 50 nM. The functionalization decreased the cytotoxicity
of the bare nanoparticles that are more toxic than the other (bare > amine-terminated > silica-coated >
poly(ethylene glycol) coated). Coating increased the stability of bismuth inside the cells but decreased
its ability to induce oxidative stress.

Abudayyak et al. [57] studied bismuth oxide nanoparticles like the ones shown in Figure 3
regarding their cytotoxicity, genotoxicity, oxidative damage and ability to induce apoptosis in multiple
tumoral cell lines (HepG2, NRK, Caco-2, A549).
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Figure 3. Transmission electronic microscopic capture of bismuth oxide nanoparticles with
average diameter ranging from 150 nm to 200 nm. Picture is reprinted with permission from
Abudayyak et al. [57].

Authors proved that bismuth oxide nanoparticles differently interacted with different cell lines
inducing death through apoptosis in HepG2 and NRK-52E cells and through necrosis in A549 and
Caco-2 cells. Among all morphologies, spherical nanoparticles are the most investigated but several
studies [58-60] have proved that rod-like particles have a higher cellular uptake and transport
across intestinal cells. As reported by Truong et al. [61], morphology is a key point to the rational
design of biologically active species with cylindrical particles that are the most suitable for tumor
accumulation [62]. Among bismuth species, spherical and sponge-like [17] shapes are the most
common morphologies but BIONOj3; [26] could be produced as road-like nanosized particles. Even
if this material has been used only as precursors in inorganic synthesis [63] and for the realization
of biosensors [26], it could represent an interesting material to improve the bismuth oxide material
cellular uptaking.

Ahamed et al. [64] evaluated the effect of Bi;O3 accordingly to the scheme summarized in Figure 4
by using the MCEF-7 cell line.

el %
::'t.:...:'
...5.:?0.
L] L
LU Cellular Responses

> Reduction cell viability

¥ Cell cycle arrest

¥ Cell membrane damage
»Generation of ROS

¥ Lipid peroxidation

» Depletion of GSH

»Low SOD activity

¥»Low MMP

¥ Dysregulation of apoptotic genes
¥ Ultimately cell death

Exposure

Healthy MCF-7 cells Damaged MCF-7 cells

Figure 4. Summary of the process of oxidative stress induced by Bi,O3 in MCF-7. Picture is reprinted
with permission from Ahamed et al. [64].

The authors observed that the bismuth oxide nanoparticles induced apoptotic response in
MCEF-7cells and suggested this occurs by undermining the regulation of Bcl-2, Bax and caspase-3 genes.
Curiously, the authors observed that with the addition of the external antioxidant N-acetyl-cysteine,
the bismuth cytotoxicity was almost inhibited. This suggests that the toxicity of bismuth could be
tuned by tailoring the composition of the administered formulation.

Considering the study reported by Thomas et al. [65], bismuth-based drugs could show toxicity
to human cells even if they are considered sufficiently safe with careful use. The authors individuated
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the bismuth methylated species as the main cause responsible for the biological damages induced by
bismuth administration due to the increased bioavailability.

Genotoxicity of Bi;O3 was also investigated by Liman [66] showing an unneglectable effect on
root cells of Allium cepa. Even in combination with Portland cement [67] or other minerals [68], bismuth
oxide shows a proved citoxicity and antimicrobial effects during in vivo tests.

Li et al. [69] studied the action mechanism of bismuth-based drugs for treating the Helicobacter
Pylori infection by using pharmacology and metalloproteomics approaches. The authors described the
efficacy of bismuth-based drugs as a consequence of bismuth ability to interrupt several biological
pathways by perturbing the activity of key enzymes as shown in Figure 5. The authors suggested that
bismuth materials showed the ability to inhibit metallo--lactamase by displacing Zn(II) cofactor and
proved useful in the treatment of Helicobacter pylori infection.

® Bi-upregulated protein

® Bi-downregulated protein

> Bi-binding protein M 8:
el o
. .... ®-." [ ] { )
. o
f oe: 1%: % P\ ,
; ()
b4 . . ] -
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Figure 5. Schematic network depicting bismuth interaction with proteins in H. pylori. Proteins are
colored and shaped according to their different properties in the network. Adapted with permission
from Li et al. [69]. Copyright 2019 American Chemical Society.

Liu et al. [70] explained the toxicity of bismuth-related materials as a consequence of the induction
of autophagy in kidney cells. In a previous publication, Liu and co-workers [71] evaluated the bismuth
oxide nanoparticles cytotoxicity in human embryonic kidney 293 cells. The authors clarified that
autophagy bismuth nanoparticles induced cytotoxicity in kidney cells due to the bismuth ion release
from nanoparticles. These bismuth ions altered epigenetically the cells through downregulation of
DNA methylation of several gene families. The authors also reported that bismuth nanoparticles
were uptaken by cells through non-clathrin-regulated endocytosis with an initial internalization into
endosomal compartments with further conversion to lysosomes. This step is the key point of the
overall bismuth oxides activity because only after the cell internalization the nanoparticles could
exploit their features [72]. To facilitate the uptake, several approaches have been proposed but they
are counterbalanced by the reduction of bismuth activity due to the stabilization of nanoparticles.
For example, Staedler et al. [73] evaluated the cellular uptake and biocompatibility of bismuth ferrite
nanoparticles by using A549, NCI-H520 and THP-1 cell lines. The authors showed consolidating
results regarding the depletion of cytotoxicity, haemolytic response and biocompatibility enhancement
when nanoparticles are coated with a surfactant like poly(ethylenglycol). Tsang et al. [74] tracked the
bismuth in H. pylori proving that in some cases bismuth materials could enter the cell through the same
metallo-protein complexes accountable for the iron uptake.

Moving on from neat bismuth oxides, another interesting bioactive bismuth species is represented
by bismuth oxohalides. Gao etal. [75] reported an in vitro study on the cytotoxicity of BiIOCl nanosheets
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in human HaCaT keratinocytes. The authors reported negligible BiOCl cytotoxicity for concentrations
lower than 0.5 pg/mL but the appreciable effect on cancerous cells for concentrations ranging from
5 ug/mL of up to 100 ug/mL. The authors related the cytotoxicity of BiOCI with changes in cell
morphology and impairment of intracellular organules. Furthermore, BiOCl induced apoptosis
through oxidative stress and eventually cells cycle arrest in G0/G1 phase.

Several proves have been reported on the combination of BiOl photocatalytic activity and
antimicrobial effect as described by Jamil et al. [76] and outlined in Figure 6 for the inhibition of
Escherichia coli.

Potential ¢V

| eeeee VB eeeee 0,
e BIOLEG | 05
1.9 ¢V 19ev : l
hv)> 420nm | J\Y E-coli cell — Damage
i .

_— /on FIAANNY
h'h*h'h'h* CB h*h* h*h'h O

2

Figure 6. Schematic illustration of energy bands, electron-hole separation and damage mechanism for
E. coli. Adapted with permission from Jamil et al. [76].

Authors developed solvothermal template synthesis for the production of flower-like structure as
those described for BiOX (X = Cl, Br, I) [15] with a high surface area of up to 410 m?/g. Using a catalyst
loading of 0.75 g/L in a watery medium, the authors reported a complete photocatalytic inactivation of
E. coli strain in a concentration of up to 10> CFU/mL.

Similarly, Hsu et al. [77] synthesized gold-doped BiOI nanocomposites through a simple room
temperature procedure in an aqueous medium. Gold doped BiOI nanosheets are particularly attractive
due to the oxygen vacancies generated in the BiOlI lattice structure that increase the oxidation activity.
Additionally, the presence of gold nanoparticles enhanced the overall oxidative activity leading to a
compound that shows antimicrobial efficacy against E. coli, Klebsiella pneumoniae, Salmonella enteritidis,
Bacillus subtilis and methicillin-resistant Staphilococcus aureus, a methicillin-resistant bacterium. The gold
nanoparticles conjugation reduced by up to two-thousand times the minimal inhibitory concentration
compared with neat BiOI nanoparticles. The authors also established the pathways of doped BiOIl
antimicrobial activity that was due to a combined effect of the disruption of the bacterial membrane
and the generation of reactive oxygen species. Furthermore, in vivo rabbit model test showed a
relevant therapeutic benefit for alleviating corneal S.aureus infection without causing inflammatory
tissue responses.

Yang et al. [78] reported a study on phototherapy ablation of rabbit orthotopic tumors by using
non-stoichiometric BiPO,_y nanoparticles. Through near-infrared light absorption, these oxygen
defective structures promoted hyperthermia together with the formation of reactive oxygen species.
Consequently, they were tested for photothermal/photodynamic therapy in vivo using rabbit as the
macroanimal model.

Direct effects of bismuth oxide and related materials on cell viability are not the only appreciable
strategies that could base on these materials. Bismuth oxides could be used as effective radiosensitizers
species. A radiosensitizer is a chemical that increases the radiation effect on cell viability. These
chemotherapy agents are used during radiotherapy in combination with harmful radiation to damage
the DNA of cells. Asreported by Lawrence [79], radiosensitizing represents the greatest step forward in
anticancer treatment and nanoparticle species are one of the most interesting materials for such aim [80].
In 2016, Stewart and co-workers [81] reported the first case of study of bismuth oxide nanoparticles
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as efficient radiosensitizers on highly radioresistant 9L gliosarcoma cell line. The authors exposed
9 L cells to a bismuth oxide nanoparticle concentration of up to 50 pg/mL achieving a sensitization
enhancement of up to 1.5 and 1.3 by using an energy of 125 kV and 10 MV, respectively. Similarly,
Liu et al. [82] combined radiotherapy and chemotherapy treatments by administration of mesoporous
bismuth litchi-shaped Na Bip §Op 35F1.91 as both radiosensitizer and as a nanovehicle for loading and
slow-releasing doxorubicin. This bismuth oxide material combined with radiation and doxorubicin
showed a remarkable synergistic ability for tumor elimination ability. Farahani et al. [83] combined
the bismuth nanoparticles with polymer gel dosimetry technique testing their effect in kilovolt and
Megavolt radiation therapy proving the strong energy dependence of dose enhancement.

3.2. Bismuth Based Nanomaterials as Additives for the Production of Biomaterials

Bismuth oxides and related materials are quite interesting for all the applications where a high
radiopacity together with a good value of biocompatibility is required. Radiopacity is simply defined
according to the following equation [84]:

I(x) = I()_py(v)x (1)

where I(,) is the intensity of the attenuated radiation, I is the original radiation intensity, p is the mass
density of the material, y,) is the attenuation coefficient for a fixed radiation frequency and x is the
length of the travelled path through the material.

For biological applications, radiopacity is measured by using the Hounsfield scale [85] according

to the following equation
Radiopacity = 10°- Fo) 7 Ho
Hw — Ha

where (i, is the attenuation coefficient of water and p, is the attenuation coefficient of air.

Bismuth based materials have raised great interest in the production of orthodontic cement due to
a combination of biocompatibility, radiopacity and antimicrobial effects [86,87].

da Silveira Bueno et al. [88] studied the composition of BiO3 containing Portland cement aiming
to obtain an adequate radiopacity for endodontic use. The authors mixed Portland cement with the
bismuth oxide with concentrations ranging from 5 wt.% of up to 30 wt.% comparing the results with
aluminum foils. Materials reached a radiopacity ranging from 0 to 255 on the Hounsfield scale and a
value compatible with shielding applications by using a bismuth concentration of up to 15 wt.%.

Similarly. Chen et al. [89] combined Portland cement not only with Bi;O3 but also with zirconia.
The authors prepared the hybrid bismuth oxide/zirconia compound through a solid-state synthesis at
700 °C for 12 h and mixed it with cement and calcium sulphate. The results showed that the bismuth
oxide/zirconia containing cement exploited a greater radiopacity together with the same cell viability
of zirconia free one.

Coutinho-Filho et al. [90] evaluated through a histological assessment the subcutaneous connective
tissue reactions and the radiopacity of Portland cement mixed with bismuth oxide. The authors
reported complete biocompatibility in vivo after 7 and 60 days (no tissue damage observed).

)

Similarly, several authors reported analogous results for dental repairing applications performed
by using Portland and bismuth oxide composites proofing their reliability [91,92].

Furthermore, bismuth could be used for a tissue engineering application as reported by
Pazargeviren et al. [93]. The authors doped a composite made of 4555 nanobioactive bioglass
and graphene oxide with bismuth nanoparticles through a sol-gel methodology. By adding bismuth,
authors increased both the composite density and the diametral tensile strength of up to 2.5% retaining
cell viability. Additionally, bismuth oxides and related materials could be dispersed into a polymeric
matrix to mitigate the effect of harmful radiations during the diagnostic procedures [94,95].



Materials 2020, 13, 5234 90f17

3.3. Bismuth Based Nanomaterials as Diagnostic Agents

Bismuth oxides and related materials are also used as contrast agents due to their
radiopacity. Bi et al. [96] used poly(ethylenglycol) modified bismuth nanoparticles for applications
as multifunctional probes during X-ray computed tomography (CT) and fluorescence imaging. The
authors tested the in vivo circulation time and specific accumulation behavior in the liver and intestines
by using a CT scan as shown in Figure 7.

it

Figure 7. CT images and renderings of CT images of rat after the administration of bismuth modified

nanoparticles after different times. Adapted with permission from Bi et al. [96]. Copyright 2018
American Chemical Society.

Results showed the possible applications of these formulations for target imaging and tracing of
the specific areas where bismuth was preferentially accumulated.

Similarly, Swy et al. [97] produced poly(lactic-co-glycolic acid) encapsulated bismuth nanoparticles
with an average diameter of less than 40 nm using them as fluorescent probes. The authors achieved a
degradation of bismuth-based probes of up to 90% in the acidic and lysosomal-like environment after
24 h while they remained in cytosolic and extracellular-like fluid media.

Several studies have proved the reliability of bismuth oxide as a CT contrast agent with similar
or better performances compared with other oxides [98]. Brown et al. [99] developed an ultra-high
payload metallic bismuth nanoparticle used as X-ray contrast agents. The authors showed that metallic
bismuth nanoparticles will oxidatively decompose to biocompatible Bi(IIl) based species that are renal
excreted after the CT analysis. Dadashi and co-workers [100] combined bismuth nanoparticles together
with gold species producing aggregates of up to 40 nm in diameter demonstrating a higher X-ray
attenuation in comparison with commercial iodine-based molecules.

Hu et al. [101] synthesized a nanostructured (BiO),COj3 rod-like material through a solvothermal
route and used it as a renal clearable CT contrast agent as shown in Figure 8.

The authors efficiently used the bismuth subcarbonate as a high-resolution CT contrast agent
proving that its high aspect ratio actively promoted take-up and retention in the rat tumors tested. The
authors also reported the disassembling of the bismuth rods in the acidic microenvironment of tumors
enhancing the renal clearance.

Naha et al. [102] reported the production of dextran-coated bismuth/iron oxide nanostructures for
magnetic resonance (MR) applications. Results showed a decrement in T2-weighted MR contrast with
increasing bismuth content in liver cells. The authors did not observe any cytotoxicity on Hep G2 and
BJ5ta cell lines after 24 h incubation with the nanohybrids. Furthermore, the authors ran an in vivo test
using mice observing a 2 h circulation time in heart and blood vessels of the bismuth contrast agent.
Additionally, this bismuth-based contrast agent was rapidly excreted with urine.
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Figure 8. Production and biological pathway of bismuth subcarbonates rods as reported by [101].
Copyright 2018 American Chemical Society.

Rivera et al. [103] encapsulated BiOCl into carbon nanostructures and tested it as an agent for
X-ray imaging. The authors achieved a high contrast by using a low bismuth loading on nanocarbon
(up to 2.7 wt.%) without compromising cell viability. Data enlightened a magnification of up to 500
times of CT resolution compared with traditional iodine-based agents.

BiOCl could be also used as support for the immobilization of aptameric tailored gold nanoparticles
as reported by Hsu et al. [104]. This hybrid material showed high peroxidase-like activity and was
used for the conversion of Amplex Red proteinic complex to resorufin. According to the authors,
this was a very remarkable achievement that proved the robustness of bismuth bioconjugate in
proteomic applications.

3.4. Bismuth Based Nanomaterials as Active Agents in Theragnostic Platforms

The combination of diagnostic procedures together with a therapeutic protocol is defined as
theragnostic and represents the last frontier in advanced treatments [105]. Nanoscale theragnostic
is a fast-growing branch of medicinal chemistry for simultaneously monitoring drug release and its
distribution, and to evaluate the real-time therapeutic efficacy through a single nanoscale product for
both treatment and diagnosis. As reported in the previous sections, bismuth materials are good and
efficient contrast agents but could also be exploited for targeted cytotoxicity in vivo. The simultaneous
effects herein mentioned led to the development of theragnostic platforms based on bismuth oxides
and related materials.

Li et al. [106] developed a bovine serum albumin modified bismuth oxides nanoraspberries for
multimodal imaging and chemo-photothermal combination therapy as summarized in Figure 9.

The authors synthesized the nanoparticles through a watery reduction by using sodium borhydride
under pressure at 150 °C for 3 h. The synthesized material showed a surface area of up to 53 m?/g and
a DOX drug loading of up to 69 wt.% with release occurring upon pH variations. The authors reported
the bismuth-based theragnostic agent’s ability to efficiently convert near-infrared light to thermal
energy for photothermal ablation of cancer cells. The toxicity studies proved the high biocompatibility
without any appreciable toxicity to the mice tested. Additionally, the high radiopacity of bismuth
raspberries allows the use of this formulation also during CT analysis. Lu et al. using a similar
approach combined the radiopacity of bismuth nanoparticles with photothermal therapy. The authors
were able to reach up to 70 °C after 4 min of infrared irradiation showing an enhancement in both CT
imaging and in vitro suppression of glioma growth. Xuan et al. [107] prepared bismuth nanoparticles
embedded into a nanohydrogel by ultraviolet light-mediated synthesis. The produced materials were
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combined with DOX and used simultaneously as a contrast agent, as a nanocarrier for drugs and for
inducing cell death by thermal ablation. Analogously, Yang et al. [108] produced a bismuth-based
CT contrast agent used in photothermal therapy and in ultrasound imaging. They used also several
tailored approaches aimed to enhance the theragnostic effects of bismuth preparations. Yu et al. [109]
described a thiol capping of bismuth nanoparticles that prevents the unwanted release of bismuth in
the organism.

Bi(NO,),-5H,0 P
PVP

NaOH

Ethylene glycol

150 °C 3h

Bi-BSA@DOX Thermo-chemotherapy

Figure 9. Production and biological action of bismuth oxide nanoraspberries species as reported by
Li et al. [106]. Copyright 2018 American Chemical Society.

Bismuth oxides and related materials could be also combined with other species.
Detappe et al. [110] produced a hybrid material by using ultrasmall silica-based bismuth and
gadolinium nanoparticles for dual magnetic resonance and CT imaging while Badrigilan et al. [111]
conjugated Bi,O3 with iron oxides to improve the photothermal behaviour leaving untouched the high
bismuth radiopacity.

4. Conclusions

Bismuth oxides and related materials show a unique set of features that harvest a relevant interest
for plenty of biological applications. Ranging from the production of active drugs to diagnostic agents,
bismuth could play a major role in the extension of these productions enhancing the state-of-the-art
limit reaching new goals.

While there are plenty of more effective and specific drugs, the combination of radiopacity and
tunability of bismuth is quite a unique combination of properties. This represents the starting point for
the development of theragnostic platforms that could represent a real game-changing event in the
field of advanced medicine. Theragnostic is the field where bismuth could exploit its full potential.
Nonetheless, the main unaddressed challenge in the biological application of bismuth is represented
by the preparation of an only bismuth-based theragnostic platform where bismuth is simultaneously
the contrast agent and the bio-active specie. On this very same topic, a highly speculative but realistic
approach could be represented by the realization of a bismuth multilayered particles where the core
of bismuth oxide is covered by bismuth oxynitrate tailored with specific biological markers. This
hypothesized specie could be the first self-standing mono-element theragnostic preparation where
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bismuth oxide provides the radiopacity and surface tailoring together with intrinsic defects could
provide specific cytotoxicity and drug delivery system.

We strongly believe that the research of new bismuth oxide-based formulations and
nanoarchitectures will lead to major breakthroughs with a huge positive impact on humankind’s welfare.
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