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ABSTRACT: Nanomedicine enables advanced therapeutics, diagnostics, and predictive analysis,
enhancing treatment outcomes and patient care. The choices and development of high-quality organic
nanoparticles with relatively lower toxicity are important for achieving advanced medical goals. Among
organic molecules, proteins have been prospected as smart candidates to revolutionize nanomedicine due to
their inherent fascinating features. The advent of protein nanoarchitectures, which explore the biomolecular
corona, offers new insights into their efficient tissue penetration and therapeutic potential. This review
examines various animal- and plant-based protein nanoparticles, highlighting their source, activity, products,
and unique biomedical applications in regenerative medicine, targeted therapies, gene and drug delivery,
antimicrobial activity, bioimaging, immunological adjuvants, etc. It provides an extensive discussion on
recent applications of protein nanoparticles across diverse biomedical fields as well as the evolving
landscape of other nanoproducts and nanodevices for sensitive medical procedures. Furthermore, this
review introduces different preparation technologies of protein nanoparticles, emphasizing how their design
and construction significantly influence loading capacity, stability, and targeting effects. Additionally, we
delve into the construction of different user-friendly multifunctional modular bioarchitectures by the assembly of protein
nanoparticles (PNPs), marking a significant breakthrough in therapies. This review also considers the challenges of synthetic
nanomaterials and the emergence of natural alternatives, which provides insights into protein nanoparticle research.

1. INTRODUCTION ity, ease of availability, biocompatibility, biodegradability,
improved pharmacokinetic profile, and potency of a-helix, -
sheet structures of proteins to form unique nanostructures offer
more exposure to protein nanostructures.’” The first FDA-
approved nanomedicine called Doxil for the treatment of AIDS-
associated Kaposi’s sarcoma and the first FDA-approved RNAi
therapy called patisiran laid two important milestones in clinical
translation. By rectifying the limitations like inefficient
permeation, rapid clearance, and accumulation by recombinant
protein technologies, protein nanoparticles (PNPs) offer
promising solutions for various nanomedicine applications.*
This review focuses on the role of natural proteins in medical
nanotechnology, exploring their interactions with the body and
the methods employed to develop PNPs, highlighting their
advantages, limitations, and examples of successful applications.
We also offer a thorough discussion on nanotechnological
applications of proteins in therapeutic and diagnostic uses,
highlighting trends and identifying gaps in their respective fields.

Technology is still maturing by continuing research and
inventions. Medical advancements are crucial from disease
diagnosis to periodic post-treatment check-ups. The branch
proteomics has identified the structure, functions, analysis, and
regulation of various proteins, and it is now integrated with other
technologies to enhance clinical implementation." Nano-
technology is one such clinical implementation that is aimed
at improving patient outcomes. The combination of proteomics
with nanotechnology has paved the way for the emergence of
effective and patient-specific medical tools. Such modifications
will enhance the physicochemical properties of proteins like
penetration ability, signal transduction, stability, specificity,
enzyme catalysis, etc.” As proteins are macromolecules that
impart various physiological regulations and biological functions
to the body, they can be an active candidate in making potential
biological materials or devices at the nanoscale. However, the
limitation of the half-life of proteins due to their higher risk of
denaturation makes them unstable to use in various biomedical
applications. Like proteins, peptides have also been widely
applied in nanobiopharmaceutical products. Both are made of
amino acids of different sizes and have tremendous merit over
other nanomaterials. The better specificity, lower toxicity,
advanced hydrophilicity, targeted delivery, versatility, reduced
complications, high drug binding efficiency, nonimmunogenic-
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Figure 1. Different activities and applications of each protein according to its source of origin and nature of nanomaterial®™'" (created with draw.io).

We emphasize diverse nanomaterials or devices to present an
overview of the advanced technologies in nanomedicine and
examine the era of multifunctional protein assemblies in the
evolving field of nanomedicine. We summarize the challenges of
synthetic nanoparticles and highlight the emergence of natural
protein nanoparticles as a safer and more effective alternative in
nanomedicine.

2. DIFFERENT TYPES OF PROTEIN NANOPARTICLES
IN DRUG DELIVERY

The treatment of any disease is associated with diagnosis, proper
prescription of drugs by clinicians, and stable association of
drugs at the correct target sites. With drug delivery being an
important step in treatment, there is a high demand for efficient
delivery mechanisms. The sort of nanoparticles in this field can
bring about smart methods of drug delivery. Synthesis of these
particles in the nanoscale using nucleic acids, polysaccharides,
lipids, proteins, etc., in drug delivery is very common nowadays

because of their enhanced solubility, stability, theranostic ability,
prolonged release, and efficient targeted site delivery. Among
these, PNPs became a more popular and stronger candidate in
drug delivery systems. There are natural protein nanoparticles of
sizes ranging from 1 to 100 nm from both animal and plant
sources. Some examples of protein nanoparticles derived from
animal origins are gelatin, albumin, casein, collagen, fibroin, and
elastin. Plant-derived protein nanoparticles include zein,
soybean, legumin, gliadin, and lectin® (Figure 1). Different
materials produced from these proteins have made a revolution
in the clinical field.

3. UNDERSTANDING OF BIOMOLECULAR/PROTEIN
CORONA ASSOCIATED WITH NANOTECHNOLOGY

After entering the biological system, nanoparticles interact with
the biomolecules in the body and will give rise to a layer called
the “corona”. This happens within seconds of nanoparticle
exposure by a process called the Vroman effect. This layer
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Figure 2. Diagrammatic representation showing the adsorption mechanism of protein to nanoparticles (created with BioRender.com).

consists of many biomolecules with increased adsorption and
enhanced properties compared to those in the normal biological
environment. Thus, this has a high impact on the ultimate
performance of these nanoparticles. The liquid profile and
protein composition of this corona layer have been extensively
studied with respect to various works. According to the
adsorption rate of proteins to their surface, the corona can be
classified into two main categories: a hard corona and a soft
corona. High affinity proteins tightly and directly associated with
nanoparticles will form a hard corona, and low affinity proteins
loosely and indirectly associated with nanoparticles will form a
soft corona. While taking this into consideration, a hard corona
is more convenient in terms of nanotechnology. The structure
and composition of the corona layer can be studied by various
techniques, such as DLS, SEC, DCS, TEM, PAGE, LC-MS/MS,
DC, SPR, ITC, etc. Parameters like the number of bonds,
thermodynamic feasibility of interaction, rearrangements of
molecules, temperature, conformational changes, solvation,
influence of other proteins, etc., determine the nanomaterial—
protein adsorption effect.'’ Generally, there are 3 steps in the
protein adsorption to nanoparticles, especially for gold nano-
particles (AuNPs) (Figure:2):

e Region 1: characterized by protein—NP surface inter-
action only with original protein conformation.

e Region 2: characterized by protein—protein interactions
and protein—NP interactions with changes in its
structural conformations.

e Region 3: characterized by protein—protein interactions
only, along with structural alterations and protein
multilayer formation.

The composition of the corona is formed by different types of
plasma proteins, viz., inmunoglobulins, tissue leakage proteins,
complement factors, coagulants, lipoproteins, and other serum
components. They are collectively called “adsorbomes” after the
adsorption mechanism. They deal with specific functions such as
antigen recognition, transport of biomolecules and ions,
complement activation, and agglutination. A few examples of
such adsorbomes are keratin, plasminogen, albumin, kininogen,
fibrinogen, hapto%lobin, vitronectin, and complement factors
like C3, C4, etc."""* The adsorption will lead to the formation of
two interfaces called the nanoplasma interface and the bionano
interface. The nanoplasma interface will help in the size change,
permeability, condensation, and interactions of NPs. The
bionano interface mainly includes dynamic physiochemical
interactions and interchanges in organelles, membranes,
endocytic vesicles, etc. Corona formation directly and indirectly
helps in different biological activities like cellular uptake,
hemolysis, reduced toxic exposure, and activation of platelets.'

4. PREPARATION METHODS OF PROTEIN
NANOPARTICLES

The design and construction of nanoparticles highly influence
loading capacity, stability, and targeting effect. PNPs are made of
naturally occurring or engineered proteins and have to induce
phase separation from the solution. Various physicochemical
methods that initiate this separation include self-assemblage,
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denaturation, cross-linkage, hydrophobic assemblage, coacerva-
tion, dissolution, emulsification, nanospray drying, nanoparticle
albumin-bound (NAB) technology, electrospraying, electro-
hydrodynamic (EHD) co-jetting, gelation, supercritical anti-
solvent process, flash nanoprecipitation, antisolvent salt
precipitation, built-in ultrasonic dialysis process (BUDP), and
microfluidic technology (Table 1) and have led to significant
advancements in the structure of PNPs.

5. RECENT APPLICATIONS OF PROTEIN
NANOPARTICLES IN THE BIOMEDICAL FIELD

The wide application of protein nanoparticles in the therapeutic
field is mainly due to their large surface areas, high diffusion rate,
rapid absorption, controlled release, controlled particle size, and
surface characteristics. Not only protein nanoparticles but also
other biopolymers like polysaccharides, lipids, polypeptides,
nucleic acids, etc., are used in the biomedical field.*

5.1. Regenerative Medicine and Materials. Several
degenerative disorders need proper attention and medication
that aim to repair damaged and disorganized tissues. Thus,
regenerative medicine has a high demand for curing such
diseases. The better interaction of the material surface and body
is to be considered more, and hence, the protein intervention of
nanotechnology will contribute for better interaction than
synthetic materials. Nanostructured surfaces, nanodelivery
materials, nanocoatings, nanofiber scaffolds, etc., are various
tissue engineering methods involving nanotechnology and
regeneration.”® Both in vivo and in vitro methods of living
tissue regeneration had effective cures in the biomedical field.
Many protein nanoengineered material surfaces are used in the
manufacture of intervertebral discs, tendons, nerves, etc. The
special features such as cell adhesion, proliferation, and
differentiation of nanoparticles have aided cellular behavior.
Particularly, in nerve tissue engineering, using 4D bioprinting
technology, PU/gelatin-based self-healing hydrogels were
developed. Also, in a novel branch called corneal tissue
engineering, natural cornea was replaced by an o-nitro-
sobenzaldehyde group (NB)-modified gelatin (GeINB)
layer.27 Bioactivity, cell adhesion, calcium deposition, etc., of
protein nanocoatings have wide functionalization in bone
regeneration treatments. Delivery system nanomaterials, includ-
ing microcapsules, micelles, dendrimers, etc., have facilitated the
development of drug carrier systems. In addition to that,
nanofiber scaffolds mimic damaged tissues and will trigger the
colonization of cells.”® Some of the notable PNP contributions
include bioink-based 3D scaffold construction that gained great
attention for the differentiation of neural stem cells (NSCs) by
bioprinted NSCs in a PU/SPI hybrid hydrogel, angiogenesis by
VEGF-loaded PCL NPs,”” development of bone grafts by
collagen-infilled 3D printed scaffolds, treatment of dermato-
logical ailments by silk fibroin film, and used as bioinks for
hydrogel 3D printing. The collagen-based scaffolds Integra,
Collaplug, and Ultrafoam have wide skin and bone regeneration
applications.*

5.1.1. Advantages. PNPs possess known cell-binding sites
that help in the regeneration of desired tissues, thus facilitating
cartilage formation® and having the possibility of high-
resolution 3D printing without organic solvent.”" Specifically,
collagen proteins are reported to induce regeneration and bone
remodeling by stromal cell differentiation and shall be utilized as
osteoid in the mineralization process. Collagen became an
important candidate in regenerative medicine because of its
capacity to form fibrils with high tensile strength.*”

5.1.2. Limitations. There exists difficulty in tailoring porosity
and mechanical properties in 3D scaffolds, as well as limited
supply, high cost, and the chance of pharmaceutical agent
degradation during 3D printing.”" Collagen particles still suffer
from a high rate of degradability and low mechanical strength,
but this gap is covered by the use of collagen with bioactive glass
nanofibers, which forms a biomedical device that mimics bone
composition.32

5.2. Antimicrobial Bioagents. Protein nanoparticles can
be also incorporated into antiviral drugs. Several adjuvants, such
as viral glycoproteins, toll-like receptors, or protein fractions, are
used as carriers for vaccines like Inflexal V and Epaxal for
hepatitis A and influenza treatment, respectively.33 Also,
monoclonal antibodies report the capability to target microbial
phenotypes. Examples include 3E9-11, which targets the O25b
O-antigen of the Escherichia coli ST131 O25b:H4. The
emergence of caplacizumab, a bivalent nanobody with efficiency
in the treatment of thrombotic thrombocytopenic purpura,
proved its efficacy to target microbial strains.’* Antimicrobial
activity has been shown by LYZ—AuNCs (lysozyme—gold
nanoclusters), a popular metal nanocluster, against antibiotic-
resistant Acinetobacter baumannii and Enterococcus faecalis with
better interaction. Another MNC bioagent, papain-protected
CuNCs, has demonstrated significant results in treating wound
infections. Staphylococcus aureus associated infection in the mice
model has been reduced by albumin-based ciprofloxacin@R-
BSA-S treatment because of its enhanced antibiofilm activ-
ity.>>*® From a study, ketoconazole-loaded lecithin—zein NPs
have been designed to treat skin fungal infections.’”

5.2.1. Advantages. Nanobodies have robust structure, high
stability, antigen-binding affinity, cognate target specificity,
water solubility, and reversible refolding. Hydrophobic drugs
like curcumin can be encapsulated through adsorption to
hydrophobic regions of the proteins, resulting in increased drug
bioavailability, less toxicity, and protection against high
temperatures.'® The glycoconjugated Helicobacter pylori ferritin
has been reported as an efficient carrier protein for antimicrobial
glycoconjugate vaccine development by offering peptidic T-cell
epitopes to the immune system, by improvement of the
protective response.”” In another study, ZE-Ag was confirmed
as an enhanced antibacterial nanocomposite against E. coli and S.
aureus.”® By the use of PNPs, the burden of antimicrobial
resistance can be lightened.”” Cu-BSA-NPs showed better
antilzflcterial activity by blocking the synthesis of peptidogly-
can.

5.2.2. Limitations. There exists the possibility of microbial
contamination in fibroin-based hydrogels. Silk fibroin hydrogels
lack mechanical strength and reduce the ability of drug carrying
due to pH-related limitations.*” Another limitation observed is
for albumin nanoparticles, which have versatile application in
this field, but some problems like denaturation during the
preparation process, reaction of albumin with other body
proteins, structural stability issues, etc., still need to be
addressed.*’

5.3.Targeted Therapies. Drug delivery is a risky strategy in
biomedicine, so improved targeted therapies are employed in
the fields of chemotherapy, radiotherapy, photodynamic
therapy, photothermal therapy, etc. The two targeting strategies
of therapeutic nanoparticles in chemotherapy include active and
passive targeting. These are correlated and used for effective
drug delivery to enhance the immune system and suppress
tumor growth factors.”® VLPs (virus-like particles) and CPs
(caged proteins) can be efficiently utilized against cancer cells as
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nanocarriers. The use of antibacterial, antifungal, and antiviral
drugs in the treatment of infection has negative effects like
resistant strains, toxicity, etc. These can be reduced by
combining them with a nanodelivery system. Lipoquin,
amphotericin B, Inflexal, and Epaxal are a few nanodrugs used
for infectious microbial treatment. Amoxicillin-loaded gliadin
NPs were utilized for the elimination of Helicobacter pylori.*” An
HIV vaccine made from VLPs is also used in the treatment of
autoimmune diseases like AIDS* and rheumatoid arthritis,
accelerating this field. The inflamed tissues are targeted, which
creates strong long-lasting immunity with reduced undesired
effects, of which the nanoformulation of CZP (certolizumab
pegol) derived from a monoclonal antibody fragment is an
example. PTX-loaded bovine serum albumin (BSA) nano-
particles were used for targeting human prostate cancer cell
lines."* Abraxane is an albumin-based nanoparticle drug that
helps to initiate paclitaxel delivery. Apart from that, the therapies
that take advantage of nanomedicine are those treatments
related to cardiovascular diseases, ocular diseases, pulmonary
diseases, neurodegenerative diseases, tissue degenerative dis-
eases, etc.” Protein replacement therapy for the treatment of
Gaucher’s disease by administration of enzyme p-glucocere-
brosidase (GCase) into VLPs marked another promising
result."”

5.3.1. Advantages. BSA-propolis NPs (propolis-loaded
targeted albumin NPs) showed cell death in both MCF-7 and
AS49 cells and have been utilized in targeted therapies for breast
and lung cancers by cellular mucoadhesion, penetration, and the
inhibition of cyclin D1.*° Luteolin-loaded zein nanoparticles
were reported to improve the bioavailability, efficacy, and
antioxidant and apoptotic activity against SW480 colon cancer
cells.”’

5.3.2. Limitations. Using the surfactants and organic solvents
can cause protein denaturation, and the need for a cross-linking
step to stabilize the particles may reduce their degradability. This
hinders the effectiveness of BSA in mixed BSA-antibody/ROS
nanoparticles intended for tumor growth inhibition.'* In the
case of zein, the amount of payload is limited and may not been
sufficient for tumor treatment.*”

5.4.Tissue Engineering and Controlled Gene Delivery.
PNPs are polymer-based colloidal protein nanocarriers for drug
or gene delivery. For tissue engineering and delivery purposes,
some features such as responsiveness and functionalization need
to be taken care of. Protein nanoparticles with these features can
be designed in such a way that they can be used for controlled
assembly or delivery. Apart from these, they can be used for cell
patterning, DNA transfection, and viral transduction. The
proper selection of such NPs should be made by considering
enhanced mechanical, biological, and electrical properties. This
will further help in a high rate of cell proliferation, tissue
regeneration, improved conductivity, etc.” Many protein
categories like therapeutic genes, growth factors, noncoding
RNAs, anti-inflammatory factors, etc., are used as delivery
agents. A chitosan hydrogel-based system for osteoarthritis gene
therapy was reported to be successful in repairing rabbit cartilage
injuries.”” PAMAM dendrimers are regarded as protein carriers
of RNase A required for cervical cancer treatment.”’ HSA—
protamine sulfate—DNA ternary particles (AIPrO) are success-
ful nonviral gene delivery vehicles for oligonucleotide
administration. Virus-based gene therapy, particularly for
adenoviruses, is examined to be delivered by silk—elastin-like
protein polymers (SELPs) for treating solid tumors.”” Gene
delivery is very important in gene therapy, mainly for diseases

like AIDS and cancer. The defective genes of patients are
corrected by the proper transfer of encapsulated genetic
materials or gene elements to a particular site. Examples such
as various patches, medical device coatings, time-release drugs,
and wound dressings made of nitric oxide (NO) stand out in this
context. Thus, the tissue engineering—gene delivery combina-
tion can be considered as a new paradigm for regeneration
medicine.”’

5.4.1. Advantages. PNPs are reported to have good ability
for proliferation in comparison to other polymers and good
biocompatibility for the growth.>” Particularly, silk fibroin (SF)/
TiO, and SF/TiO,—F nanocomposite scaffolds with inter-
connected pores were found to be appropriate for bone tissue
engineering because of the proliferation of osteoblast cells and
the regeneration of the bone tissue.”* In another work, the
phosphatase and tensin homologue (PTEN) and tumor necrosis
factor (TNF)-related apoptosis-inducing ligand (TRAIL) genes
loaded to zein nanoparticles (ZNPs) were found to be a
potential antitumor vector for gene therapy for hepatocellular
carcinoma. Its nonviral nature, controlled release properties,
self-assembling nature, and ability to protect and deliver genetic
material into specific cells present a promising avenue for zein
NPs.*

5.4.2. Limitations. Successful implementation of tissue
scaffolds depends on the choice, thickness, and porosity, but
the pore size and porosity of nanocomposite scaffolds depend on
the content of nanoparticles.”* Immunogenicity of zein NPs
needs to be evaluated concerning the size and dosage, while their
extraction and purification may influence characteristics and
performance ability due to the composition and the presence of
other substances.*

5.5. Biosensing. Biosensing is a diagnostic technique that
incorporates both biological and sensory aspects that work as a
combined system. This has important applications in the field of
biomedicine. A biosensor carefully detects a biological
compound (analyte) in a sample by converting it to different
signals. Various parts of a biosensor include bioreceptors,
transducers, amplifiers, electronic detectors, etc. According to
the nature of analyte detection, there are different types of
biosensors like immunosensors, DNA sensors, tissue-based
sensors, magnetic biosensors, thermal sensors, piezoelectric
sensors, optical biosensors, etc.’” The influence of nano-
technology in biosensors will increase the sensitivity, specificity,
selectivity, accuracy, and surface area of the s.ystem.52 Different
noble metal nanoparticles, nanomaterials, nanotubes, etc., are
used for application. However, PNP modification and
functionalization have caused wide applications in biocatalysis
and biosensing. Qf, HBV, Fd, MS2, and M13 are commonly
used VLPs as biosensors. Nanocages like E2, lumazine synthase,
reencapsulin, ferritin, and encapsulin are some of the enzyme-
derived PNPs used as biosensing PNPs. These are possible by
chemical conjugations, genetic fusions, enzymatic ligation, and
cargo encapsulation. It is reported that engineered ferritin PNPs
showed a S-fold enhancement in the image resolution of
magnetic resonance imaging (MRI)’8 Bioluminescent Escher-
ichia coli strains have assessed mercury contamination in water
by the production of protein luciferase (reporter protein) in a
particular manner as the detecting signal.”> BSA-RuO,NPs are
considered as sensitive biosensors to monitor the H,O, secreted
from living cells.”” Also, glucose sensing done by a protein—
metal ion system called Con A and GO, was reported to have
high sensitivity and adaptability.” A novel wearable SF-based
SERS biosensor has been introduced in a recent study, which
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allows non-invasive and label-free monitoring of biomarkers like
uric acid and creatinine in sweat, which can be regarded as a
significant work in this field.®! Also, colorimetric sensor BSA—
Cu3(PO,),-3H,0 nanoflowers have been used to quantify
acetylcholine (ACh) in human serum.’”

5.5.1. Advantages. Immobilization of PNPs increases
specificity and sensitivity toward target analytes. In the case of
controlled protein conjugation in TMV nanorods, the attached
R-phycoerythrin (R-PE), human apoferritin (AFTN) nano-
particles had modularity of the input and output signals, thereby
helping the binding of both antibodies as well as Ni-NTA
nanoparticles to the PNP surface.”® In another work, BSA-
RuO,NPs showed enhanced stability, peroxidase-like activity,
and salt resistance than RuO,NPs.° An important PNP, ferritin
nanocages, has been reported to possess multiple modifiable
interfaces, a spacious internal cavity, high cargo-loading ability,
and enzymatic ferroxidase activity to function as a biosensor for
detecting reductants or oxidants.**

5.5.2. Limitations. The desolvation process of proteins and
enzymes often leads to a protein structure change and loss of
enzymatic activity.18 In a recent study, glycan—lectin interaction
powered biosensors were developed for virus detection, but
challenges like unidentified selectivity of lectins, sensitivity
issues with clinical samples, fouling, stability issues, and limited
functionality need to be solved for better improvement.®*

5.6. Bioimaging. To provide acceptable medical attention
to a disease, it should be properly identified, and the stage of
progression needs to be detected. This is possible only by
visualizing the cellular and molecular levels of different
biological mechanisms. Bioimaging has attained a high demand
in this field for properly diagnosing a disease state, and it must
not damage the existing cells or tissues. The wide application of
bioimaging in disease management includes cancer cell labeling,
detection of viruses or pathogens, bone degeneration and
metastasis, gene expression studies, cell structure imaging,
angiography, etc. PNPs are employed for multimodal bioimag-
ing by use of various features like surface functionalization,
genetic fusion, surface modification, delivery, bioconjugation,
and synthesis of shell and optical core,’® which enhance specific
targeting. With the help of various rays or waves, these are
detected by different imaging techniques like magnetic
resonance imaging (MRI), computed tomography (CT),
ultrasonography (US), positron emission tomography (PET),
etc.”® Fusing protein nanoparticles with this technology will
have tremendous output in cancer theranostics and imaging of
brain and cardiovascular diseases with the least level of toxicity.
Dox@AFBS with a Bi,S; radiation sensitizer, utilized for
nanodiagnostic purposes, diminished the volume of subcuta-
neous Hela tumor.” It is reported that Hsp 16.5 is used for
delivery of the MRI contrast agent gadolinium for pancreatic
cancer detection. Engineered TMV has been used for near-
infrared fluorescence (NIRF) bimodal imaging by delivering
dysprosium (Dy3+) and the NIR fluorophore (Cy7.5). Copper
sulfide-ferritin nanocages and ZnF16Pc-loaded scFv ferritin
have wide applications in photothermal therapy and photo-
dynamic therapy, respectively.”” It has various advantages like
high absorbency, dispersibility, nontoxicity, photobleaching
resistance, and high stability over traditional imaging agents.*®
An NIR Au-HFt nanocomposite was reported for kidney
theranostics. The Apo-CUR-Gd complex was administrated for
liver imaging, and PNCgy,o-encapsulated Ag,S %uantum dots
were utilized for deep tissue penetration imaging.”® Apart from
these, PNPs also have wide applications in imaging other cells

and molecules by acting as fluorescent probes. A new type of
collagen-based magnetic nanoparticle (CFeAb*D) produced
good in vitro MRI images of gastric cancer cells through
receptor-mediated endocytosis.”” Protein-mediated probes are
fabricated by various modifications to form single-molecule
forms, nanocage states, nanofluorophores, etc., for NIR imaging,
phototheranostics, dynamic bioimaging, TP imaging, PA
imaging, FA imaging, in vivo imaging, etc.

5.6.1. Advantages. Protein nanoparticles show great CT
imaging performance, better biocompatibility both in vitro and
in vivo, natural multivalency, good solubility, and are efficient
carriers for photosensitizers (arginylglycylaspartic acid (RGD)
peptide-modified apoferritins). By using the targeted property of
ferritin, chronic diseases such as cancer cells, tumor tissues,
atherosclerotic plaques, etc., can be visualized using magnetic
resonance imaging (MRI), single-photon emission computed
tomography (SPECT), positron emission tomography (PET),
near-infrared fluorescence (NIRF), computed tomography
(CT), or multimodal imaging by labeling ferritin with signaling
molecules appropriately.”” A recent work demonstrated the
discovery of the ferritin core’s enzyme-mimic activity which can
also serve as a native sensitive label, to enable the fabrication of
nanobiosensors without redundant labeling procedures.”’ For
NIRF imaging, different protein combinations like VLP-QDs
and HspG41C-CTT PNPs have been reported to be used.”

5.6.2. Limitations. In a study, it was reported that the low
purification efficiency and inner negative charge of ferritins limit
the encapsulation of negatively charged biomacromolecules
such as siRNA and miRNA.”” In another study, HoS-ferritin
loaded with iron for magnetic resonance imaging-based cancer
theranostics caused oxidative stress and cell death for imaging
and therapy.®®

5.7. Nanoparticle-Based Diagnostic Assays. Assays like
proximity ligation assay (PLA) have been reported to benefit
from the utilization of PNPs for the detection of ultralow levels
of protein biomarkers. The use of protein nanoparticles,
particularly avidin nanoparticles as the reporter, made PLA
capable of high yield of ligating oligomers or PCR template. The
feasibility of human chorionic gonadotropin (hCG) detection
by NP-PLA for pregnancy and ovarian cancer confirmation was
made possible by tagging hCG a-subunits with ANANAS
nanoparticles by biotin—streptavidin linkage.”* In another study,
luciferase-displaying protein nanoparticles were engineered as
detection probes by fusing ELP with a polyaspartic acid chain,
NanoLuc luciferase, and a biotin acceptor peptide (ELP-D-
Nluc-BAP). This technique enabled multivalent luciferase
display on surfaces, leading to enhanced detection.”* A single-
stranded DNA binding protein (RPA70A) conjugated with
AuNPs was used for improved sensitivity and specificity in
biomarker detection in the field of point-of-care testing (POCT)
for early disease diagnosis.”” In another work, HBV capsid-
derived chimeric nanoparticles, nickel nanohair, and anti-
troponin I antibodies were conjugated to generate a diagnostic
assay for capturing troponin markers in patients with acute
myocardial infarction.”® For early diagnosis of infectious
diseases like AIDS and hepatitis C, a novel ultrasensitive system
was made to detect antibody markers using supramolecular
protein nanoparticles by the self-assembled hFTN-H molecules
toward two targets like autoantibodies of type I diabetes and
anti-S-HBsAg monoclonal antibodies.”” Photothermal and
photodynamic therapies utilized apoferritin (AFN) to carry
paclitaxel (PTX) with IR1061 and folic acid. Similarly, fibroin is
used as a biotemplate and reductant for the production of SMID
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Figure 3. Flowchart showing the drug delivery applications of protein nanoparticles (created with BioRender.com).

(SF@MnO, loaded with ICG and DOX) to achieve combined
PTT/PDT/chemotherapy with the direction of MR/fluores-
cence dual-model imaging,”

5.7.1. Advantages. Protein nanobiosensors improve the
sensitivity of protein assays by assay miniaturization.”® In a
study, Mn-loaded apoferritin (Mn-Apo) was reported to be a
good candidate for early stage diagnosis and evaluating the
stages of melanoma, as it senses melanin formation by L-DOPA
oxidation, which caused Mn reduction. Also, H-Fn nanocages
showed high cellular uptake, improved fluorescence properties,
and improved targeting of the tumor mass in vivo for their use in
image-guided cancer surgery in another study.®

5.7.2. Limitations. SV40 virus-based nanoparticles assembled
from multiple copies of viral capsid proteins as a nanoreactor for
mineralization of inorganic AuNPs have the limitation of protein
impairment during seed synthesis inside viral protein cages. In
order to override this limitation, only gentle reaction conditions
for synthesis of inorganic seeds should be followed.”

5.8. Drug Delivery. While considering drug delivery
systems in the biomedical field, it is important to understand
their pharmacokinetics, mode of release, delivery time, rate,
amount, etc. Vaccines, drugs, growth factors, stem cells, nucleic
acids, etc., are different molecules used for treatment procedures
to boost immunity. So proper delivery of these molecules at the
right time, rate, and amount is very essential for effective
treatment.”®> Modification of these delivery systems with
nanoparticles caused tremendous advantage in this area.
Engineered nanoparticle delivery systems are used for chemo-
therapy, immunotherapy, genome editing, and precision
medicine, including examples like paclitaxel from Abraxane,
pegloticase from Krystexxa, factor VIII from Adynovate, etc.
These are the FDA-approved protein conjugated drugs
prescribed for pancreatic cancer, Gout disease, and hemophilia,
respectively.’ Resveratrol-loaded fibroin nanoparticles in the rat
colitis model showed an enhanced anti-inflammatory effect
when compared with pure resveratrol administration. Albumin
nanoparticles were used as an antibody delivery carrier and also
as a chemotherapeutic carrier for bevacizumab. DOX-loaded
HFn (natural ferritin) is used as an antitumor agent, whereas
30Kc19 protein from silkworms is being used as drug and f-gal
delivery agents. Zein microspheres conjugated with a chemo-
immunotherapy agent polysaccharide-Kureha (PS-K) are used
for chemotherapy. In spite of all these advancements, there are

several viral and nonviral capsids for effective delivery systems.
These can deliver all of the therapeutic molecules by self-
assembly. This will overcome limitations like deactivation of
enzymes, nonspecific delivery, etc.® Apart from this, recombi-
nant proteins like virus-like particles (VLPs) and elastin-like
polypeptides (ELPs) emerged as a nascent area of chemo-
therapeutic drug-loaded research. VLPs are non-infectious
nanoparticles, and ELPs are derived from tissue matrices,
particularly proteins, that are used for the delivery of drugs as
well as biomarkers. Drug-loaded VLPs, nucleic acid-loaded
VLPs, siRNA-loaded VLPs, and peptide drug-loaded ELPs are
recent discoveries that point out next-generation drug delivery
systems™ (Figure 3). A DTX—HSA conjugate formulation
showed enhanced solubility and higher cytotoxicity against
metastatic breast cancer cells,®" while DOX-loaded collagen-
PAPBA showed effectiveness towards ovarian cancer cells.

5.8.1. Advantages. The FDA-approved nanodrugs Abraxane
(Celgene) and Ontak (Eisai), which are used to treat breast
cancer and cutaneous T-cell lymphoma, have the advantages of
improved solubility, targeted delivery to tumors, targeted T-cell
specificity, and lysosomal escape properties. This is due to the
own endocytosis route mediated by albumin receptor gp60 of
albumin protein.® Protein gelatin-based nanoparticles were
found to increase the bioavailability of topical ophthalmic dru§s
and were used in the delivery system for peptide drugs.”'
Another advantage of PNPs in this field is their nonallergic and
nontoxic nature, particularly for silk fibroin, and hence, they
have been utilized as injectable as well as implantable drug
delivery systems.>

5.8.2. Limitations. It has been reported that due to the
deactivation of enzyme cargo during preparation processes,
there is a possibility of delaying the release of drugs, as well as the
nonspecific delivery of therapeutics to nontargeted cells that
have the desired receptor. Also, the release of polar drugs from
gliadin nanoparticles was found to be slower due to a high
affinity issue between gliadin and drugs; additionally, hydro-
philic drugs are reported to have slow spread with a burst
release.

5.9. Immunological Adjuvants. The main purpose of
adjuvants is that they are added to vaccines to improve their
immunogenicity. This category can be divided into two main
areas: delivery systems and immunostimulants. Polymers,
nanoparticles, emulsions, microbial products, oligonucleotides,
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Table 2. Examples for Adjuvant-Targeted PRRs, Their Descriptions, Specific Examples, and Unique Applications®*

adjuvant-targeted
PRRs description examples
C-type lectin recognize carbohydrate Dectin-1, Dectin-2, DC-SIGN,
receptors structures of pathogens Mincle

toll-like receptors  recognize various PAMPs
(including LPS) and DAMPs
AS02A

monophosphoryl lipid A, CpG
oligodeoxynucleotides, AS04,

85

applications
® mannose anchored liposomes bind with CLR and present OVA
antigens on MHC molecules

o TLR and CLR agonist pairing adjuvant used along with Pneumovax
vaccine

® miR-511-3p in human MRC1 gene and CLRs trigger IL-10, IL-4
secretion and help in controlled immune response modulation

® MPLA helps in reducing toxicity and act as immunostimulant

® TLR8-PEG-bl-PPS combination used for dendritic cell activation
o TLR7-Alum combination used in glycoconjugate vaccines

e CpG ODN-protein combinations widely used in nanomedicines
® MelQbG10-CpG-ODN used in treatment of melanoma

® nasal vaccine developed by the combination of recombinant PcrV
adjuvanted with CpG-ODN
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Figure 4. Representation showing different applications of nanobots in the biomedical field (created with Inkscape).

liposomes, saponins, etc., are different compounds that play an
adjuvant role in the clinical field.** This will help to induce long-
lasting immunity for the vaccinated individual. Immunostimu-
lation is made possible by the activation of various immune
receptors like TLRs (toll-like receptors), PRRs (pattern
recognition receptors), and CLRs (C-type lectin receptors)
and also by the induction of B cells, T cells, cytokines,
chemokines, etc.”” Delivery systems help display and present
antigens to antigen-presenting cells (APCs) for immunization.
This can be prolonged by combining the delivery system with
immunostimulatory adjuvants like PRRs. These PRRs are
specialized receptors in both immune and non-immune cells
that are expressed by macrophages and dendritic cells mainly for
pathogen detection. The conserved pattern sets in pathogens
called PAMPs (pathogen-associated molecular patterns) are
recognized by PRRs and killed. MenBioVax, a meningitis
vaccine, is a heat shock protein—antigen complex (HspC)

against Neisseria meningitidis in humans.** The examples for
adjuvant-targeted PRRs are listed in Table 2.%%%

5.9.1. Advantages. In one work, lectin/ScLL was used
against Neospora lysate antigen (NLA), and it showed increased
IgG1, survival rate, as well as decreased parasite load.*® Lectins
and heat shock proteins have been utilized in anticoccidial
vaccine formulations for inducing mucosal and systemic
immunity due to the interaction and translocation efliciency of
proteins.84

5.9.2. Limitations. 1t is reported that limited spatial control of
ligand attachments may occur in the case of multiple ligand
attachments on the same protein.”” In one study, albumin/
AlbiVax nanocomplexes were found as efficient in vaccine
delivery and immunotherapy, but the possibility of modifica-
tions due to conjugation challenges, immunomodulatory effects,
and nonspecific conjugation risks with other cysteine-accessible
biomolecules demands its further optimization.®’
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6. DIVERSE NANOMATERIALS, NANOPRODUCTS,
AND NANODEVICES IN BIOMEDICINE

Even if nanotechnology deals within the 1—100 nm range, its
wide applications and vast range of products made it an essential
part in the medical field. The diverse applications of nano-
technology in the medical field encompass a vast array of
nanomaterials, nanoproducts, and nanodevices, many of which
are not limited to protein-based nanoparticles (PNPs). Some of
these advanced nonbiological materials are discussed here
(Figures 4 and $).
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Quantum dot
@ Nanozyme

NANOMATERIALS
&
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Nanocrystal

SERS Nanobot

Figure S. Graphical representation showing current trends in
nanomaterials, nanoproducts, and nanodevices (created with
BioRender.com).

6.1. Nanopharmaceuticals. Nanomedicine has a success-
ful place in the healthcare area, as it covers many limitations of
traditional pharmaceutical agents, like difficulty in the removal
of residues, toxic effects, high initial drug release, low drug
solubility, etc. Mostly, nanotechnology is used as a carrier option
for different drugs. Hence, there are different types of
nanocarriers used for drug/gene/vaccine delivery, biosensing,
cell scaffolds, chemotherapy, etc. (Table 3).**

Apart from these, mesoporous silica NPs are used in the
biomedical field as biosensors, antidotes, and diagnostic agents.
Carbon nanotubes are being used in bone cell scaffolds and to
repair spinal cord injuries.*”

6.2. SERS. Surface-enhanced Raman spectroscopy (SERS) is
an important diagnostic tool that uses nanotechnology such as

Table 3. Types of Nanocarriers Used as
Nanopharmaceuticals, Their Applications, and Related
Examples®®®*

pharmaceutical
nanocarrier application nanomedicine examples
organic chemotherapy, Emend, Ostim, Rapamune
nanocrystal cholesterol control
polymeric NP nanospheres for drug/ Cimzia, Adagen, Macugen,
gene delivery Renagel
liposomes DNA/drug/hormone Doxil, Onivyde, Margibo
delivery

magnetic NP

protein NP

MRI application, contrast
agent

drug carriers, coagulant

Gadomer-17, ferumoxsil
(MPIO), gadobutrol

Ontak, Rebinyn, Abraxane

gold NPs. This technique can be used for developing biosensors,
SERS active nanomedicines, cellular imaging, and drug delivery.
Faceted Co;0, microcrystals, Raman reporters, etc., are used for
their biotagging capability, parallel detection of more bio-
molecules, and photocatalysis. They have the ability to perform
biomarker detection, pathogen detection, and blood component
analysis for various disorders like cancer, infections, auto-
immune diseases, cardiovascular disorders, diabetes, etc.*’

6.3. Nanofibers. Nanofibers are used mainly for the dressing
of wounds, implants, burned areas, etc. An interesting revolution
is the creation of intelligent bandages made from nanofibers to
detect infectious symgptorns. They become absorbed into cells
after wound healing.” Tt is reported that electrospun or self-
assembled nanofibers will mimic the extracellular matrix
(ECM), thereb?r allowing guided tissue and bone regeneration
in oral surgery.”'

6.4. Nanobots. Nanorobotics is an area having a
coordinated system for repairing damaged cells and replacing
entire intracellular components, DNA molecules, different
organs, etc., in biomedicine. Sensors and propulsion equipment
include the major components of a nanobot. The manufacturing
of such robots is done by several methods, like physical vapor
deposition technology, self-winding technology, electrochem-
ical template deposition technology, and wet chemical synthesis.
The application of artificial intelligence in nanotechnology has
improved efficiency and circulation due to the programming
options. They can be connected with different people to monitor
cancerous cells, damaged cells, etc.”’ Additionally, they are
exclusively used in pretreatment analyses like metal-ion
detection in blood, identifying sepsis, and acidity sensing.
Moreover, they are utilized in medical imaging and drug
delivery, act as drug carriers, and serve as surgical tools (Figure
4)'92

6.5. Nanocages. The interior of the cage is a matrix type
made of PNPs that is filled with therapeutic agents, whereas the
exterior part will have increased monodispersity and specific-
ity.” They can be made of either single or multiple proteins. The
PNPs will ensure equal distribution of drugs and helps to
customize drug delivery.”* The size of this nanomaterial is in the
range 5—100 nm, making it highly useful as a template. This
nanomaterial includes nonviral and viral protein nanocages.
Common nonviral cages include ferritin, heat shock protein,
encapsulin, DNA-binding protein (Dps), E2 proteins, etc.
Ferritin nanocages regulate iron levels in the body, especially
holo-ferritin, and will load guests like S-carotene, cyanidin-3-O-
glucoside, etc.'” Dps are used for the supplementation of
mineral elements. E2 proteins are being used as a platform for
doxorubicin encapsulation.”® M13 bacteriophage, MS2 bacter-
iophage, adenovirus, tobacco mosaic virus, etc, have been
utilized to deliver interleukin-12 (IL-12) and a TGF-$ inhibitor
(SB) for exerting antitumor activity, for crossing the blood—
brain barrier (BBB) with an MRI contrast agent, etc.”

6.6. Nanosensors. Sensors, along with nanotechnology, are
used to detect malignant organs, concentrations of body O, and
CO,, nutritional deficiency, circulatory malignant cells, etc.
Nanoflares, which have the capacity of luminescence to detect
cancer cells, are an example of this.”” It is reported that nano-
microbivores as well as nanosensors are used in the detection
and detoxification of chemical warfare agents like marijuana,
alcohol, and banned materials in patients.”” Graphene optical
biosensors are used for identifying cancer cells during chemo-
therapy. Graphene-based FET nanosensors are used for
detecting coronavirus from swab specimens, and investigations
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of the healing process by bioresorbable pressure sensors which
highlights their noteworthy applications in healthcare.”®

6.7. Nanobubbles. These are a drug delivery structure or
aggregate formed when exposed to body temperature. Through
ultrasonic stimulation, the bioactive agents are released from
these bubbles. The formation occurs as a result of air gas
trapping at the hydrophobic surface of the supersaturated
solutions. Various types of nanobubbles like bulk, oscillating,
plasmonic, and interfacial nanobubbles exhibit distinct proper-
ties. They have very good applications in the treatment of tumor
cells, as they are unaffected by healthy cells. Anticancer
nanobubbles for doxorubicin was a successful carrier. They
can be used for clot removal and as a carrier for viral vectors.”

6.8. Nanofilms. Nanofilms are polymeric sheets of nano-
meter thickness intended for cell interaction. These sheets are
assembled into thin layers, forming different biofilms by
methods like spin coating, fluidic assembly, etc. They involve
surface cross-linking and nanoparticle templating, thus having
mechanical rigidity and bioactivity.'” Nanofilms are used as
patches to heal incisions in surgical procedures. Ubiquitous
transference nanoadhesive plaster, poly(lactic acid) nanosheets,
and poly(acrylic acid) sacrificial supporting films are a few
examples.

6.9. Nanozymes. These are a combination of enzymes with
nanoparticles, mainly gold NPs. They can absorb light, which
aids in photothermal therapies. They are also used as delivery
vehicles, in vivo imaging agents, immunoassays, etc. The various
applications include gold electrodes with aptamers for cardiac
troponin I, the detection of urinary spermine and HIV, the
detection of pesticides and mycotoxins for water treatment,
building artificial biochemical models, etc. Apart from that,
magnetite nanoparticles with peroxidase activity were another
successful venture.'” Iron oxide, cerium oxide, graphene, and
manganese nanozymes were reported to exhibit great anti-
microbial activity and ROS scavenging activity.'*

6.10. Nanocrystals. These are 100% pure, stable solid drugs
without drug vehicles tin the range of 1000 nm. They can be
made into a nanosuspension with the addition of a surfactant.
High pressure homogenization, controlled precipitation, vortex
mixing techniques, etc., are used for the manufacture of
nanocrystals. For pulmonary hydrophobic drug delivery,
cinaciguat nanocrystals have been used.'**

6.11. Nanowires. These are specific nanomaterials, usually
1D structures, used in biosensors. The key benefits of these
structures are their superior charge conduction and strong
sensing characteristics.'> Silicon nanowires are being used in
the fabrication of pH sensors, the detection of biomolecular
interactions like biotin or streptavidin, the detection of single-
stranded DNA molecules, the detection of influenza virus A,
etc.'

6.12. Nanodiamonds. Nanodiamonds are basically carbon
nanoparticles that have a size of less than 10 nm, along with the
inherent characteristics of bulk diamonds like stable fluores-
cence, intrinsic biocompatibility, low toxicity, apparent
functionalization, surface modification, etc. The synthesis
methods of nanodiamonds include detonation techniques, ball
milling, laser ablation, and chemical vapor deposition. Mainly,
they have bioimaging applications and biosensing applications
and are being used in heat therapy, targeted therapy, etc.'”’
Different nanodiamond-conjugated complexes have been
discovered to enhance their applications, like albumin-
conjugated fluorescent nanodiamonds (FNDs), which can be

utilized as photostable labels, tracers, and biomolecular
nanocarriers. '

6.13. Nanomotors. Nanomotors are developed from the
inspiration of different biomotors like kinesin and dynein. These
devices convert different types of energy into mechanical energy
to perform various tasks efficiently. They are extensively used in
assisted fertilization, microsurgeries, targeted therapies, etc.
They have properties like high adaptability to the internal
environment, magnetotaxis, chemotaxis, anaerobism, rapid
multiplication, etc."""

6.14. Carbon-Based Quantum Dots. These are nano-
carbon crystals with a semiconductor core and a shell that have
properties like photoluminescence, multiproton excitation, low
toxicity, high water solubility, and environmental friendliness.
Hence, they are extensively used in bioimaging purposes,
nanomedicine, catalysis, light emitting diodes, solar cells, and
the investigation of targeted analytes.”

6.15. Organ-on-Chip (0OOC). OOCs are nanodevices that
can replicate the microenvironment of organs or cells, by
creating the 3D models, which serves as a platform for drug
discovery and screening. As these models mimic the
physiological conditions of the human body, they can be used
for preclinical research. These devices can create human tissue-
like structures and can be used for HPT screening and survival
monitoring. This technology has been applied for the
construction of various nanodevices like single organ-on-chip,
multiple organ-on-chip, human-on-chip, patients-on-chip, etc.
Another nanodevice, cancer-on-chip (3D breast COC), has
been used to treat breast tumors through the evaluation of drug
delivery systems." "'

In addition to these examples, there exists a plethora of other
nanostructures like nanospheres, nanorods, nanogels, nano-
emulsions, nanocapsules, nanomicelles, etc. Various hosts like -
casein, whey protein, ovalbumin, etc., help in the loading of
substances like curcumin, carotenoid, folic acid, etc.'” Nano-
spheres and nanorods are often utilized for hyperthermia
treatment, nanostars for the treatment of malignant growth,
nano core—shells for bioactive molecule delivery, carbon
nanotubes for cell-level diagnosis or treatment, nanocubes for
biosensing, etc.”’

Through the various preparation technologies mentioned in
Table 1, new designs of nanomaterials or devices are being
invented, prompting the success in the field of nanomedicine.
PNPs stands out as a competent candidate among the vast range
of nanoparticles. However, designing novel nanostructures or
devices incorporating PNPs whether through modifying existing
PNPs or integrating them with other nanoparticles will yield
encouraging quality products in the market.

7. ERA OF MULTIFUNCTIONAL PROTEIN
NANOPARTICLES

The modification of PNPs through engineered assembly has led
to the manufacture of multifunctional protein nanoparticles,
which have made notable contributions with enhanced
effectiveness and biospecificity in the field of TERM (tissue
engineering and regenerative medicine) strategies. Self-
assembly is a sophisticated technique used to build peptide
nanomaterials with high loading capacity and prolonged
circulation, which have a good future in regenerative medicine
and drug delivery.”” Other assemblies produced by the colloidal
nature of nanoparticles make them attractive candidates in the
field of 3D bioconstructs. But the record of such bioconstructs
started from biofunctional building blocks to multiscale modular
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bioarchitectures with user-defined geometrics. The main goal of
this particular category is to perform many functions synergisti-
cally, which will lead to the simultaneous attainment of
therapeutics as well as diagnostics (Table 4).""*

The remarkable discovery of biopolymer nanocomposites
helped to create enhanced multifunctional supports or devices in
the medical field. Biopolymer nanocomposites are the integrated
nanointerface of biological materials (polysaccharides, proteins,
polynucleotides) as well as synthetic materials (carbon,
minerals, metals, graphene). The improved optical properties
made them an important candidate for the production of
electronic devices. Especially, proteins like silk, collagen, and
keratin have wide applications in multifunctional bioimplants.
Apart from these, they have various applications in the fields of
photoluminescence, photonic crystals, fast DNA diagnosis,
etc.'” The directed assembly of cell-laden microgels to form 3D
microfabricated tissue constructs with increased photolithog-
raphy,114 macrophage microtissues, coculture tissue models,
etc., paved the way for tissue and organ transplantation using a
nanoscale approach.”” Their qualities like high penetration
ability and tunable surface }groperties, made them ideal
candidates in the TERM field.”” In the dental field, the NPs
are used as nanofillers for repairing mechanical properties,
implant coatings, etc. Chitosan-based composite scaffolds were
used for the treatment of periodontal defects and bone loss by
forming interfacial bonds. Collagen-based nerve conduits were
used to repair small nerve gaps, and gelatin-based scaffolds were
used for neural tissue engineering via electrospinning to
promote axon growth. Other PNPs such as elastin and keratin
are combined with polypeptides to form suitable substrates.
HemCon bandage for hemostatic dressing is a chitosan-made
product that has wide application in the skincare industry for its
enhanced antibacterial properties. The dendrimer-camptothe-
cin conjugate used in PDA treatment showed high antitumor
activity and is being used in the field of drug delivery.""’

Apart from these, a variety of proteins like hemoglobin,
transferrin, mucin, and HSA were used for the development of
alternate drug delivery platforms. Hemoglobin is used for the
manufacture of semiartificial RBCs and Hb-based oxygen
carriers. Mucins are basically glycosylated proteins that
stabilized by cationic cross-linkers which can be used in the
manufacture of cargo systems. Transferrin has been used in
cancer treatment as a carrier, as it facilitates the transport of
therapeutics across the blood—brain barrier and targets
malignant tissues. Medical implants fabricated with NPs and
their body acceptability have given satisfactory results in the
daily lives of people. But the risk of nanotoxicity has to be
evaluated, and thereby, the design has to be modified.''®

8. CHALLENGES OF SYNTHETIC NANOPARTICLES
AND THE EMERGENCE OF NATURAL PROTEIN
NANOPARTICLES

Even though the biomedical field gained many advancements
through the effective manipulation of materials on the
nanoscale, their utilization caused many hazards to mankind in
the name of cytotoxicity and waste mismanagement. The
common challenges of synthetic nanoparticles are high cost,
production of toxicants, immune response, nanomaterial
characterization, etc.”” After the formation of protein corona,
the next interaction happens with phagocytes that may cause
infections or inflammation.''” Meanwhile, the lymphatic system
directs them to various areas and leads to the suppression of NK
cells, proinflammatory cytokine production, reactive oxygen
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Table 4. Advancement of Nanoparticle Assembly, Related Products, and Applications

products
Up Cell (Okano’s group), TiO, nanodot films, fibroblast cell sheets,

examples

functions/applications

assembly type

3D spheroids, human 3D organoids

2.5D cell sheets, 3D multicellular microtissues, programmable cell-rich
assembly

implantation, recapitulation of complex structures with enhanced

fabrication of human heterotypic cell constructs, improved healing after
organogenesis and morphogenesis

cell-rich assembly

layer-by-layer (LbL) assembled 1929 fibroblast cells, microtissue

cell-laden hydrogels

3D cell culture, nonviral gene delivery, cell surface functionalization,

cell-biomaterial

TA/poly(N-vinylcaprolactam) (PVCL) multilayers
IKVAV-functionalized dendrimers, 20 nm carboxylated polystyrene

constructs, hydrogen bonded LbL films,

nanoparticle-cell functionalization, microparticle cell assembly

assembly

nanostickers, gelatin norbornene microgel, collagen gel bead

microgels, aggregated 3D spheroids, dense cell—cell programmed

layered multicellular constructs, nanoparticle-cell clusters, multiblock
constructs, stacked cell sheets

promote cell spreading, cell—cell interactions, cell—particle interactions,
platforms for 3D cell encapsulation

combined 3D as-
sembly

vascularized hierarchic microtissue assemblies

capsular liquified microenvironments, vascularized multicomponent

promote osteodifferentiation of hMSCs, formation of hyaline cartilage

multiscale modu-

structure

lar bioarchitec-

ture

constructs, spatially organized multiblock hydrogels

NeuraGen, Neuromaix nerve conduits, GORE-TEX vascular grafts,
INFUSE bone graft

shape-memory braces, intraocular lens

eye implants, shoulder implants, heart implants, dental implants

tissue engineered scaffolds

heart valves, restore normal eye vision

promote peripheral nerve regeneration, regulate cell adhesion, orthopedic
applications

healing joint pains, mineralization of teeth, replacement of diseased/clotted

neered tissue

mimetics
medical implants

implantable engi-
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species (ROS) induction, tissue damage, organ damage, and
oxidative stress. But all the interactions are not detrimental,
according to nature, and the evolution of NPs in the body may
be beneficial also.''® The concepts like transportation,
elimination, and accumulation of NPs are very important, as
they cause changes in proper body functioning. AgNPs were
reported to cause ROS-mediated leakiness of endothelial cells,
which led to inflammation in the liver, lungs, and kidneys. CuO
NPs caused liver tissue apoptosis and impaired liver function,
while mesoporous silica nanoparticles (MSNs) triggered
intestinal inflammation responses, oxidative stress and damaged
the intestinal mucosal epithelial structure.''” Another great
challenge of conventional synthetic nanoparticles is their
biodegradability. The emergence of protein therapeutics leads
to the exploration of nanomedicines correlated with bioinspired
or natural proteins. They exhibit various inherent features like
high modification flexibility, specificity, improved bioavailabil-
ity, stability, controlled release, etc. If natural or purified protein
NPs are converted to engineered protein NPs, then they can also
overcome low immunological responses. Poly(L-glutamic acid)
(PGlu), poly(a,B-aspartic acid) (PAsp), or poly(i-lysine)
(PLys) as hydrophilic segments and poly(y-benzyl-L-glutamate)
PBLG are a few examples of polypeptide blocks used in the
biomedical field. The versatility of this can be increased by
rDNA technology. Apart from these features, conjugation
capability and surface modification with several drugs, active
ingredients, and dyes have been utilized for antibody purification
processes. PNPs can be easily cleaved by different enzymes
according to their degree of cross-linking, creating a residue-free
or toxin-free internal environment. The availability and
affordability of natural proteins makes them a major stabilizer
in the manufacture of nanomedicine.* Besides the advantages of
bioinspired nanoparticles, particularly PNPs,*” challenges such
as the correct targeting of infection sites, accurate release of
optimal drugs, stable characterization of physicochemical
properties, and pharmacological profiles are still being corrected.

9. CONCLUSION AND FUTURE PERSPECTIVE

The toxicity issues associated in the nanomedical field were
reduced to a greater extent by the integration of organic
biomolecules. Proteins isolated from plants and animals are
smart candidates in therapeutics and diagnostics for hybrid
nanoscaffold formation due to some unique properties like
spatial distribution of functional groups at well-defined sites,
inherent size uniformity, self-assembly profile, and their
nontoxic degradable byproducts. Different in vivo approaches
like surface functionalization, therapeutic conjugation or
blending, multiple modifiable interfaces, recombination, and
multiple ligand attachments have made them a revolutionizing
vector in areas like regenerative medicine, antimicrobial
bioagents, targeted therapies, drug and gene delivery, imaging
and sensing, immunological adjuvants, and more. The effect of
such protein-based nanotherapeutics highly influences their
unique design and preparation methods. These effects have to be
surveilled properly by checking the protein corona composition
formed due to its interactions and the need to use alternative
methods for better results. The challenges and gaps of particular
nanoprotein innovations in each field have to be addressed for
boosting the effectiveness in treatments and providing a new
horizon of personalized therapeutics. PNPs can be surface-
modified or conjugated with drugs or active ingredients (both
organic or inorganic), making them a safer alternative to
synthetic nanoparticles or to reduce their side effects. Among the

different natural proteins studied, albumin, zein, and fibroin are
mostly used for therapeutic and diagnostic purposes in various
fields in purified form or modified or in conjugated conditions.
Overall, the synergy of nanotechnology and protein nano-
particles in nanomedicine has opened new frontiers in efficient
treatment strategies, contributing to an increased life expect-
ancy.

As these technologies advance, new designs incorporating
PNPs, either through modification or integration with other
nanoparticles and nonbiological materials, will address existing
gaps in various fields. Looking ahead, the future of nanomedicine
will likely involve a synergistic approach where the best
attributes of diverse nanomaterials incorporating PNPs are
combined to create multifunctional, highly effective therapeutic
and diagnostic solutions. This integration or conjugation will
not only enhance the efficacy of existing treatments but also pave
the way for breakthroughs in personalized medicine and
minimally invasive diagnostic tools.
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thermal titration calorimetry; AuNPs, gold nanoparticles; NSCs,
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loaded PCL NPs, vascular endothelial growth factor-loaded
polycaprolactone nanoparticles; AgNPs, silver nanoparticles;
AuNP-ZnO, gold—zinc oxide nanoparticles; LYZ—AuNCs,
lysozyme—gold nanoclusters; CuNCs, copper nanoclusters;
MNCs, metal nanoclusters; R-BSA-S, reduced bovine serum
albumin-silver treatment; PEG, polyethylene glycol; PLGA,
poly(lactic-co-glycolic acid); AIDS, acquired immunodeficiency
syndrome; PPI dendrimer, poly(propyleneimine) dendrimer;
PTX, paclitaxel; LNP siRNA, lipid nanoparticle small interfering
RNA; CZP, certolizumab pegol; SELPs, silk—elastin-like protein
polymers; PAMAM dendrimers, poly(amidoamine) den-
drimers; HSA, human serum albumin; Qpf, Q-beta virus;
HBYV, hepatitis B virus; Fd, filamentous bacteriophage; E2,
estradiol; Fn PNPs, fibronectin protein nanoparticles; MR,
magnetic resonance imaging; CT, computed tomography; PET,
positron emission tomography; US, ultrasound; NIR imaging,
near-infrared imaging; TP imaging, two-photon imaging; PA
imaging, photoacoustic imaging; FA imaging, fluorescence
angiography imaging; PLA, proximity ligation assay; ANANAS
nanoparticles, aptamer-nanoparticle-aptamer nanostructures;
ELP-D-Nluc-BAP, elastin-like polypeptide-NanoLuc lucifer-
ase-biotin acceptor peptide; RPA70A, replication protein A 70
kDa subunit A; POCT, point-of-care testing; hFTN-H, human
ferritin heavy chain; anti-S-HBsAg, antibody against surface
antigen of hepatitis B virus; Hsp, heat shock protein; ZnF16Pc-
loaded scFv ferritin, zinc phthalocyanine loaded with single-
chain antibody fragment (scFv) ferritin; NIR Au-HFt nano-
composite, near-infrared gold—hollow ferritin nanocomposite;
Apo-CUR-Gd complex, apoferritin-curcumin-gadolinium com-
plex; PNCgyy, polyomavirus SV40 capsid; Ag,S, silver sulfide;
HFn, heavy chain ferritin; VLPs, virus-like particles; ELPs,
elastin-like polypeptides; TLR, toll-like receptor; PRR, pattern
recognition receptor; CLR, C-type lectin receptor; APC,
antigen-presenting cell; PAMPs, pathogen-associated molecular
patterns; OVA antigens, ovalbumin antigens; DAMPs, damage-
associated molecular patterns; MPLA, monophosphoryl lipid A;
TLR8-PEG-bI-PPS, toll-like receptor 8-polyethylene glycol-
block-poly(propylene sulfide); CpG ODN-protein, cytosine-
phosphate-guanine oligodeoxynucleotide-protein; MelQbG10-
CpG-ODN, melanin-binding peptide QbG10-CpG oligodeox-
ynucleotide; AS02A, adjuvant system 02A; SERS, surface-
enhanced Raman scattering; ECM, extracellular matrix; MCF7,
Michigan Cancer Foundation-7; Dps, DNA-binding protein;
FET nanosensor, field-effect transistor nanosensor; ROS,
reactive oxygen species; COC, cancer-on-chip; OOC, organ-
on-chip; HPT, high-throughput screening; TERM, tissue
engineering and regenerative medicine; PVCL, poly(N—vinyl-
caprolactam); LbL, layer-by-layer; hMSCs, human mesenchy-
mal stem cells; PDA treatment, posterior descending artery
treatment; PGlu, polyglutamate; PAsp, polyaspartic acid; PLys,
polylysine; PBLG, poly(y-benzyl-L-glutamate); rDNA, recombi-
nant DNA

B REFERENCES

(1) Gillette, M. A.; Carr, S. A. Quantitative Analysis of Peptides and
Proteins in Biomedicine by Targeted Mass Spectrometry. Nat. Methods
2013, 10 (1), 28—34.

(2) Ding, S.; Zhang, N.; Lyu, Z.; Zhu, W.; Chang, Y. C,; Hu, X,; Du,
D.; Lin, Y. Protein-Based Nanomaterials and Nanosystems for
Biomedical Applications: A Review. Mater. Today 2021, 43, 166—184.

(3) Vardaxi, A.; Kafetzi, M.; Pispas, S. Polymeric Nanostructures
Containing Proteins and Peptides for Pharmaceutical Applications.
Polymers 2022, 14, 777.

(4) Habibi, N.; Mauser, A.; Ko, Y.; Lahann, J. Protein Nanoparticles:
Uniting the Power of Proteins with Engineering Design Approaches.
Adv. Sci. 2022, 9 (8), 2104012 DOL: 10.1002/advs.202104012.

(5) Nehete, J.; Narkhede, M.; Bhambar, R,; Gawali, S. Natural
Proteins: Sources, Isolation, Characterization and Applications.
Pharmacogn. Rev. 2013, 7 (14), 107.

(6) Kianfar, E. Protein Nanoparticles in Drug Delivery: Animal
Protein, Plant Proteins and Protein Cages, Albumin Nanoparticles. J.
Nanobiotechnol. 2021, 19, 159 DOI: 10.1186/512951-021-00896-3.

(7) Miao, Y,; Yang, T,; Yang, S; Yang, M.; Mao, C. Protein
Nanoparticles Directed Cancer Imaging and Therapy. Nano Converg.
2022, 9 (1), 2.

(8) Hong, S.; Choi, D. W.; Kim, H. N.; Park, C. G.; Lee, W.; Park, H.
H. Protein-Based Nanoparticles as Drug Delivery Systems. Pharma-
ceutics 2020, 12 (7), 604.

(9) Alavi, M.; Asare-Addo, K.; Nokhodchi, A. Lectin Protein as a
Promising Component to Functionalize Micelles, Liposomes and Lipid
NPs against Coronavirus. Biomedicines 2020, 8 (12), 580.

(10) Liu, G; An, D.; Li, J,; Deng, S. Zein-Based Nanoparticles:
Preparation, Characterization, and Pharmaceutical Application. Front.
Pharmacol. 2023, 14, 1120251 DOI: 10.3389/fphar.2023.1120251.

(11) Ahsan, S. M.; Rao, C. M.; Ahmad, M. F. Nanoparticle—Protein
Interaction: The Significance and Role of Protein Corona. In Cellular
and Molecular Toxicology of Nanoparticles; Springer, 2018; p 175—198.
DOI: 10.1007/978-3-319-72041-8 11.

(12) Breznica, P.; Koliqi, R; Daka, A. A Review of the Current
Understanding of Nanoparticles Protein Corona Composition. Med.
Pharm. Rep. 2015, DOI: 10.15386/mpr-1756.

(13) Mishra, R. K; Ahmad, A.; Vyawahare, A.; Alam, P.; Khan, T. H,;
Khan, R. Biological Effects of Formation of Protein Corona onto
Nanoparticles. Int. J. Biol. Macromol. 2021, 175, 1—-18.

(14) Zhang, T ; Li, L.; Chunta, S.; Wu, W.; Chen, Z.; Lu, Y. Enhanced
Oral Bioavailability from Food Protein Nanoparticles: A Mini Review. J.
Controlled Release 2023, 354, 146—154.

(15) Khakpour, S.; Hosano, N.; Moosavi-Nejad, Z.; Farajian, A. A;
Hosano, H. Advancing Tumor Therapy: Development and Utilization
of Protein-Based Nanoparticles. Pharmaceutics 2024, 16 (7), 887.

(16) Hua, Y.; Qin, Z.; Gao, L.; Zhou, M.; Xue, Y.; Li, Y.; Xie, J. Protein
Nanoparticles as Drug Delivery Systems for Cancer Theranostics. J.
Controlled Release 2024, 371, 429—444.

(17) Lin, Q;; Ge, S.; McClements, D. J.; Li, X,; Jin, Z.; Jiao, A.; Wang,
J.; Long, J; Xu, X,; Qiu, C. Advances in Preparation, Interaction and
Stimulus Responsiveness of Protein-Based Nanodelivery Systems. Crit.
Rev. Food Sci. Nutr. 2023, 63 (19), 4092—4105.

(18) Kaltbeitzel, J.; Wich, P. R. Protein-based Nanoparticles: From
Drug Delivery to Imaging, Nanocatalysis and Protein Therapy. Angew.
Chem., Int. Ed. 2023, 62 (44), 202216097 DOI: 10.1002/
anie.202216097.

(19) Qu, N.; Song, K; Ji, Y,; Liu, M; Chen, L.; Lee, R;; Teng, L.
Albumin Nanoparticle-Based Drug Delivery Systems. Int. J. Nano-
medicine 2024, 19, 6945—6980.

(20) Ahmed, R.; Hira, N. u. a.; Fu, Z.; Wang, M.; Halepoto, A.; Khanal,
S.; Igbal, S.; Mahar, H.; Cohen Stuart, M. A,; Guo, X. Control and
Preparation of Quaternized Chitosan and Carboxymethyl Chitosan
Nanoscale Polyelectrolyte Complexes Based on Reactive Flash
Nanoprecipitation. ACS Omega 2021, 6 (38), 24526—24534.

(21) Ahmed Bhutto, R.; Hira bhutto, N. u. a.; Igbal, S.; Manoharadas,
S.; Yi, J.; Fan, Y. Polyelectrolyte Nanocomplex from Sodium Caseinate
and Chitosan as Potential Vehicles for Oil Encapsulation by Flash
Nanoprecipitation. Food Hydrocoll. 2024, 150, 109666.

(22) Tivano, F.; Chiono, V. Zein as a Renewable Material for the
Preparation of Green Nanoparticles for Drug Delivery. Front. Biomater.
Sci. 2023, 2, 1156403 DOI: 10.3389/fbiom.2023.1156403.

(23) Jain, A,; Singh, S. K; Arya, S. K.; Kundu, S. C.; Kapoor, S. Protein
Nanoparticles: Promising Platforms for Drug Delivery Applications.
ACS Biomater. Sci. Eng. 2018, 4 (12), 3939—3961.

(24) DeFrates, K.; Markiewicz, T'; Gallo, P.; Rack, A.; Weyhmiller, A.;
Jarmusik, B.; Hu, X. Protein Polymer-Based Nanoparticles: Fabrication
and Medical Applications. Int. J. Mol. Sci. 2018, 19 (6), 1717.

https://doi.org/10.1021/acsomega.4c05037
ACS Omega 2024, 9, 42613—-42629


https://doi.org/10.1038/nmeth.2309
https://doi.org/10.1038/nmeth.2309
https://doi.org/10.1016/j.mattod.2020.11.015
https://doi.org/10.1016/j.mattod.2020.11.015
https://doi.org/10.3390/polym14040777
https://doi.org/10.3390/polym14040777
https://doi.org/10.1002/advs.202104012
https://doi.org/10.1002/advs.202104012
https://doi.org/10.1002/advs.202104012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.4103/0973-7847.120508
https://doi.org/10.4103/0973-7847.120508
https://doi.org/10.1186/s12951-021-00896-3
https://doi.org/10.1186/s12951-021-00896-3
https://doi.org/10.1186/s12951-021-00896-3?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/s40580-021-00293-4
https://doi.org/10.1186/s40580-021-00293-4
https://doi.org/10.3390/pharmaceutics12070604
https://doi.org/10.3390/biomedicines8120580
https://doi.org/10.3390/biomedicines8120580
https://doi.org/10.3390/biomedicines8120580
https://doi.org/10.3389/fphar.2023.1120251
https://doi.org/10.3389/fphar.2023.1120251
https://doi.org/10.3389/fphar.2023.1120251?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/978-3-319-72041-8_11
https://doi.org/10.1007/978-3-319-72041-8_11
https://doi.org/10.1007/978-3-319-72041-8_11?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.15386/mpr-1756
https://doi.org/10.15386/mpr-1756
https://doi.org/10.15386/mpr-1756?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijbiomac.2021.01.152
https://doi.org/10.1016/j.ijbiomac.2021.01.152
https://doi.org/10.1016/j.jconrel.2022.12.043
https://doi.org/10.1016/j.jconrel.2022.12.043
https://doi.org/10.3390/pharmaceutics16070887
https://doi.org/10.3390/pharmaceutics16070887
https://doi.org/10.1016/j.jconrel.2024.06.004
https://doi.org/10.1016/j.jconrel.2024.06.004
https://doi.org/10.1080/10408398.2021.1997908
https://doi.org/10.1080/10408398.2021.1997908
https://doi.org/10.1002/anie.202216097
https://doi.org/10.1002/anie.202216097
https://doi.org/10.1002/anie.202216097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202216097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2147/IJN.S467876
https://doi.org/10.1021/acsomega.1c02185?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c02185?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c02185?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c02185?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.foodhyd.2023.109666
https://doi.org/10.1016/j.foodhyd.2023.109666
https://doi.org/10.1016/j.foodhyd.2023.109666
https://doi.org/10.3389/fbiom.2023.1156403
https://doi.org/10.3389/fbiom.2023.1156403
https://doi.org/10.3389/fbiom.2023.1156403?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.8b01098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.8b01098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/ijms19061717
https://doi.org/10.3390/ijms19061717
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

(25) Nitta, S.; Numata, K. Biopolymer-Based Nanoparticles for Drug/
Gene Delivery and Tissue Engineering. Int. J. Mol. Sci. 2013, 14 (1),
1629—1654.

(26) Alzate-Correa, D.; Lawrence, W. R.; Salazar-Puerta, A,; Higuita-
Castro, N.; Gallego-Perez, D. Nanotechnology-Driven Cell-Based
Therapies in Regenerative Medicine. AAPS J. 2022, 24 (2), 43.

(27) Xia, D.; Chen, J.; Zhang, Z.; Dong, M. Emerging Polymeric
Biomaterials and Manufacturing Techniques in Regenerative Medicine.
Aggregate 2022, 3 (5), e176 DOI: 10.1002/agt2.176.

(28) Engel, E.; Michiardi, A.; Navarro, M.; Lacroix, D.; Planell, J. A.
Nanotechnology in Regenerative Medicine: The Materials Side. Trends
Biotechnol. 2008, 26, 39—47.

(29) Fathi-Achachelouei, M.; Knopf-Marques, H.; Ribeiro da Silva, C.
E.; Barthes, J.; Bat, E.; Tezcaner, A.; Vrana, N. E. Use of Nanoparticles
in Tissue Engineering and Regenerative Medicine. Front. Bioeng.
Biotechnol. 2019, 7, 113.

(30) Iovene, A; Zhao, Y.; Wang, S.; Amoako, K. Bioactive Polymeric
Materials for the Advancement of Regenerative Medicine. J. Funct.
Biomater. 2021, 12 (1), 14.

(31) Mansour, A.; Romani, M.; Acharya, A. B.; Rahman, B.; Verron,
E.; Badran, Z. Drug Delivery Systems in Regenerative Medicine: An
Updated Review. Pharmaceutics 2023, 15 (2), 695.

(32) Aljabali, A. A.; Rezigue, M.; Alsharedeh, R. H.; Obeid, M. A;
Mishra, V.; Serrano-Aroca, A.; El-Tanani, M.; Tambuwala, M. M.
Protein-Based Nanomaterials: A New Tool for Targeted Drug Delivery.
Ther. Delivery 2022, 13 (6), 321—338.

(33) Yetisgin, A. A.; Cetinel, S;; Zuvin, M.; Kosar, A;; Kutlu, O.
Therapeutic Nanoparticles and Their Targeted Delivery Applications.
Molecules 2020, 25 (9), 2193.

(34) Spirescu, V. A.; Chircov, C.; Grumezescu, A. M.; Andronescu, E.
Polymeric Nanoparticles for Antimicrobial Therapies: An up-to-Date
Overview. Polymers 2021, 13 (5), 724

(35) Zare, 1; Chevrier, D. M,; Cifuentes-Rius, A.; Moradi, N.; Xianyu,
Y.; Ghosh, S.; Trapiella-Alfonso, L.; Tian, Y.; Shourangiz-Haghighi, A.;
Mukherjee, S.; Fan, K; Hamblin, M. R. Protein-Protected Metal
Nanoclusters as Diagnostic and Therapeutic Platforms for Biomedical
Applications. Mater. Today 2023, 66, 159—193.

(36) Patel, A.; Paul, S.; Akhtar, N.; Das, S.; Kar, S.; Bhattacharjee, S.;
Manna, D. Onium- and Alkyl Amine-Decorated Protein Nanoparticles
as Antimicrobial Agents and Carriers of Antibiotics to Promote
Synergistic Antibacterial and Antibiofilm Activities. ACS Appl. Nano
Mater. 2022, 5 (11), 16602—16611.

(37) Zhang, S.; Song, W.; Wu, H.; Wang, J.; Wang, Y.; Zhang, Z.; Ly,
H. Lecithins-Zein Nanoparticles for Antifungal Treatment: Enhance-
ment and Prolongation of Drug Retention in Skin with Reduced
Toxicity. Int. J. Pharm. 2020, 590, 119894.

(38) Dolce, M.; Proietti, D.; Principato, S.; Giusti, F.; Adamo, G. M,;
Favaron, S.; Ferri, E,; Margarit, I; Romano, M. R,; Scarselli, M,;
Carboni, F. Impact of Protein Nanoparticle Shape on the
Immunogenicity of Antimicrobial Glycoconjugate Vaccines. Int. J.
Mol. Sci. 2024, 25 (7), 3736.

(39) Wang, L.; Huang, X.; Cao, X.; Zhou, F.; Liu, B.; Wei, S.; Liu, X;
Yang, X,; Yin, S. Confining the Growth of AgNPs onto Epigallocatechin
Gallate-Decorated Zein Nanoparticles for Constructing Potent
Protein-Based Antibacterial Nanocomposites. J. Agric. Food Chem.
2024, 72 (9), 4928—4938.

(40) Nwankwo, C. E.; Adewuyi, A;; Osho, A. An Overview of
Nanoparticle Properties and Their Bioactivity. Int. J. Biochem. Res. Rev.
2023, 32 (5), 12—39.

(41) Yao, Y.; Sangani, C. B,; Duan, Y.-T.; Bhadja, P.; Ameta, R. K.
Molecular Modelling, Thermal, Adsorption and Biological Studies of
Conjugate Cu2+-BSA Nanoparticles. J. Mol. Liq. 2021, 331, 115732.

(42) Lehmann, T.; Vaughn, A. E.; Seal, S.; Liechty, K. W.; Zgheib, C.
Silk Fibroin-Based Therapeutics for Impaired Wound Healing.
Pharmaceutics 2022, 14 (3), 651.

(43) Meng, R.; Zhu, H,; Wang, Z.; Hao, S.; Wang, B. Preparation of
Drug-Loaded Albumin Nanoparticles and Its Application in Cancer
Therapy. J. Nanomater. 2022, 2022 (1), 3052175.

(44) Sun, L.; Liu, H;; Ye, Y.; Lei, Y.; Islam, R.; Tan, S ; Tong, R.; Miao,
Y.-B.; Cai, L. Smart Nanoparticles for Cancer Therapy. Signal
Transduct. Target. Ther. 2023, 8 (1), 418.

(45) Mitchell, M. J.; Billingsley, M. M.; Haley, R. M.; Wechsler, M. E.;
Peppas, N. A.; Langer, R. Engineering Precision Nanoparticles for Drug
Delivery. Nat. Rev. Drug Discovery 2021, 20 (2), 101—124.

(46) Ghazy, M. G. M.; Hanafy, N. A. N. Targeted Therapies for Breast
and Lung Cancers by Using Propolis Loaded Albumin Protein
Nanoparticles. Int. J. Biol. Macromol. 2024, 260, 129338.

(47) Shinde, P.; Agraval, H; Singh, A; Yadav, U. C. S.; Kumar, U.
Synthesis of Luteolin Loaded Zein Nanoparticles for Targeted Cancer
Therapy Improving Bioavailability and Efficacy. J. Drug Delivery Sci.
Technol. 2019, 52, 369—378.

(48) Reddy, N.; Rapisarda, M. Properties and Applications of
Nanoparticles from Plant Proteins. Materials 2021, 14 (13), 3607.

(49) Hasan, A.; Morshed, M.; Memic, A.; Hassan, S.; Webster, T.;
Marei, H. Nanoparticles in Tissue Engineering: Applications,
Challenges and Prospects. Int. J. Nanomedicine 2018, 13, 5637—5655.

(50) Chen, H,; Li, Z,; Li, X;; Ly, J; Chen, B;; Wang, Q; Wu, G.
Biomaterial-Based Gene Delivery: Advanced Tools for Enhanced
Cartilage Regeneration. Drug Des. Devel. Ther. 2023, 17, 3605—3624.

(51) Liy, J.; Zhou, Y.; Lyu, Q.; Yao, X.; Wang, W. Targeted Protein
Delivery Based on Stimuli-triggered Nanomedicine. Exploration 2024,
DOI: 10.1002/EXP.20230025.

(52) Hatefi, A; Cappello, J.; Ghandehari, H. Adenoviral Gene
Delivery to Solid Tumors by Recombinant Silk-Elastinlike Protein
Polymers. Pharm. Res. 2007, 24 (4), 773=779.

(53) Paliwal, R.; Palakurthi, S. Zein in Controlled Drug Delivery and
Tissue Engineering. J. Controlled Release 2014, 189, 108—122.

(54) Johari, N.; Madaah Hosseini, H. R,; Samadikuchaksaraei, A.
Mechanical Modeling of Silk Fibroin/TiO2 and Silk Fibroin/
Fluoridated TiO2 Nanocomposite Scaffolds for Bone Tissue Engineer-
ing. Iran. Polym. ]. 2020, 29 (3), 219—224.

(55) El Sharkawi, F. Z.; Ewais, S. M.; Fahmy, R. H; Rashed, L. A.
PTEN and TRAIL Genes Loaded Zein Nanoparticles as Potential
Therapy for Hepatocellular Carcinoma. J. Drug Target. 2017, 25 (6),
513-522.

(56) Preetam, S.; Duhita Mondal, D.; Mukerjee, N.; Naser, S. S.;
Tabish, T. A,; Thorat, N. Revolutionizing Cancer Treatment: The
Promising Horizon of Zein Nanosystems. ACS Biomater. Sci. Eng. 2024,
10 (4), 1946—1965.

(57) Mehrotra, P. Biosensors and Their Applications - A Review. J.
Oral Biol. Craniofacial Res. 2016, 6 (2), 153—159.

(58) Raeeszadeh-Sarmazdeh, M.; Hartzell, E.; Price, J. V.; Chen, W.
Protein Nanoparticles as Multifunctional Biocatalysts and Health
Assessment Sensors. Curr. Opin. Chem. Eng. 2016, 13, 109—118.

(59) Sciuto, E. L.; Coniglio, M. A.; Corso, D.; van der Meer, J. R;
Acerbi, F.; Gola, A,; Libertino, S. Biosensors in Monitoring Water
Quality and Safety: An Example of a Miniaturizable Whole-Cell Based
Sensor for Hg2+ Optical Detection in Water. Water 2019, 11 (10),
1986.

(60) He, S.-B.; Balasubramanian, P.; Chen, Z.-W.; Zhang, Q.; Zhuang,
Q.-Q; Peng, H.-P; Deng, H.-H,; Xia, X.-H,; Chen, W. Protein-
Supported RuO , Nanoparticles with Improved Catalytic Activity, In
Vitro Salt Resistance, and Biocompatibility: Colorimetric and Electro-
chemical Biosensing of Cellular H , O ,. ACS Appl. Mater. Interfaces
2020, 12 (13), 14876—14883.

(61) Hu, M.; Zhu, K.; Wei, J.; Yang, K.; Wu, L.; Zong, S.; Wang, Z. Silk
Fibroin-Based Wearable SERS Biosensor for Simultaneous Sweat
Monitoring of Creatinine and Uric Acid. Biosens. Bioelectron. 2024, 268,
116662.

(62) Kong, D.; Jin, R.; Zhao, X;; Li, H.; Yan, X;; Liu, F.; Sun, P.; Gao,
Y,; Liang, X,; Lin, Y,; Lu, G. Protein-Inorganic Hybrid Nanoflower-
Rooted Agarose Hydrogel Platform for Point-of-Care Detection of
Acetylcholine. ACS Appl. Mater. Interfaces 2019, 11 (12), 11857—
11864.

(63) Chen, Y.; Xu, C,; Sun, M.; Zhao, G.; Wang, Z.; Lv, C. Vertasile
Ferritin Nanocages: Applications in Detection and Bioimaging. Biosens.
Bioelectron. 2024, 262, 116567.

https://doi.org/10.1021/acsomega.4c05037
ACS Omega 2024, 9, 42613—-42629


https://doi.org/10.3390/ijms14011629
https://doi.org/10.3390/ijms14011629
https://doi.org/10.1208/s12248-022-00692-3
https://doi.org/10.1208/s12248-022-00692-3
https://doi.org/10.1002/agt2.176
https://doi.org/10.1002/agt2.176
https://doi.org/10.1002/agt2.176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tibtech.2007.10.005
https://doi.org/10.3389/fbioe.2019.00113
https://doi.org/10.3389/fbioe.2019.00113
https://doi.org/10.3390/jfb12010014
https://doi.org/10.3390/jfb12010014
https://doi.org/10.3390/pharmaceutics15020695
https://doi.org/10.3390/pharmaceutics15020695
https://doi.org/10.4155/tde-2021-0091
https://doi.org/10.3390/molecules25092193
https://doi.org/10.3390/polym13050724
https://doi.org/10.3390/polym13050724
https://doi.org/10.1016/j.mattod.2020.10.027
https://doi.org/10.1016/j.mattod.2020.10.027
https://doi.org/10.1016/j.mattod.2020.10.027
https://doi.org/10.1021/acsanm.2c03665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.2c03665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.2c03665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijpharm.2020.119894
https://doi.org/10.1016/j.ijpharm.2020.119894
https://doi.org/10.1016/j.ijpharm.2020.119894
https://doi.org/10.3390/ijms25073736
https://doi.org/10.3390/ijms25073736
https://doi.org/10.1021/acs.jafc.3c08029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.3c08029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.3c08029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.9734/ijbcrr/2023/v32i5814
https://doi.org/10.9734/ijbcrr/2023/v32i5814
https://doi.org/10.1016/j.molliq.2021.115732
https://doi.org/10.1016/j.molliq.2021.115732
https://doi.org/10.3390/pharmaceutics14030651
https://doi.org/10.1155/2022/3052175
https://doi.org/10.1155/2022/3052175
https://doi.org/10.1155/2022/3052175
https://doi.org/10.1038/s41392-023-01642-x
https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.1016/j.ijbiomac.2024.129338
https://doi.org/10.1016/j.ijbiomac.2024.129338
https://doi.org/10.1016/j.ijbiomac.2024.129338
https://doi.org/10.1016/j.jddst.2019.04.044
https://doi.org/10.1016/j.jddst.2019.04.044
https://doi.org/10.3390/ma14133607
https://doi.org/10.3390/ma14133607
https://doi.org/10.2147/IJN.S153758
https://doi.org/10.2147/IJN.S153758
https://doi.org/10.2147/DDDT.S432056
https://doi.org/10.2147/DDDT.S432056
https://doi.org/10.1002/EXP.20230025
https://doi.org/10.1002/EXP.20230025
https://doi.org/10.1002/EXP.20230025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11095-006-9200-5
https://doi.org/10.1007/s11095-006-9200-5
https://doi.org/10.1007/s11095-006-9200-5
https://doi.org/10.1016/j.jconrel.2014.06.036
https://doi.org/10.1016/j.jconrel.2014.06.036
https://doi.org/10.1007/s13726-020-00789-6
https://doi.org/10.1007/s13726-020-00789-6
https://doi.org/10.1007/s13726-020-00789-6
https://doi.org/10.1080/1061186X.2017.1289536
https://doi.org/10.1080/1061186X.2017.1289536
https://doi.org/10.1021/acsbiomaterials.3c01540?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.3c01540?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jobcr.2015.12.002
https://doi.org/10.1016/j.coche.2016.08.016
https://doi.org/10.1016/j.coche.2016.08.016
https://doi.org/10.3390/w11101986
https://doi.org/10.3390/w11101986
https://doi.org/10.3390/w11101986
https://doi.org/10.1021/acsami.0c00778?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c00778?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c00778?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c00778?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bios.2024.116662
https://doi.org/10.1016/j.bios.2024.116662
https://doi.org/10.1016/j.bios.2024.116662
https://doi.org/10.1021/acsami.8b21571?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b21571?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b21571?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bios.2024.116567
https://doi.org/10.1016/j.bios.2024.116567
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

(64) Li, M.; Ji, H,; Wang, Y.; Zhang, C.; Zhang, X.; Wu, Y.; Cui, F;
Zhou, Q. Glycan-Lectin Interactions Powered Biosensors for the
Instant Screening of Viruses and Beyond. TrAC Trends Anal. Chem.
2023, 167, 117243.

(65) Yur, D; Lieser, R. M.; Sullivan, M. O.; Chen, W. Engineering
Bionanoparticles for Improved Biosensing and Bioimaging. Curr. Opin.
Biotechnol. 2021, 71, 41—48.

(66) Sharma, P.; Brown, S; Walter, G.; Santra, S.; Moudgil, B.
Nanoparticles for Bioimaging. Adv. Colloid Interface Sci. 2006, 123—
126, 471—48S.

(67) Sandra, F.; Khalig, N. U.; Sunna, A.; Care, A. Developing Protein-
Based Nanoparticles as Versatile Delivery Systems for Cancer Therapy
and Imaging. Nanomaterials 2019, 9 (9), 1329.

(68) Kaku, T. S.; Lim, S. Protein Nanoparticles in Molecular, Cellular,
and Tissue Imaging. WIREs Nanomedicine Nanobiotechnology 2021, 13
(5), e1714 DOI: 10.1002/wnan.1714.

(69) Mandal, A.; Sekar, S.; Kanagavel, M,; Chandrasekaran, N;
Mukherjee, A.; Sastry, T. P. Collagen Based Magnetic Nano-
biocomposite as MRI Contrast Agent and for Targeted Delivery in
Cancer Therapy. Biochim. Biophys. Acta BBA - Gen. Subj. 2013, 1830
(10), 4628—4633.

(70) Yu, X; Li, C,; Wang, B.; Ding, X.; Wang, N.; Xing, B.; Zhang, Z.
Protein-Mediated Fluorescent Probes for Bioimaging and Biosensing:
From Fundamentals to Applications. TrAC Trends Anal. Chem. 2024,
170, 117462.

(71) Tang, Z.; Wu, H,; Zhang, Y,; Li, Z,; Lin, Y. Enzyme-Mimic
Activity of Ferric Nano-Core Residing in Ferritin and Its Biosensing
Applications. Anal. Chem. 2011, 83 (22), 8611—8616.

(72) Song, N.; Zhang, J.; Zhai, J.; Hong, J.; Yuan, C.; Liang, M.
Ferritin: A Multifunctional Nanoplatform for Biological Detection,
Imaging Diagnosis, and Drug Delivery. Acc. Chem. Res. 2021, 54 (17),
3313-3328.

(73) Chen, H.; Crum, M.; Chavan, D.; Vu, B.; Kourentzi, K.; Willson,
R. C. Nanoparticle-Based Proximity Ligation Assay for Ultrasensitive,
Quantitative Detection of Protein Biomarkers. ACS Appl. Mater.
Interfaces 2018, 10 (38), 31845—31849.

(74) Ikeda, Y.,; Mashimo, Y.; Mie, M,; Kobatake, E. Design of
Luciferase-Displaying Protein Nanoparticles for Use as Highly
Sensitive Immunoassay Detection Probes. Analyst 2016, 141 (24),
6557—6563.

(75) Kang, J.; Yeom, G; Jang, H.; Oh, J; Park, C.-J; Kim, M.-G.
Development of Replication Protein A-Conjugated Gold Nanoparticles
for Highly Sensitive Detection of Disease Biomarkers. Anal. Chem.
2019, 91 (15), 10001—10007.

(76) Park, J.-S.; Cho, M. K; Lee, E. J.; Ahn, K.-Y.; Lee, K. E.; Jung, J.
H,; Cho, Y,; Han, S.-S.; Kim, Y. K; Lee, J. A Highly Sensitive and
Selective Diagnostic Assay Based on Virus Nanoparticles. Nat.
Nanotechnol. 2009, 4 (4), 259—264.

(77) Lee, S.-H.; Lee, H,; Park, J.-S.; Choi, H.; Han, K.-Y.; Seo, H.-S.;
Ahn, K.-Y,; Han, S.-S.; Cho, Y.; Lee, K.-H.; Lee, J. A Novel Approach to
Ultrasensitive Diagnosis Using Supramolecular Protein Nanoparticles.
FASEB J. 2007, 21 (7), 1324—1334.

(78) Momenbeitollahi, N.; Cloet, T.; Li, H. Pushing the Detection
Limits: Strategies towards Highly Sensitive Optical-Based Protein
Detection. Anal. Bioanal. Chem. 2021, 413 (24), 5995—6011.

(79) Zhang, W.; Xu, C.; Yin, G.-Q.; Zhang, X.-E.; Wang, Q.; Li, F.
Encapsulation of Inorganic Nanomaterials inside Virus-Based Nano-
particles for Bioimaging. Nanotheranostics 2017, 1 (4), 358—368.

(80) Esmaeili, F.; Dinarvand, R.; Ghahremani, M. H.; Amini, M.;
Rouhani, H.; Sepehri, N.; Ostad, S. N.; Atyabi, F. Docetaxel-Albumin
Conjugates: Preparation, In Vitro Evaluation and Biodistribution
Studies. J. Pharm. Sci. 2009, 98 (8), 2718—2730.

(81) Samrot, A. V.; Sean, T. C.; Kudaiyappan, T.; Bisyarah, U.;
Mirarmandi, A.; Faradjeva, E.; Abubakar, A.; Ali, H. H.; Angalene, J. L.
A.; Suresh Kumar, S. Production, Characterization and Application of
Nanocarriers Made of Polysaccharides, Proteins, Bio-Polyesters and
Other Biopolymers: A Review. Int. J. Biol. Macromol. 2020, 165, 3088—
310S.

(82) Nguyen, B.; Tolia, N. H. Protein-Based Antigen Presentation
Platforms for Nanoparticle Vaccines. Npj Vaccines 2021, 6 (1), 70.

(83) Diaz-Dinamarca, D. A,; Salazar, M. L.; Castillo, B. N.; Manubens,
A.; Vasquez, A. E.; Salazar, F.; Becker, M. I. Protein-Based Adjuvants for
Vaccines as Immunomodulators of the Innate and Adaptive Immune
Response: Current Knowledge, Challenges, and Future Opportunities.
Pharmaceutics 2022, 14 (8), 1671.

(84) Sander, V. A,; Corigliano, M. G.; Clemente, M. Promising Plant-
Derived Adjuvants in the Development of Coccidial Vaccines. Front.
Vet. Sci. 2019, 6, 20 DOI: 10.3389/fvets.2019.00020.

(85) Petkar, K. C,; Patil, S. M.; Chavhan, S. S.; Kaneko, K.; Sawant, K.
K,; Kunda, N. K;; Saleem, I. Y. An Overview of Nanocarrier-Based
Adjuvants for Vaccine Delivery. Pharmaceutics 2021, 13 (4), 45S.

(86) Cardoso, M. R. D.; Mota, C. M.; Ribeiro, D. P.; Noleto, P. G.;
Andrade, W. B. F.; Souza, M. A;; Silva, N. M,; Mineo, T. W. P.; Mineo, J.
R; Silva, D. A. O. Adjuvant and Immunostimulatory Effects of a D-
Galactose-Binding Lectin from Synadenium Carinatum Latex (ScLL)
in the Mouse Model of Vaccination against Neosporosis. Vet. Res. 2012,
43 (1), 76.

(87) Zhy, G.; Lynn, G. M.; Jacobson, O.; Chen, K;; Liu, Y.; Zhang, H.;
Ma, Y.; Zhang, F.; Tian, R.; Ni, Q.; Cheng, S.; Wang, Z.; Lu, N,; Yung,
B. C,; Wang, Z.; Lang, L.; Fu, X; Jin, A.; Weiss, I. D.; Vishwasrao, H;
Niu, G.; Shroff, H.; Klinman, D. M.; Seder, R. A.; Chen, X. Albumin/
Vaccine Nanocomplexes That Assemble in Vivo for Combination
Cancer Immunotherapy. Nat. Commun. 2017, 8 (1), 1954.

(88) Farjadian, F.; Ghasemi, A.; Gohari, O.; Roointan, A.; Karimi, M.;
Hamblin, M. R. Nanopharmaceuticals and Nanomedicines Currently
on the Market: Challenges and Opportunities. Nanomed. 2019, 14 (1),
93—126.

(89) Arcos, D. Nanomaterials in Biomedicine 2022. Int. J. Mol. Sci.
2023, 24 (10), 9026.

(90) Haleem, A.; Javaid, M,; Singh, R. P.; Rab, S,; Suman, R.
Applications of Nanotechnology in Medical Field: A Brief Review. Glob.
Health J. 2023, 7 (2), 70—77.

(91) Berton, F.; Porrelli, D.; Di Lenarda, R.; Turco, G. A Critical
Review on the Production of Electrospun Nanofibres for Guided Bone
Regeneration in Oral Surgery. Nanomaterials 2019, 10 (1), 16.

(92) Zhang, Y.; Zhang, Y.; Han, Y.; Gong, X. Micro/Nanorobots for
Medical Diagnosis and Disease Treatment. Micromachines 2022, 13
(5), 648.

(93) Bhaskar, S.; Lim, S. Engineering Protein Nanocages as Carriers
for Biomedical Applications. NPG Asia Mater. 2017, 9 (4), No. e371.

(94) Mazayen, Z. M.; Ghoneim, A. M.; Elbatanony, R. S.; Basalious, E.
B.; Bendas, E. R. Pharmaceutical Nanotechnology: From the Bench to
the Market. Future J. Pharm. Sci. 2022, 8 (1), 12.

(95) Chen, H.; Tan, X;; Fu, Y.; Dai, H,; Wang, H.; Zhao, G.; Zhang, Y.
The Development of Natural and Designed Protein Nanocages for
Encapsulation and Delivery of Active Compounds. Food Hydrocoll.
2021, 121, 107004.

(96) Ramos, R.; Bernard, J.; Ganachaud, F.; Miserez, A. Protein-Based
Encapsulation Strategies: Toward Micro- and Nanoscale Carriers with
Increased Functionality. Small Sci. 2022, 2 (3), 2100095
DOI: 10.1002/smsc.202100095.

(97) Malik, S.; Muhammad, K.; Waheed, Y. Emerging Applications of
Nanotechnology in Healthcare and Medicine. Molecules 2023, 28 (18),
6624.

(98) Ramesh, M.; Janani, R; Deepa, C.; Rajeshkumar, L. Nano-
technology-Enabled Biosensors: A Review of Fundamentals, Design
Principles, Materials, and Applications. Biosensors 2023, 13 (1), 40.

(99) Mabrouk, M.; Das, D. B,; Salem, Z. A.; Beherei, H. H.
Nanomaterials for Biomedical Applications: Production, Character-
isations, Recent Trends and Difficulties. Molecules 2021, 26 (4), 1077.

(100) Van Tassel, P. R. Nanotechnology in Medicine: Nanofilm
Biomaterials. Yale J. Biol. Med. 2013, 86 (4), 527—536.

(101) Anjum, S.; Ishaque, S.; Fatima, H.; Farooq, W.; Hano, C,;
Abbasi, B. H.; Anjum, I. Emerging Applications of Nanotechnology in
Healthcare Systems: Grand Challenges and Perspectives. Pharmaceut-
icals 2021, 14 (8), 707.

https://doi.org/10.1021/acsomega.4c05037
ACS Omega 2024, 9, 42613—-42629


https://doi.org/10.1016/j.trac.2023.117243
https://doi.org/10.1016/j.trac.2023.117243
https://doi.org/10.1016/j.copbio.2021.06.002
https://doi.org/10.1016/j.copbio.2021.06.002
https://doi.org/10.1016/j.cis.2006.05.026
https://doi.org/10.3390/nano9091329
https://doi.org/10.3390/nano9091329
https://doi.org/10.3390/nano9091329
https://doi.org/10.1002/wnan.1714
https://doi.org/10.1002/wnan.1714
https://doi.org/10.1002/wnan.1714?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bbagen.2013.05.018
https://doi.org/10.1016/j.bbagen.2013.05.018
https://doi.org/10.1016/j.bbagen.2013.05.018
https://doi.org/10.1016/j.trac.2023.117462
https://doi.org/10.1016/j.trac.2023.117462
https://doi.org/10.1021/ac202049q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac202049q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac202049q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.1c00267?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.1c00267?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b01377?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b01377?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6AN01253A
https://doi.org/10.1039/C6AN01253A
https://doi.org/10.1039/C6AN01253A
https://doi.org/10.1021/acs.analchem.9b01827?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.9b01827?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nnano.2009.38
https://doi.org/10.1038/nnano.2009.38
https://doi.org/10.1096/fj.06-7303com
https://doi.org/10.1096/fj.06-7303com
https://doi.org/10.1007/s00216-021-03566-3
https://doi.org/10.1007/s00216-021-03566-3
https://doi.org/10.1007/s00216-021-03566-3
https://doi.org/10.7150/ntno.21384
https://doi.org/10.7150/ntno.21384
https://doi.org/10.1002/jps.21599
https://doi.org/10.1002/jps.21599
https://doi.org/10.1002/jps.21599
https://doi.org/10.1016/j.ijbiomac.2020.10.104
https://doi.org/10.1016/j.ijbiomac.2020.10.104
https://doi.org/10.1016/j.ijbiomac.2020.10.104
https://doi.org/10.1038/s41541-021-00330-7
https://doi.org/10.1038/s41541-021-00330-7
https://doi.org/10.3390/pharmaceutics14081671
https://doi.org/10.3390/pharmaceutics14081671
https://doi.org/10.3390/pharmaceutics14081671
https://doi.org/10.3389/fvets.2019.00020
https://doi.org/10.3389/fvets.2019.00020
https://doi.org/10.3389/fvets.2019.00020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/pharmaceutics13040455
https://doi.org/10.3390/pharmaceutics13040455
https://doi.org/10.1186/1297-9716-43-76
https://doi.org/10.1186/1297-9716-43-76
https://doi.org/10.1186/1297-9716-43-76
https://doi.org/10.1038/s41467-017-02191-y
https://doi.org/10.1038/s41467-017-02191-y
https://doi.org/10.1038/s41467-017-02191-y
https://doi.org/10.2217/nnm-2018-0120
https://doi.org/10.2217/nnm-2018-0120
https://doi.org/10.3390/ijms24109026
https://doi.org/10.1016/j.glohj.2023.02.008
https://doi.org/10.3390/nano10010016
https://doi.org/10.3390/nano10010016
https://doi.org/10.3390/nano10010016
https://doi.org/10.3390/mi13050648
https://doi.org/10.3390/mi13050648
https://doi.org/10.1038/am.2016.128
https://doi.org/10.1038/am.2016.128
https://doi.org/10.1186/s43094-022-00400-0
https://doi.org/10.1186/s43094-022-00400-0
https://doi.org/10.1016/j.foodhyd.2021.107004
https://doi.org/10.1016/j.foodhyd.2021.107004
https://doi.org/10.1002/smsc.202100095
https://doi.org/10.1002/smsc.202100095
https://doi.org/10.1002/smsc.202100095
https://doi.org/10.1002/smsc.202100095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/molecules28186624
https://doi.org/10.3390/molecules28186624
https://doi.org/10.3390/bios13010040
https://doi.org/10.3390/bios13010040
https://doi.org/10.3390/bios13010040
https://doi.org/10.3390/molecules26041077
https://doi.org/10.3390/molecules26041077
https://doi.org/10.3390/ph14080707
https://doi.org/10.3390/ph14080707
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

(102) Lou-Franco, J.; Das, B.; Elliott, C.; Cao, C. Gold Nanozymes:
From Concept to Biomedical Applications. Nano-Micro Lett. 2021, 13
(1), 10.

(103) Gomaa, E. Z. Nanozymes: A Promising Horizon for Medical
and Environmental Applications. J. Clust. Sci. 2022, 33 (4), 1275—1297.

(104) Patra, J. K.; Das, G.; Fraceto, L. F.; Campos, E. V. R.; Rodriguez-
Torres, M. d. P.; Acosta-Torres, L. S.; Diaz-Torres, L. A,; Grillo, R;;
Swamy, M. K; Sharma, S.; Habtemariam, S.; Shin, H.-S. Nano Based
Drug Delivery Systems: Recent Developments and Future Prospects. J.
Nanobiotechnology 2018, 16 (1), 71.

(105) Harish, V.; Tewari, D.; Gaur, M.; Yadav, A. B.; Swaroop, S.;
Bechelany, M.; Barhoum, A. Review on Nanoparticles and Nano-
structured Materials: Bioimaging, Biosensing, Drug Delivery, Tissue
Engineering, Antimicrobial, and Agro-Food Applications. Nanomateri-
als 2022, 12 (3), 457.

(106) Salhi, B.; Hossain, M. K.; Mukhaimer, A. W.; Al-Sulaiman, F. A.
Nanowires: A New Pathway to Nanotechnology-Based Applications. J.
Electroceramics 2016, 37 (1—4), 34—49.

(107) Qin, J.-X; Yang, X.-G.; Ly, C.-F,; Li, Y.-Z,; Liu, K-K.; Zang, J.-
H,; Yang, X; Dong, L; Shan, C.-X. Nanodiamonds: Synthesis,
Properties, and Applications in Nanomedicine. Mater. Des. 2021, 210,
110091.

(108) Kuo, Y.; Hsu, T.-Y.; Wy, Y.-C,; Chang, H.-C. Fluorescent
Nanodiamond as a Probe for the Intercellular Transport of Proteins in
Vivo. Biomaterials 2013, 34 (33), 8352—8360.

(109) Pramanik, G.; Bag, S.; Chakrabortty, S. Fluorescent Nano-
diamond for Nanotheranostic Applications. Microchim. Acta 2022, 189
(12), 447.

(110) Su, L.-J.; Wu, M.-S.; Hui, Y. Y; Chang, B.-M,; Pan, L.; Hsu, P.-
C.; Chen, Y.-T,; Ho, H.-N,; Huang, Y.-H.; Ling, T.-Y,; Hsu, H.-H,;
Chang, H.-C. Fluorescent Nanodiamonds Enable Quantitative
Tracking of Human Mesenchymal Stem Cells in Miniature Pigs. Sci.
Rep. 2017, 7 (1), 45607.

(111) Harun-Ur-Rashid, M.; Jahan, 1; Foyez, T.; Imran, A. B. Bio-
Inspired Nanomaterials for Micro/Nanodevices: A New Era in
Biomedical Applications. Micromachines 2023, 14 (9), 1786.

(112) Gaspar, V. M.; Lavrador, P.; Borges, J.; Oliveira, M. B.; Mano, J.
F. Advanced Bottom-Up Engineering of Living Architectures. Adv.
Mater. 2020, 32 (6), 1903975 DOI: 10.1002/adma.201903975.

(113) Sharma, R.; Agrawal, U.,; Mody, N.; Dubey, S.; Vyas, S. P.
Engineered Nanoparticles as a Precise Delivery System in Cancer
Therapeutics. In Engineering of Nanobiomaterials; Elsevier, 2016; p
397—427. DOI: 10.1016/B978-0-323-41532-3.00013-0.

(114) Dy, Y,; Lo, E.; Alj, S.; Khademhosseini, A. Directed Assembly of
Cell-Laden Microgels for Fabrication of 3D Tissue Constructs. Proc.
Natl. Acad. Sci. U. S. A. 2008, 105 (28), 9522—9527.

(115) Zheng, X; Zhang, P; Fu, Z; Meng, S.; Dai, L,; Yang, H.
Applications of Nanomaterials in Tissue Engineering. RSC Adv. 2021,
11 (31), 19041—19058.

(116) Gautam, S.; Bhatnagar, D.; Bansal, D.; Batra, H.,; Goyal, N.
Recent Advancements in Nanomaterials for Biomedical Implants.
Biomed. Eng. Adv. 2022, 3, 100029.

(117) Ernst, L; Casals, E.; Italiani, P.; Boraschi, D.; Puntes, V. The
Interactions between Nanoparticles and the Innate Immune System
from a Nanotechnologist Perspective. Nanomaterials 2021, 11 (11),
2991.

(118) Ray, P.; Haideri, N.; Haque, I; Mohammed, O.; Chakraborty,
S.; Banerjee, S.; Quadir, M.; Brinker, A.; Banerjee, S. The Impact of
Nanoparticles on the Immune System: A Gray Zone of Nanomedicine.
J. Immunol. Sci. 2021, 5 (1), 19-33.

(119) Ji, Y Wang, Y.; Wang, X,; Lv, C.; Zhou, Q;; Jiang, G.; Yan, B,;
Chen, L. Beyond the Promise: Exploring the Complex Interactions of
Nanoparticles within Biological Systems. J. Hazard. Mater. 2024, 468,
133800.

42629 https://doi.org/10.1021/acsomega.4c05037
ACS Omega 2024, 9, 42613—-42629


https://doi.org/10.1007/s40820-020-00532-z
https://doi.org/10.1007/s40820-020-00532-z
https://doi.org/10.1007/s10876-021-02079-4
https://doi.org/10.1007/s10876-021-02079-4
https://doi.org/10.1186/s12951-018-0392-8
https://doi.org/10.1186/s12951-018-0392-8
https://doi.org/10.3390/nano12030457
https://doi.org/10.3390/nano12030457
https://doi.org/10.3390/nano12030457
https://doi.org/10.1007/s10832-016-0037-y
https://doi.org/10.1016/j.matdes.2021.110091
https://doi.org/10.1016/j.matdes.2021.110091
https://doi.org/10.1016/j.biomaterials.2013.07.043
https://doi.org/10.1016/j.biomaterials.2013.07.043
https://doi.org/10.1016/j.biomaterials.2013.07.043
https://doi.org/10.1007/s00604-022-05545-6
https://doi.org/10.1007/s00604-022-05545-6
https://doi.org/10.1038/srep45607
https://doi.org/10.1038/srep45607
https://doi.org/10.3390/mi14091786
https://doi.org/10.3390/mi14091786
https://doi.org/10.3390/mi14091786
https://doi.org/10.1002/adma.201903975
https://doi.org/10.1002/adma.201903975?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B978-0-323-41532-3.00013-0
https://doi.org/10.1016/B978-0-323-41532-3.00013-0
https://doi.org/10.1016/B978-0-323-41532-3.00013-0?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.0801866105
https://doi.org/10.1073/pnas.0801866105
https://doi.org/10.1039/D1RA01849C
https://doi.org/10.1016/j.bea.2022.100029
https://doi.org/10.3390/nano11112991
https://doi.org/10.3390/nano11112991
https://doi.org/10.3390/nano11112991
https://doi.org/10.29245/2578-3009/2021/1.1206
https://doi.org/10.29245/2578-3009/2021/1.1206
https://doi.org/10.1016/j.jhazmat.2024.133800
https://doi.org/10.1016/j.jhazmat.2024.133800
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

