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Over the years, bioinspired mineralization-based approaches have been applied to synthesize multifunc-
tional organic—inorganic nanocomposites. These nanocomposites can address the growing demands of
modern biomedical applications. Proteins, serving as vital biological templates, play a pivotal role in the
nucleation and growth processes of various organic—inorganic nanocomposites. Protein-mineralized
nanomaterials (PMNMs) have attracted significant interest from researchers due to their facile and con-
venient preparation, strong physiological activity, stability, impressive biocompatibility, and biodegradabil-
ity. Nevertheless, few comprehensive reviews have expounded on the progress of these nanomaterials in
biomedicine. This article systematically reviews the principles and strategies for constructing nano-
materials using protein-directed biomineralization and biomimetic mineralization techniques.
Subsequently, we focus on their recent applications in the biomedical field, encompassing areas such as
bioimaging, as well as anti-tumor, anti-bacterial, and anti-inflammatory therapies. Furthermore, we
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discuss the challenges encountered in practical applications of these materials and explore their potential
in future applications. This review aspired to catalyze the continued development of these bioinspired
nanomaterials in drug development and clinical diagnosis, ultimately contributing to the fields of precision
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1. Introduction

Biomineralization is a common natural phenomenon involving
organisms guiding and regulating the formation of inorganic
minerals.”” Within biomineralization, organic matrices,
including organic molecules, polypeptides, proteins, and
nucleic acids, act as nucleation sites for inorganic minerals,
influencing crystal growth and assembly in biological
environments,> and yielding ordered organic-inorganic com-
posites with multi-stage structures. Several examples of these
biomineral tissues include shells, teeth, bones, and biological
shells. These biomineral tissues have crucial functions such as
protection, support, movement, and feeding.® Moreover, bio-
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medicine and translational medicine.

minerals regulated by organisms often exhibit superior
physicochemical properties compared to synthetic materials.
For instance, natural shells, composed of 95% aragonite and
5% organic matter, possess strength and toughness of approxi-
mately 3000 times greater than synthetic calcium carbonate
(CaCO;).” Therefore, under the guidance of living organisms,
the amalgamation of inorganic minerals and organic matrices
can yield materials with outstanding performance. Inspired by
the natural biomineralization process, researchers have intro-
duced biomimetic mineralization, a strategy to prepare bio-
mineral-like organic-inorganic composites in vitro by mimick-
ing the process of mineral growth in living organisms.®’
Importantly, organic matrices can reduce the energy barrier
for crystal nucleation and promote the heterogeneous nuclea-
tion of inorganic minerals."® Therefore, the crystallization
kinetics of inorganic substances may be modulated through
the organic matrices, achieving the controlled deposition of in-
organic minerals. With the intensive study of biomimetic min-
eralization technology, materials resembling shells, bones,
and teeth have been successfully synthesized, holding their
promise for significant roles in biomedicine."*™* By employ-
ing the biomimetic mineralization strategy and rational
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design, highly ordered organic-inorganic composites with con-
trollable structures, good biocompatibility, and distinct per-
formance can be fabricated, facilitating structural bionics.

In recent years, nanotechnology has witnessed substantial
progress in material science and biomedicine, leading to the
development of numerous organic-inorganic nanomaterials
with exceptional properties for various biomedical appli-
cations, including drug delivery,'*"'®> bioimaging,'® and cancer
therapy,’””'® among others. These biomimetic materials
exhibit excellent properties and biological functions. For
example, Wang et al. utilized the biomimetic mineralization
strategy to construct a calcium phosphate (CaP) mineral pro-
tective shell for a Japanese encephalitis vaccine, forming a
core-shell nanosized vaccine particle (B-JEV).>® The CaP shell
effectively prevented the exchange of hydrogen bonds between
the vaccine and the aqueous solution and realized the stable
storage of the vaccine at room temperature without compro-
mising its biological characteristics. During the process of in-
organic mineral formation, organic matrices play a crucial role
in the nucleation, growth, and assembly of inorganic minerals.
Among various organic matrices, proteins are widely explored
in biomineralization research due to their excellent mineraliz-
ation capacity and low immunogenicity. They selectively bind
to crystal surfaces, controlling crystal morphology, and can act
as templates for crystal nucleation, inducing specific crystal
orientation or growth.”’* Moreover, amino acids, the con-
stituents of proteins, typically possess multiple functional
groups, such as amino, carboxyl, hydroxyl, and thiol, facilitat-
ing the adsorption of inorganic metal ions and the subsequent
nucleation and growth of inorganic substances on proteins.
The resulting nanomaterials can be easily regulated by control-
ling parameters such as pH, temperature, and ionic strength.
Considerably, nanomaterials prepared by protein-directed bio-
mineralization and biomimetic mineralization strategies have
the following advantages. (i) Mild and green preparation con-
ditions: the synthesis of biomimetic nanomaterials can usually
be carried out in the aqueous phase and at room temperature,
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ensuring the safety of operation, effectively reducing energy
loss, and greatly reducing the possibility of environmental pol-
lution. (ii) Good physiological activity: with simple synthesis
conditions and a mild preparation process (typically at room
temperature), the physiological activity of proteins can be well
preserved. (iii) Good physiological stability: biomimetic nano-
materials can be synthesized and modified under near-physio-
logical conditions, ensuring their physiological stability as the
synthetic environment is very close to the in vivo environment.
(iv) Good biocompatibility and biodegradability: the main
components of nanomaterials, such as CaP and CaCOs3, can be
considered endogenous substances, which do not produce
notable biological toxicity.>*>> Moreover, these materials are
easily metabolized and excreted by the body, with the
degraded products potentially serving as nutritional elements.
These unique characteristics have attracted significant atten-
tion from researchers utilizing proteins as biological templates
to prepare biomineralized nanomaterials.

Several reviews have discussed the utilization of organisms
(e.g., viruses, bacteria, and cells) and biomineralization techno-
logy to fabricate hybrid organic-inorganic materials and
demonstrated their potential for diverse applications, such as
cell protection, vaccine development, and cancer therapy.
Nonetheless, there remains a dearth of systematic reviews con-
solidating protein-mineralized nanomaterials (PMNMs) and
their applications in the biomedical field. Therefore, a timely
review, and a systematic summary of the related work, would be
of great significance for the continuous development of hybrid
organic-inorganic nanomaterials. This review aims to compre-
hensively outline the general construction principles and strat-
egies employed in preparing PMNMs. Furthermore, it systemati-
cally examines the application of these materials in biomedical
domains, such as bioimaging, as well as anti-tumor, anti-bac-
terial, and anti-inflammatory therapies (Scheme 1).
Furthermore, the review explores the potential challenges
associated with these nanomaterials in practical applications,
providing insights into their future utilization. Importantly, the
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Scheme 1 Schematic illustration of the construction principles, construction strategies, and biomedical applications of PMNMs.

findings of this review will provide a comprehensive under-
standing of these nanomaterials and offer guidance for their
translation from the laboratory to clinical settings.

2. The construction principles and
strategies of PMNMs

2.1. Construction principles

Unlike general mineralization, biomineralization stands out
for its unique ability to control the orientation, nucleation,
growth, and assembly of crystals from the molecular to the
macroscopic levels through the interactions between organic
macromolecules and inorganic ions at the interface. These
consequences eventually result in the formation of organic-in-
organic hybrid materials with distinctive hierarchical struc-
tures and assembly patterns. Two key aspects during biominer-
alization include the arrangement of organic macromolecules
and their continuous interactions with inorganic minerals.
Typically, biomineralization follows four stages: pre-assembly
of the organic matrix, interfacial molecular recognition, modu-
lation of crystal growth, and epitaxial growth of crystals.”®
During the biomineralization process, proteins act as an
organic matrix, playing a key role in regulating the mineraliz-
ation process of inorganic components. Research on the role
of proteins in biomineralization mainly focuses on their func-

This journal is © The Royal Society of Chemistry 2024

tions in nucleation and the growth of biominerals. Firstly, the
pre-assembly of the organic matrix is a prerequisite for biomi-
neralization. Before mineral deposition, proteins are pre-
assembled in a specific manner to create an organized reaction
environment. In this environment, these protein assemblies
often act as the core of mineralized systems, providing sites for
the nucleation of inorganic minerals and serving as a biologi-
cal template to control the growth and assembly of crystals.
Secondly, proteins influence the nucleation and growth of bio-
minerals through molecular recognition at the organic-in-
organic interface. Under the regulation of protein assemblies,
inorganic components nucleate and grow at the organic-in-
organic interface through various forces, including hydrogen
bonds, electrostatic interactions, metal chelation, and van der
Waals forces. The primary (amino acid sequences) and second-
ary (protein conformations, such as o-helix and p-folding)
structures of proteins are considered crucial in the molecular
recognition process. The primary structure of proteins is essen-
tial for recognizing inorganic ions, as different amino acid
residues can chelate various inorganic ions. The secondary
structure of proteins can adapt to the molecular structure of
inorganic crystals through conformational changes, facilitating
molecular recognition. Molecular recognition at the organic-
inorganic interface is a specific process that influences and
regulates the crystal phase, crystal shape, orientation, and mor-
phology of inorganic crystals.””

Nanoscale, 2024, 16, 1633-1649 | 1635
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Recently, several efforts have been dedicated to the crystalli-
zation theory during biomineralization. The aggregate nuclea-
tion growth of monomers forms the theoretical basis of the
classical crystallization model. This model helps understand
the phenomena of crystallization promotion or inhibition and
the equilibrium morphology of crystals in biomineralization
and biomimetic mineralization systems. According to the clas-
sical nucleation theory, the original assembly units of crystals
are atoms, ions, or molecules, and their growth accumulates
on a stable crystal core through ion superposition and unit
replication.”® Various factors, including proteins, inorganic
ions, and genes, influence the crystallization process of bio-
minerals. Biomineralization is a complex mineral formation
process that does not perfectly conform to the conventional
nucleation theory of inorganic crystals. Studies have revealed
the existence of other crystallization pathways in biominerali-
zation systems, such as prenucleation clusters and disordered
and amorphous precursor nucleation modes.”**> For
example, Weiner et al. observed that the biomineralization
process of spicules in sea urchin embryo consists of two
stages.*® Initially, it accumulates into a metastable transition
phase through amorphous CaCO; nanoparticles (NPs) before
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transforming into steady-state calcite single crystals. The for-
mation of metastable amorphous precursors is a significant
factor influencing the nucleation of CaP and CaCO; crystals.
This transformation pathway is widespread in the formation of
various biological minerals, including bones, teeth, and cara-
paces of animals.**?® Understanding the crystallization
process in biomineralization research is crucial for an in-depth
understanding of biomineralization processes and its regulat-
ory mechanisms, as well for the design and preparation of
active materials with biomineral-like structures and biogenic
functions.

2.2. Construction strategies

Due to their unique structures, functions, and characteristics,
proteins can serve as organic templates and stabilizers to
guide and regulate the nucleation, growth, and assembly of in-
organic components, resulting in the formation of NPs with
uniform particle sizes. The wide variety of proteins and in-
organic NPs provides diverse options for the construction of
PMNMSs. Depending on the type of proteins used, there are pri-
marily two strategies: in situ mineralization and genetic engin-
eering (Table 1).

Table 1 Typical examples of nanomaterials prepared via protein-directed biomineralization and biomimetic mineralization technology

Inorganic
Strategy mineral Protein Nanomaterial Size Characteristic Ref.
In situ PtS HSA PtS-NDs 2.1 nm, 3.2 nm, Tunable size, excellent photothermal 39
mineralization 4.5 nm conversion performance, and effective
resistance to photobleaching
MnO, BSA MnO, NFs 50 nm (lateral Remarkable tandem enzyme-like 40
size), 3 nm activities (GOx-like activity and
(thickness) peroxidase-like activity)

Ag,S BSA Ag,_3,Bi,S QDs 4.1 nm Desirable NIR-II fluorescence imaging 77
capability and high photothermal
conversion efficiency

AuNCs Keratin AuNCs-Ag@Keratin-Gd 75 nm Enhanced fluorescence intensity; high 81
colloid stability

CuCaP GOx PGC-DOX 88 +17 nm H,0, self-supplying, GSH-eliminating 105
properties, and efficient catalytic activity

ZIF-8 GOx&HRP GOx&HRP@ZIF-8/ASO ~ 410 nm Superior biocompatibility and excellent 115
anti-bacterial properties

Genetic Pt/Rh/Au/  Genetically FTn-Pt/FTn-Rh/FTn- 2 nm/2 nm/ High peroxidase-like activity and 52
engineering Ir/Mn recombinant human  Au/FTn-Ir/FTn-Mn 2 nm/2 nm/6 nm effective tumor-targeting ability
heavy-chain ferritin

Co030, Genetically modified ~ HccFn(Cos0,4) 12.1 £ 0.4 nm Hce-targeting ability and high 56

ferritin peroxidase-like activity

CoFe,0, Genetically modified ~ Co-doped HFt- ~7 nm Excellent melanoma-targeting ability 57

human ferritin MSH-NPs and high hyperthermic efficiency

Fe;0, Genetically eMIONSs 22 nm Ultrahigh crystallinity, excellent 61

recombinant magnetic-to-thermal conversion
encapsulin efficiency, and superior specific
absorption rate

Au Genetically RHMH18@AuD NPs 80 nm Tumor-targeting ability, enzyme- 63

recombinant HSA responsive drug release and favorable
biocompatibility

Abbreviations: AuNCs - Gold nanoclusters; ASO - Antisense oligonucleotide; BSA — Bovine serum albumin; Ce6 - Chlorin e6; CuCaP - Copper-
doped calcium phosphate; DOX - Doxorubicin; eMIONs — Encapsulin-produced magnetic iron oxide nanocomposites; Ftn — Ferritin; GOx -
Glucose oxidase; GSH - Glutathione; Hee — Hepatocellular carcinoma; HFt - Human ferritin; HRP - Horseradish peroxidase; HSA — Human
serum albumin; MSH - Melanocyte-stimulating hormone peptide; NFs — Nanoflakes; NDs — Nanodots; NIR-II - Second near-infrared; PGC-DOX -
PEG-GOx encapsulated and DOX-loaded CuCaP; QDs - Quantum dots; RHMH18@AuD NPs — HSA fusion protein NPs co-loaded with Au NPs and

docetaxel; ZIF-8 - Zeolite imidazole framework-8.
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2.2.1. In situ mineralization strategy. The interaction
between metal ions and proteins mainly involves two main
types: electrostatic interaction and metal reduction reaction.
The primary structure of proteins is rich in a large number of
active amino acid residues, such as negatively charged amino
acid residues and redox-active amino acid residues,®” which
play a crucial role in the mineralization process of biominerals.
They can act as nucleation sites for mineral that favor in situ
mineral deposition. Specifically, negatively charged amino acid
residues with carboxyl groups, like aspartate and glutamate, can
combine with positively charged inorganic metal ions through
electrostatic interactions. In the case of the supersaturated
system, inorganic minerals can be formed spontaneously
through ion adsorption and mineral deposition.*® For instance,
Li et al. applied human serum albumin (HSA) as a biological
template to induce and regulate the biosynthesis of precious
metal platinum sulfide nanodots (PtS-NDs).>? PtS-NDs were syn-
thesized in two steps: first, the Pt**-HSA nanocomplex was
formed through electrostatic interactions between the carboxyl
group in HSA and Pt** in PtCl,. Subsequent addition of Na,$ in
the solution promoted the nucleation and growth of PtS within
the HSA cavity through a precipitation reaction. The particle
size of PtS-NDs could be precisely controlled by adjusting HSA
concentration and incubation time. PtS-NDs exhibited excellent
photothermal conversion performance and resistance to photo-
bleaching. Although the size and morphology of NPs can be
adjusted by changing the preparation conditions, it is challen-
ging to synthesize two-dimensional nanomaterials using
albumin as a template. This may be due to the fact that
albumin and inorganic crystals tend to form isotropic spherical
structures under mild conditions, which is also present in nano-
materials synthesized by using other proteins as templates.
Interestingly, Li et al. synthesized morphologically controllable
MnO, nanoflakes (NFs) by adjusting the concentration of
manganese ions using BSA as the nucleating skeleton and the
stabilizer.*® The lateral dimension of MnO, NFs could be
adjusted by changing the concentration of BSA. In addition, the
synthesized MnO, NFs exhibited excellent dual enzyme activi-
ties (glucose oxidase-like activity and peroxidase-like activity).
Overall, this work provided a simple and effective strategy to
synthesize two-dimensional metal oxide nanomaterials utilizing
a protein-directed biomineralization.

In situ mineralization of minerals, such as CaP, manganese
phosphate, or copper phosphate on the glucose oxidase (GOx)
template, can be achieved by adding GOx and inorganic metal
ions (e.g., calcium, manganese, or copper ions) to a sugar-free,
phosphate-rich DMEM solution with pH buffering capacity (pH
= 7.4)."" For example, Huang et al. prepared a manganese-
doped CaP NPs through a biomimetic mineralization strategy.
Then, catalase (CAT) and sinoporphyrin sodium were co-encap-
sulated on the surface of the NPs by simple mixing. Thus, a bio-
degradable and O, self-supplying nanoplatform (named GMCD)
was obtained.**> The GMCD exhibited good biocompatibility, a
long-term sustained drug release, and an excellent tumor
growth-suppressed effect. In addition to the ion adsorption and
deposition, the coordination effect between metal ions and

This journal is © The Royal Society of Chemistry 2024
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organic ligands contributes to the nucleation and growth of
minerals on protein templates.*® For instance, Chen et al. pro-
posed a general and rapid biomimetic mineralization strategy
for efficiently delivering proteins by mixing different proteins
(e.g., p-galactosidase, caspase 3/HSA, BSA, and ferritin) with
2-methyl imidazole (2-MI) and subsequently adding a zinc
nitrate solution.** Due to the high affinity of Zn** to proteins
and the strong coordination effect between Zn>* and 2-Ml, bio-
mineralized zeolitic imidazolate framework-8 (ZIF-8) NPs were
successfully synthesized. This approach preserved the biological
activity of the protein and protected it from degradation by pro-
teolytic enzymes. Furthermore, with polymer modification, the
ZIF-8 NPs could achieve long-term storage in the culture
medium without significant activity loss.

In addition, the surface of proteins is typically rich in
redox-active amino acid residues, such as tyrosine, tryptophan,
and cysteine.” These amino acid residues exhibit strong
reduction abilities, allowing them to adsorb metal ions such
as manganese, platinum, gold, and silver ions, enabling the
reduction of high-valent metal ions to low-valent metal ions,
which is conducive to the nucleation and growth of inorganic
nanomaterials. During this process, proteins serve not only as
biological templates but also as reducing agents. For instance,
the potent oxidant KMnO, undergoes a rapid redox reaction
when in contact with organic substances. The resulting
reduction product then further reacts with the protein to gene-
rate a protein-MnO, complex. Emulating this intriguing
process, Pan et al. introduced an exceptionally straightforward
strategy for preparing multifunctional protein-MnO, NPs.*®
Specifically, by employing BSA as both the reducing agent and
template, they synthesized BSA-MnO, NPs through a redox
reaction involving KMnO, and BSA in an aqueous solution,
stirring at 37 °C for 2 hours. BSA-MnO, NPs exhibited uniform
size (2.9 nm), excellent monodispersity, and good T, relaxation
performance (7.9 mM ™" s7'). Furthermore, two nanoprobes,
BMP and BMI, were created for MRI-guided chemotherapy and
photothermal therapy (PTT) by simply incorporating two
drugs, paclitaxel and indocyanine green (ICG), into the hydro-
phobic domain of BSA within BSA-MnO, NPs. Similarly, this
strategy could be equally applicable to the preparation of other
protein-based nanoprobes, such as ovalbumin and transferrin.
While biomineralization strategies hold great potential in pro-
ducing multifunctional nanotheranostic agents by thought-
fully integrating biological macromolecules and inorganic
materials, it is important to note that the effective and repro-
ducible preparation of such nanotheranostic agents remains a
challenge. In this regard, Xiao et al. applied oxidative polymer-
ization in the biomineralization process of the albumin tem-
plate, enabling the simple synthesis of nanotheranostic
drugs.”” They synthesized a series of biomineralized polymers
and MnO, mixed NPs (PMHNs) by polymerizing different
monomers, such as dopamine (DA), pyrrole (PY), and epigallo-
catechin (EGC), and reducing KMnO, within an albumin tem-
plate. These PMHNs exhibited good biocompatibility and renal
clearance and possessed an ultra-high longitudinal relaxation
(r1, 38.14 mM™" s7') and excellent photothermal conversion
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efficiency (47.1%). In summary, combining oxidative polymer-
ization and biomineralization strategies offered a feasible
approach for the straightforward and reproducible preparation
of multifunctional nanotheranostic agents.

2.2.2. Genetic engineering strategy. The presence of a
structure that induces ion nucleation and a space that limits
the maximum growth of crystals is essential for achieving
directed biomineralization.*® Ferritin, a vital protein naturally
occurring in various eukaryotes, self-assembles from heavy and
light chains into a spherical cage structure with an outer dia-
meter of 12 nm and an inner diameter of 8 nm, responsible for
iron transport and storage within the body.***® Ferritin nano-
cages are the most extensively studied proteins in iron metab-
olism and serve as a representative system for studying biomi-
neralization both in vivo and in vitro. Given the presence of fer-
roxidase centers (FOCs), ferritin possesses a natural biominera-
lization capacity, making it a powerful tool for the synthesis of
various metal nanoclusters (NCs), and metal oxide NPs, includ-
ing AuNCs,>" PtNCs,”* Co;0, NPs,* and MnO, NPs.>* Although
ferritin nanocages can be targeted by combining them with the
transferrin receptor 1 (TfR1), achieving more diverse and
precise targeting modifications on the ferritin surface is necess-
ary to enhance their targeting effectiveness and broaden bio-
medical applications. Ferritin is amenable to specific modifi-
cations through genetic engineering techniques, enabling
functionalization of the nanocage’s surface with targeted pep-
tides, such as Arg-Gly-Asp (RGD) peptide,”® hepatocellular carci-
noma cell-specific peptide SP94,°® and melanocyte-stimulating-
hormone peptide.”” These functional modifications provide fer-
ritin with cell-specific targeting abilities to enhance the utiliz-
ation and therapeutic effectiveness of ferritin-based nano-
medicine while reducing side effects on non-target organs.
Without interfering with the unique structure of the ferritin
nanocage, the Douglas research group used genetic engineering
techniques for the first time to modify the surface of human
H-chain ferritin (HFn) with the targeted RGD polypeptide
(RGD-4C peptide) in 2006, resulting in the creation of
RGD4C-Fn.”® Subsequently, RGD4C-Fn was employed as a bio-
logical template for in vitro biomimetic mineralization to syn-
thesize magnetite NPs. The genetically-engineered RGD4C-Fn
exhibited improved tolerance and could guide the mineraliz-
ation process of magnetite NPs at a higher temperature (65 °C)
and pH (8.5) compared to the control group (HFn).
Furthermore, magnetite NPs derived from RGD4C-Fn mineraliz-
ation demonstrated enhanced cell-specific targeting capabilities
to target o,f; integrins on angiogenic tumor vasculature. This
work represented an innovative expansion of the application of
protein nanocages in cancer therapy. The combined approach
of protein nanocages and genetic engineering techniques could
be applied to the surface modification of other protein nano-
cages and the incorporation of other peptides into protein
nanocages.

Unlike ferritin, encapsulin is an iron-storage protein discov-
ered in prokaryotes in recent years. It has a larger size and
greater loading capacity than ferritin. Despite its different
origin, it shares a functional sequence similarity of 70% with
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ferritin and possesses the same FOCs.>®**° However, iron-
storage protein nanocages form NPs only through the spon-
taneous biomineralization processes of organisms, which
suffers from several disadvantages, such as low mineralization
efficiency and inadequate performance. Genetic recombinant
protein has gained significant attention in recent years in
nanomedicine research.®® Genetic engineering modifications
can enhance the biomineralization abilities of iron-storage
proteins, yielding NPs with superior performance. Zhang et al.
utilized genetic engineering technology to modify the iron-
storage protein encapsulin from Myxococcus xanthus, re-engin-
eering three proteins, such as encA, encB, and encC.®' The
expression levels of encB and encC, the major proteins respon-
sible for mineralization, were approximately two-fold higher
than those in the wild-type encapsulin. Subsequently, they
employed biomimetic mineralization technology to fabricate
encapsulin-produced magnetic iron oxide nanocomposites
(eMIONS). Given the high expression levels of encB and encC,
eMIONs exhibited a crystallinity of up to 100%. Furthermore,
eMIONs in the presence of a magnetic field demonstrated
excellent magnetic-to-thermal conversion efficiency and a
superior specific absorption rate (SAR). The SAR value of
eMIONs reached up to 2390 W g™, which was nearly 20-fold
higher than that of the clinically used IONs Feridex (115 W
g"). This work effectively addressed the issue of low magnetic-
to-thermal conversion in magnetic hyperthermia therapy to a
significant extent.

Using genetic engineering, specific sequences can be
inserted into the gene sequences of proteins, allowing the
generation of multifunctional proteins. Then, these newly
engineered proteins are expressed by bacteria, thus realizing
precise modification of protein structures. In addition to the
ferritin family, HSA can be genetically engineered to produce
customized multifunctional HSA fusion proteins. For instance,
Chen et al. used gene fusion technology to modify HSA by
introducing  poly-histidine, matrix metalloproteinase-2
(MMP-2) response sites, and RGD peptides at the C- and
N-termini of HSA, respectively.®” A fusion protein named
RHMH18 was then expressed by Pichia pastoris, integrating pH
responsiveness, MMP-2 enzyme responsiveness, and tumor
targeting. Furthermore, ultrasmall Au NPs were embedded
into the RHMH18 protein through biomimetic mineralization,
while chemotherapeutic docetaxel was loaded into histidine
micelles through hydrophobic interactions, resulting in the
formation of RHMH18@AuD NPs.*® The conformation of
RHMH18@AuD NPs remained consistent with native HSA,
ensuring the excellent biocompatibility of the NPs. Combined
with near-infrared (NIR) laser irradiation, RHMH18@AuD NPs
achieved highly effective treatment for ovarian cancer by lever-
aging the synergistic effects of chemotherapy and PTT.

3. Biomedical applications

Generally speaking, proteins possess some characteristics such
as good biocompatibility, stability, targeting, and multifunc-
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tionality. Some inorganic components might have excellent
performance in optics, heat, or magnetism. Owing to their
comprehensive performances, these PMNMs nanocomposites
hold great potential in biomedical applications. Next, we focus
on the recent progress of PMNMs in bioimaging, anti-tumor
therapy, anti-bacterial therapy, and anti-inflammatory therapy.
These nanomaterials encountering potential obstacles in their
applications, as well as the opportunities, are also discussed.
Hopefully, new insights and inspirations are provided for the
development of new PMNMs.

3.1. Bioimaging

Modern biomedical imaging technologies are crucial in all
stages of biomedical disease management, including preven-
tion, diagnosis, grading, prognosis, and surgical guidance.®*
The versatile application of imaging techniques allows the
study of physiological and pathological processes objectively,
spanning multiple scales of time and space. Organic-in-
organic nanomaterials synthesized through protein-directed
biomineralization are ideal for bioimaging applications. They
can be structurally modified using genetic engineering or
chemical reactions, and they offer the flexibility to serve as the
mineralization chamber for heavy atoms or metal complexes
mineralization compartments and incorporate probe mole-
cules.®® These properties make PMNMs highly promising in
the field of biological imaging applications, applicable to mag-
netic resonance imaging (MRI), fluorescence imaging (FI), and
bimodal imaging.

3.1.1. Magnetic resonance imaging (MRI). MRI is a non-
invasive diagnostic technique that is widely used due to its
excellent temporal and spatial resolution.®® Excellent MRI con-
trast agents are crucial to achieving MRI. However, most con-
trast agents have poor selectivity, low proton relaxation, and
high toxicity after administration. With biomineralization or
biomimetic mineralization technology, proteins can be easily
synthesized in vitro metal oxide nanomaterials, like MnO,,*”
Gd,03,%® and Fe;0,,%° by adsorbing magnetic elements (e.g.,
Mn**, Gd**, and Fe*"). These composite nanomaterials usually
have excellent imaging contrast and are biocompatible, thus
they are expected to be employed as MRI contrast agents. In
the case of albumin, its mineralization chamber can be used
as a “foundry” for the synthetics of metal oxide nanomaterials,
and its high affinity to albumin receptors and easy modifi-
cation make albumin NPs potential candidates for tumor MRI.
Wang et al. synthesized ultra-paramagnetic iron oxide NPs
(uBSPIOs) through a one-step in situ mineralization strategy by
using BSA as a template.”® uBSPIOs have a good monodisper-
sity and an ultra-high transverse relaxation (444.56 =
8.82 mM ™' s7!). uBSPIOs also have an extremely high satur-
ation magnetization (84.32 emu g '), much higher than other
Fe;O4 NPs of the same size.”' After coupling luteinizing
hormone-releasing hormone peptide on the surface of
uBSPIOs, tumor targeting can be achieved, and T,-weighted
MRI can be realized. By combining the pathological character-
istics of the lesion microenvironment, microenvironment-
responsive contrast agents can be designed to perform precise
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MRI of the lesion site. Considering the acidic microenvi-
ronment of acute myocardial infarction (AMI) disease, Wang
et al. prepared a pH-responsive and biocompatible nanoprobe
(MnO,@BSA) for T;-weighted MRI of AMI in the rabbit model
(Fig. 1a-i).”> Compared with the low r; (0.34 mM ™" s™') under
normal physiological conditions (pH 7.4), MnO,@BSA showed
an acidic pH-responsive Mn** release behavior with molecular
relaxation of about 38-fold and 55-fold improvement in simu-
lating the AMI environment (pH 6.5) and the intracellular
environment of macrophages (pH 5.0), respectively. In
addition, MnO,@BSA could be selectively enriched in AMI
tissues in a short time and detected AMI in heart tissue for
diagnosis. The contrast enhancement was significantly better
than commercially available Gd-DTPA (4.3 mM™* s™') and
Gd,0;@BSA without the pH-responsive characteristics (Fig. 1a-
ii). The results showed that nanoprobes with pH-responsive
properties greatly improved the sensitivity and specificity for
early diagnosis of focal tissues, which is achieved by signifi-
cantly amplifying the imaging contrast of focal tissue and
switching the imaging signal.

3.1.2. Fluorescence imaging (FI). As an important tool for
preclinical research, FI can accurately identify and report on
diseases. Nowadays, two materials are mainly used for FI. One
of them is biological materials, such as fluorescent proteins;”®
the other is inorganic and organic fluorescent materials, such
as quantum dots” and carbon nanotubes.”> However, these
materials suffer from disadvantages such as poor stability and
poor biocompatibility. Some inorganic nanomaterials with
fluorescence characteristics can be produced through biomi-
neralization and biomimetic mineralization strategies on the
basis of protein, such as Ag,S NCs,’*’” CdNCs,”® and
AuNCs.”® These materials offer relatively good biocompatibility
and in vivo stability. Since histidine on the ferritin heavy chain
can bind metal ions, excited AuNCs were synthesized inside
ferritin by Sun et al.®® By measuring the fluorescence spec-
trum, the energy resonance transfer between the two AuNCs
with increasing size and decreasing distance between the two
gold clusters would gradually increase the total fluorescence
intensity of the two nanoclusters and redshift the fluorescence
spectrum. They successfully performed targeted FI in Caco-2
cells with the ferritin receptor and in the kidneys of mice,
respectively. AuNCs synthesized as protein templates have
attracted much attention in FI due to their simple synthesis
and good biocompatibility. However, these nanomaterials still
have problems such as poor colloidal stability and nonideal
fluorescence intensity. A self-assembly strategy of cation-
induced protein-AuNCs for enhanced FI was proposed by Li
et al. (Fig. 1b-i).®' Firstly, they synthesized AuNCs using
cysteine-rich keratin as a template. After silver ions modifi-
cation and Gd ions doping of AuNCs@Keratin, AuNCs-
Ag@Keratin-Gd was obtained. The colloidal stability of the
NPs was improved due to the blocking of free thiols in keratin.
Storage in aqueous solution for up to four months, with negli-
gible changes in hydrodynamic diameter. In addition, after
four months of storage, AuNCs-Ag@Keratin-Gd could still
maintain more than 85% of the fluorescence intensity, which
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Fig. 1 (a) The biomineralized nanocomposites for precise MRI. (i) Schematic of MnO,@BSA and Gd,Oz@BSA nanocomposites for conducting MRI
of AMI in rabbit models. (ii) MRI of AMI in rabbits contrasted by Gd-DTPA, Gd,Oz@BSA, and MnO,@BSA. Reproduced from ref. 72 with permission.
Copyright 2020. Elsevier. (b) Keratin-templated gold nanoclusters (AuNCs@Keratin) for enhanced Fl. (i) The construction process of dual-metal
doped AuNCs@Keratin (AuNCs-Ag@Keratin-Gd) and their applications in biomedical fields. (ii) FI images of 4T1 tumor-bearing mice after administer-
ing different samples. (iii) Relative fluorescence intensities were measured from the image in (ii). Modified from ref. 81 with permission. Copyright
2020. Elsevier. (c) A BSA-mineralized nanoprobe for in vivo bimodal imaging. (i) Structural illustration of BCGCR. (ii) FI images (top) and MRI images
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after intravenous injection of BCGCR. Reproduced from ref. 87 with permission. Copyright 2022. American Chemical Society.

was in sharp contrast to the results of AuNCs@XKeratin (the
fluorescence intensity is maintained at about 60% of the
initial after four weeks of storage). Silver ions modification
effectively increased the fluorescence intensity of the NPs,
which was mainly attributed to the “silver effect”.**** The fluo-
rescence intensity of AuNCs-Ag@Keratin particles was further
enhanced to 6.5 times that of AuNCs@XKeratin upon Gd ions-
induced aggregation. The excellent FI performance of nano-
composite was also validated by in vivo FI experiments in mice
(Fig. 1b-ii and iii).

3.1.3. Bimodal imaging. With the development of science
and technology, a single imaging modality may not meet the
demand for accurate detection of patients’ diseases. For
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example, FI techniques, despite their high sensitivity and
selective excitation, also have the disadvantages of poor spatial
resolution and low optical tissue penetration depth, so they
are mostly limited at the animal level.’* Although there are
several clinical examples of surgical navigation through optical
imaging, fluorescent substances have poor resistance to photo-
bleaching and are easily cleared by the body, greatly hamper-
ing their applicability.®> Therefore, multimodal imaging
technology has emerged to realize the complementary advan-
tages of multiple imaging technologies. For the same lesion
area, different imaging modes and fusion analyses are com-
bined to obtain more accurate pathological results, which
greatly improves the sensitivity and accuracy of imaging detec-
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tion and also helps doctors to make more accurate decision.®®
Using BSA as the template and the stabilizer, Luo et al. syn-
thesized CuS/Gd,0; NPs (named BCG) with an average size of
5 nm through a biomimetic mineralization strategy.’” The
Cy5.5 fluorophore and RGD peptide were further modified on
the surface of BCG to fabricate a tumor-targeted nanoprobe
(named BCGCR) (Fig. 1c-i). The modified RGD peptide
endowed BCGCR with the ability to actively recognize tumor
cells, as well as facilitated the uptake of BCGCR by tumor cells
(Fig. 1c-ii). The BCGCR could be applied for MRI/FI bimodal
imaging of tumors with high spatial resolution and high sensi-
tivity (Fig. 1c-iii). In terms of fluorescence properties, the
BCGCR could emit strong NIR fluorescence at 710 nm. For
MRI, the BCGCR possessed a high longitudinal relaxation at
1.5 T (r, = 15.3 mM " s7"), which was 3-fold higher than that
of the clinically used Gd-DTPA (r, = 4.3 mM™"' s™'). The
improved longitudinal relaxation might be attributed to the
fact that Gd was encapsulated within the limited space of BSA,
hindering the rotation and thus prolonging the tumbling time.
Based on these satisfactory performances, BCGCR might have
great potential for bimodal imaging as both a sensitive FI
probe and an effective T;-weighted MRI contrast agent.

3.2. Anti-tumor therapy

In recent years, the increasing incidence and mortality of
cancer have become a serious threat to human health and life,
and effective cancer treatment has become a major challenge
in the field of medical research.®®® At present, surgery,
chemotherapy, and radiotherapy are the most commonly used
cancer treatment methods clinically. However, these tra-
ditional treatments still have many shortcomings, including
non-specific treatment, ease of metastasis and recurrence,
acquired multidrug resistance, and serious toxic side
effects.”® > With the development and rise of nanomedicine,
the drawbacks of traditional cancer therapy are expected to be
overcome. Through the enhanced permeability and retention
effect (EPR) of solid tumors or surface coupling of targeting
ligand, nanocarriers can realize the selective administration of
tumor tissue by passive or active targeting to improve the bio-
availability of anti-cancer drugs, enhance the therapeutic
effect, and reduce the toxic side effects.”*™®> Compared with
chemical methods to prepare nanocarriers, mineralization-
based methods are characterized by good biocompatibility,
facile nature, and low cost, having high feasibility and great
potential from laboratory research to clinical application.
Moreover, tumor tissues showed significantly different physio-
logical properties, such as slight acidity, hypoxia, GSH over-
expression, and enzyme overexpression.”®°® Based on these
characteristic pathological signals, the researchers constructed
numerous nanocarriers in response to the tumor microenvi-
ronment (TME). These vectors can undergo structural or con-
formational changes in response to endogenous stimuli such
as pH, GSH, and enzymes, which can trigger the precise and
controlled release of the loaded drugs. For instance, Xie et al.
used BSA-biomineralized MnO, as a carrier for loading the
anti-tumor drug methotrexate (MTX) and fluorescent dye Cy5.5
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through amide condensation, to prepare the nanodrug
MTX-BSA@MnO,-Cy5.5 (MBMC NPs).”® The designed MBMC
NPs are for the diagnosis and treatment of anaplastic thyroid
carcinoma. MBMC NPs showed good pH-responsive drug
release and imaging performance. Specifically, the drug
release experiment showed that the cumulative release rate of
MBMC NPs reached 88.84% at pH-5.5 in 48 hours, which was
much higher than the cumulative release rate at pH-7.4
(57.09%). This result could be conducive to achieving the tar-
geted release of MTX from nanomedicine at the tumor site
and to a lower extent in normal tissues, thus ensuring the
therapeutic efficacy and safety of nanomedicine. With the
rapid development of cancer therapy, a variety of novel cancer
therapeutic modalities have been developed, such as PTT,
photodynamic therapy (PDT), and chemodynamic therapy
(CDT), except chemotherapy, radiotherapy, and surgery.'°%'*!
Combining the chemotherapy mediated by the nanodrug deliv-
ery systems with these advanced therapeutic modalities can
further enhance the tumor growth-suppressed effect and even
achieve complete tumor eradication. In another example, Xue
et al. reported a multiple stimuli-responsive drug-loaded nano-
platform using silk fibroin as a template and a reducing
agent.'®® Due to acidity-triggered MnO, degradation and proto-
nation of the amino groups in doxorubicin (DOX), the acceler-
ated release of DOX is achieved. The addition of H,O, also
induced SMID NPs to release more DOX. In addition, the
increased temperature helps to increase the release rate of
DOX from SMID NPs. This may be attributed to the destruc-
tion of ICG/DOX complex and the increase in DOX solubility.
The result of in vivo anti-tumor experiments showed that the
nanoplatform could realize the combination of PTT, PDT, and
chemotherapy, with the best inhibitory effect on 4T1 tumor
growth.

Among various cancer therapeutic modalities, CDT is an
effective therapeutic modality that kills tumor cells by catalyz-
ing the production of highly toxic -OH by endogenous
H,0,.'°%'%* However, insufficient H,O, in tumor cells and
high glutathione (GSH) concentrations limit the efficacy of
CDT. Accordingly, Huang et al. designed an intelligent nano-
medicine with H,O, self-supplying and GSH-eliminating pro-
perties (Fig. 2a).’°> Copper-doped CaP NPs were prepared by
one-step biomineralization using polyethylene glycol-modified
GOx as a template. After loading the anti-tumor drug DOX, a
well-monodispersed PGC-DOX NPs was obtained (Fig. 2b). In
response to the acidic TME, PGC-DOX NPs were disintegrated,
releasing payloads such as GOx, Cu”**, and DOX. GOx could
effectively catalyze glucose to produce H,0O, (Fig. 2c), which
not only starved cancer cells but also provided substrates for
the subsequent Fenton-like reaction. The released Cu®>" under-
went a redox reaction with intracellular GSH, resulting in GSH
depletion, and simultaneous reduction of Cu®>" to the Fenton-
like reagent Cu’. Further, large amounts of -OH were generated
through the Cu'-mediated Fenton-like reaction for efficient
CDT (Fig. 2d). By integrating GOx-mediated starvation therapy,
Cu'-mediated CDT, and DOX-mediated chemotherapy,
PGC-DOX could effectively inhibit the fast growth of 4T1
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tumors, not only through intratumoral injection (Fig. 2e) and
intravenous injection (Fig. 2f).

3.3. Anti-bacterial therapy

Since the introduction of antibiotics in the mid-20™ century,
the fatality rate of bacterial infectious diseases has dropped
dramatically. However, with the large-scale abuse of anti-
biotics in recent years, bacteria have gradually developed resis-
tance to traditional antibiotics, resulting in the emergence of
the so-called “superbug”.'°®'°” Moreover, bacteria can protect
themselves from exogenous substances such as antibiotics by
forming biofilms. The bacteria in the biofilm are significantly
different from the free strain in terms of morphological and
physiological roles, and their tolerance to antibiotics will be
significantly improved.'”® The combination of these two
adverse factors significantly improves bacterial resistance to
antibiotics, weakens the effectiveness of conventional anti-bac-
terial treatment, and triggers intractable infectious diseases.
To address the growing problem of bacterial drug resistance, it
is urgent to develop new and effective anti-bacterial strategies
to replace traditional anti-bacterial therapies for the treatment
of drug-resistant bacterial infectious diseases. Nanomaterial-
based therapeutics are considered to be an effective approach
to combating recalcitrant bacterial infections, effectively
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killing drug-resistant bacteria without causing an increase in
drug resistance.' Recently, nanomaterials prepared based on
biomineralization and biomimetic mineralization techniques
were also used to combat bacterial infections due to their good
biocompatibility and excellent anti-microbial properties.
Through biomineralization technology, some inorganic nano-
materials with anti-bacterial performance can be easily and
quickly synthesized, such as Ag NPs,'"*° Au NPs,"'' Cu,0
NPs,'*? and other nanomaterials. Adjusting the particle size
and surface functionalization can strengthen the interactions
between nanomaterials and bacteria, interfering with the com-
munication between bacteria (i.e., quorum sensing),"** and
hindering the formation of biofilm. Nanomaterials prepared
based on biomineralization and biomimetic mineralization
techniques may provide an effective strategy to solve the global
problem of bacterial drug resistance.

Staphylococcus aureus (S. aureus) and Escherichia coli
(E. coli) are the most common pathogenic bacteria. Huang
et al. prepared copper sulfide (CuS) NPs with a uniform size
utilizing BSA as a template."** The as-formed BSA-CuS nano-
materials exhibited good biocompatibility and low toxicity to
the normal cells. In addition, under 980 nm laser irradiation,
BSA-CuS nanomaterials showed excellent photothermal per-
formance and a strong ability to ablate pathogenic bacteria.
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Specifically, BSA-CuS nanomaterials could kill more than 80%
of the bacteria (S. aureus or E. coli) at a low CuS concentration
(50 ppm). Due to their facile preparation, low cost, and high
photothermal conversion efficiency, the combination of
BSA-CuS nanomaterials with NIR laser irradiation provided a
very promising strategy for perishing drug-resistant strains. In
another study, Zhang et al. used biomimetic mineralization
and electrostatic interactions to construct a ZIF-8 nano-
composite (GOX&HRP@ZIF-8/ASO) through encapsulating bio-
logical cascade enzymes (GOx, and horseradish peroxidase,
HRP) and adsorbing ftsZ antisense oligonucleotides (ASO), to
combat drug-resistant bacterial infections (Fig. 3a).""® The
preparation process of the nanomaterials was relatively mild
and simple, which could avoid the loss of GOx and HRP activi-
ties. They were embedded in the inner cavity of ZIF-8 with a
high encapsulation efficiency of GOx (63.62%) and HRP
(91.46%). The in vitro anti-bacterial experiments results indi-
cated that GOx&HRP@ZIF-8/ASO NPs exhibited excellent anti-
bacterial efficacy and strong biofilm destruction against methi-
cillin-resistant S. aureus (MRSA), with the minimum inhibitory
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concentration of 16 pg mL™". These results could be attained
by integrating the anti-bacterial effect of -OH produced by
cascade enzyme reaction and the inhibitory effect of the ftsZ
gene by ftsZ ASO. The removal efficiency of MRSA biofilm
could reach 88.2%, which was much higher than the efficiency
of ZIF-8 (32.85%) and ftsZ ASO (58.65%). Furthermore, the
in vivo anti-bacterial activity was investigated using a mouse
model of wound infections caused by MRSA. The results
demonstrated that the synergistic anti-bacterial system exhibi-
ted potent bactericidal effects and wound-healing performance
(Fig. 3b and c). Overall, this study filled a gap in the anti-bac-
terial applications of biological enzymes and provides a poten-
tial therapeutic strategy for curing drug-resistant bacterial
infections.

3.4. Anti-inflammatory therapy

Inflammation is a positive biological response of the body to
the exogenous pathogens or the endogenous stimuli. It is a
natural defense mechanism of the body, a process of removing
harmful substances and initiating the self-healing of the
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Fig. 3 Biomineralized ZIF-8 nanomaterial for anti-bacterial therapy. (a) lllustration of the construction of GOx&HRP@ZIF-8/ASO NPs. (b) The pic-
tures of MRSA-infected skins. (c) Photographs of MRSA colonies isolated from the infected wounds of mice after receiving different treatments
(I: Saline, II: ZIF-8, lll: GOx&HRP@ZIF-8, IV: GOx&HRP@ZIF-8 + Glu, V: GOx&HRP@ZIF-8/ASO, VI: GOx&HRP@ZIF-8/ASO + Glu, VII: ftsZ ASO).
Reproduced from ref. 115 with permission. Copyright 2022. American Chemical Society.
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body."'® However, the long-term and uncontrolled inflamma-
tory response tends to induce the occurrence of many diseases,
including cardiovascular diseases, neurodegenerative diseases,
and various inflammatory diseases."'””''® Inflammatory dis-
eases include inflammatory bowel diseases, arthritis, and pan-
creatitis, which cause a high economic burden on society.
Moreover, increasing studies have suggested that oxidative
stress occupies an important role in the progression of these
inflammatory diseases."*® The main medications used cur-
rently to treat inflammatory diseases include steroids, non-
steroidal anti-inflammatory drugs, and immunosuppressants.
The use of these traditional drugs, although effective, tended

View Article Online

Nanoscale

to cause some unnecessary side effects, such as hemolytic
anemia and osteoporosis.'’”"*** Compared with the traditional
drugs, NPs can integrate anti-inflammatory, anti-oxidation,
and immunomodulation, achieving ideal therapeutic results
with lower toxic side effects. PMNMs have been extensively
applied to improve the therapeutic efficacy and safety of NPs
for the treatment of inflammatory diseases.

Inflammatory bowel disease (IBD) is a chronic bowel
disease characterized by alternating episodes of recurrence
and remission, with major types including ulcerative colitis
and Crohn’s disease.'*! The etiology and pathogenesis of IBD
are complex and unclear. Among the various pathologic
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mechanisms, the intestinal oxidative stress induced by excess
reactive oxygen species (ROS) is thought to play a key role in the
pathogenesis and progression of IBD."**"*** Therefore, removing
ROS from the intestine may be beneficial to alleviate the symp-
toms of IBD. Superoxide dismutase (SOD), is an anti-oxidant
enzyme that can convert superoxide radicals into oxygen and
hydrogen peroxide, reducing the damage of toxic radicals to the
body and thus has great potential in alleviating IBD."** However,
under the harsh conditions of the gastrointestinal tract, direct
oral administration of SOD may lead to issues such as prema-
ture release, disintegration, and rapid clearance. The use of bio-
compatible nanodrug delivery systems may overcome the
deficiency of direct oral delivery and be beneficial to improve
the solubility, permeability, and gastrointestinal stability of
SOD. Bai et al. constructed a biocompatible nanocomposite
(SOD@ZIF-zni) by encapsulating SOD in ZIF-zni using a bio-
mimetic mineralization method for the treatment of IBD.'?®
Owing to the protection of the ZIF-zni layer, the stability and
catalytic activity of SOD@ZIF-zni were significantly improved
compared with SOD in the simulated gastrointestinal environ-
ment, especially in the acidic pH conditions of the stomach. In
the dextran sulfate sodium-induced colitis mice model, oral
administration of SOD@ZIF-zni effectively eliminated the super-
oxide anions, inhibiting the secretion of pro-inflammatory cyto-
kines (IL-1f, IL-6, and TNF-a) in the inflamed colon tissue,
resulting in the alleviation of colitis. Together, this study pro-
vided an effective strategy for constructing the delivery system of
enzymes and expanded the application of biomimetic minera-
lized nanoplatforms in oral drug delivery, providing a valuable
strategy for the treatment of other gastrointestinal diseases.
Gouty arthritis is the most common inflammatory arthritis
worldwide, mainly caused by the accumulation of mono-
sodium urate (MSU) crystals in the joint.">” The main symp-
toms include redness, swelling, pain, or limited mobility in
the limb joints within a few hours. The accumulation of MSU
crystals can activate the secretion of a series of pro-inflamma-
tory cytokines and the production of excessive ROS, leading to
exacerbation of inflammation and even bone erosion.'?%'%°
The activated inflammatory M1 macrophages plays a key role
in this process. Therefore, inhibiting the activation of
M1 macrophage and alleviating oxidative stress at the inflam-
matory site are beneficial for the treatment of gouty arthritis.
Various anti-inflammatory drugs and small molecule drugs
have been reported to be delivered to joints via nanocarriers to
reduce the inflammatory response. However, the therapeutic
efficacy of these nanomedicines is not ideal due to the lack of
targeting and susceptibility to rapid clearance. In virtue of the
high affinity between folic acid (FA) and folate receptor, Park
et al. designed a biomineralized NPs (named FALNZs) that
actively targeted M1 macrophages to treat gouty arthritis
(Fig. 4a).”>° FALNZs were composed of BSA-biomineralized
cerium oxide nanozymes (CNZs, as a core) and FA-modified
liposomes (as a shell). The cellular uptake results showed that
the uptake of FALNZs by M1 macrophages was significantly
enhanced compared with the NPs without FA modification
(LNZs group). Due to the enzyme-like activities of CNZs (SOD-
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like and CAT-like),"”" FALNZs exhibited an excellent ROS
scavenging capability at the inflammatory sites (Fig. 4b). In
addition, FALNZs showed a strong macrophage polarization
capability, greatly reducing the proportion of M1 macrophages
(Fig. 4c). In a mouse model of MSU-induced gouty arthritis,
the intra-articular injection of FALNZs could effectively target
inflammatory macrophages (Fig. 4d). In addition, FALNZs
could effectively relieve joint swelling, inhibiting the pro-
duction of pro-inflammatory cytokines (Fig. 4e and f), and alle-
viating the pathological characteristics of the joint site.

4. Conclusion and perspectives

Due to their characteristics of simple preparation and excellent
biocompatibility, as well as biodegradability, PMNMs have
received enormous attention. In this review, we initially sum-
marized the general construction principles and strategies for
constructing PMNMs (including in situ mineralization strategy
and genetic engineering strategy). More importantly, we sum-
marized the development of PMNMs in biomedical appli-
cations, including bioimaging (MR, FI, and bimodal imaging),
as well as anti-tumor, anti-bacterial, and anti-inflammatory
therapies. Firstly, in terms of bioimaging, imaging probes with
targeting and specificity can be easily fabricated via rational
design and protein-directed biomineralization and biomimetic
mineralization techniques. These nanomaterials tend to have
lower in vivo toxicity and better biodegradability, compared to
those probes composed of pure inorganic nanomaterials. In
addition, nanoprobes with microenvironment responsiveness
can also be designed on the basis of the pathological character-
istics of lesions. Compared to non-lesion tissues, the imaging
contrast of these probes at the lesion could be greatly enhanced,
which could be conducive to improving the accuracy and credi-
bility of early diagnosis of diseases. Secondly, in the field of
anti-tumor therapy, biocompatible and biodegradable nano-
materials can be prepared through protein-directed biominerali-
zation and biomimetic mineralization techniques. These nano-
materials can serve as crucial carriers for therapeutic drugs,
delivering small molecule drugs or therapeutic proteins (such
as GOx) to the tumor site in a targeted way and releasing them,
thereby improving the therapeutic efficacy. These smart nano-
materials can also be used for PTT, PDT, and CDT. These new
modalities of cancer treatment will contribute to complete
tumor eradication. Thirdly, in terms of anti-bacterial appli-
cation, these prepared nanomaterials have excellent anti-bac-
terial properties, strong biofilm destruction ability, and the
superior ability to promote wound healing, making them very
promising in the treatment of drug-resistant bacterial infec-
tions. Finally, in terms of anti-inflammatory therapy, organic-
inorganic nanomaterials prepared by protein-mediated biomi-
neralization and biomimetic mineralization technology offered
superior activities of anti-oxidant enzymes, which could effec-
tively scavenge ROS at the inflammatory sites and inhibit the
production of pro-inflammatory cytokines, helping to alleviate
the symptoms of inflammatory disease.

Nanoscale, 2024, 16,1633-1649 | 1645


https://doi.org/10.1039/d3nr05495k

Published on 21 December 2023. Downloaded on 1/22/2026 2:29:05 PM.

Minireview

Although significant progress has been made in the appli-
cation research of disease treatment by the nanomaterials fab-
ricated through biomineralization technique, there are still
some key issues that remain to be addressed, to meet the
needs of practical clinical applications. Firstly, it is crucial to
optimize the preparation process to obtain biomineralized
nanomaterials with uniform structures and stable properties.
Secondly, further design and modification of nanomaterials to
achieve more precise organ-targeting to improve bioavailability
and therapeutic efficacy. Thirdly, the toxic side effects of the
modified nanomaterials should be reduced to meet the stan-
dards for clinical application. Finally, it is necessary to eluci-
date the conditions under which nanomaterials function
in vivo and the mechanisms of degradation in vivo. With the
continuous innovation of nanotechnology and the further dee-
pening of follow-up research, PMNMSs will eventually overcome
various difficulties in clinical practice and realize the unity of
disease diagnosis and treatment.
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