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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.
Keywords: bismuth oxide; nanoparticles; radiopacity; chemotherapy; theragnostic

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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At room temperature, monoclinic α-Bi2 O3 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, α phase is converted into the cubic δ phase that has a defective
structure with random oxygen vacancies [34]. The β phase and several oxygen-rich forms are closely
related to the δ phase. In particular, the vacancy structures of highly defected bismuth oxides some
sites filled with O−2 together with Bi(III) and Bi (V) sites. Bismuth oxide γ-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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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 µmL/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 BiCl3 [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 in vivo 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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represented by bismuth oxohalides. Gao et al. [75] reported an in vitro study on the cytotoxicity of
BiOCl nanosheets in human HaCaT keratinocytes. The authors reported negligible BiOCl cytotoxicity
for concentrations lower than 0.5 µg/mL but the appreciable effect on cancerous cells for
concentrations ranging from 5 µg/mL of up to 100 µg/mL. The authors related the cytotoxicity of
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in human HaCaT keratinocytes. The authors reported negligible BiOCl cytotoxicity for concentrations
lower than 0.5 µg/mL but the appreciable effect on cancerous cells for concentrations ranging 7from
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bismuth oxide nanoparticles 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 µg/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 Na0.2Bi0.8O0.35F1.91 as both radiosensitizer and as
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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 µg/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 Na0.2 Bi0.8 O0.35 F1 .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) = I0 −ρµ(v) x

(1)

where I(x) is the intensity of the attenuated radiation, I0 is the original radiation intensity, ρ is the mass
density of the material, µ(ν) 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
µ ( v ) − µw
Radiopacity = 103 ·
(2)
µw − µa
where µw is the attenuation coefficient of water and µa 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 Bi2 O3 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 Bi2 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
Pazarçeviren et al. [93]. The authors doped a composite made of 45S5 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].
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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.
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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.

metallic bismuth nanoparticles will oxidatively decompose to biocompatible Bi(III) 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.
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Copyright 2018 American Chemical Society.
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 m2 /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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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 Bi2 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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