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Abstract: The concept of nanomedicine has evolved significantly in recent decades, leveraging the
unique phenomenon known as the enhanced permeability and retention (EPR) effect. This has
facilitated major advancements in targeted drug delivery, imaging, and individualized therapy
through the integration of nanotechnology principles into medicine. Numerous nanomedicines
have been developed and applied for disease treatment, with a particular focus on cancer therapy.
Recently, nanomedicine has been utilized in various advanced fields, including diagnosis, vaccines,
immunotherapy, gene delivery, and tissue engineering. Multifunctional nanomedicines facilitate con-
current medication delivery, therapeutic monitoring, and imaging, allowing for immediate responses
and personalized treatment plans. This review concerns the major advancement of nanomaterials and
their potential applications in the biological and medical fields. Along with this, we also mention the
various clinical translations of nanomedicine and the major challenges that nanomedicine is currently
facing to overcome the clinical translation barrier.

Keywords: nanomedicine applications; immunotherapy; theranostic; vaccine development; gene
therapy; tissue engineering

1. Introduction

Physicist Richard Feynman initially introduced the idea of nanotechnology in 1959
during a talk about creating objects at the atomic and molecular levels. Nowadays, scientists
believe that nanotechnology is the most promising technological advancement of the
twenty-first century. They have studied it as a potential new method for studying medical
conditions. Public funding for nanotechnology research and development has risen over
the last ten years, indicating that nanotechnology will usher in a new era of productivity
and prosperity [1]. Moreover, the application of nanomedicine has opened up previously
unexplored potential, especially in cancer treatment; it offers precision targeting, increased
efficacy, and decreased adverse effects.

Numerous nanoparticles (NPs), including liposomes, polymeric NPs, and inorganic
NPs, are now providing benefits in the therapeutic field, including improved in vitro and
in vivo drug stability, therapeutic efficacy, and ease of surface modification [2]. Most
recently, biospecific molecules can now be conjugated with NPs through chemical or
physical techniques, and NPs can be employed in the utilization of certain biological events,
such as the antibody–antigen interaction, the receptor–ligand interaction, and DNA–DNA
hybridization [3]. To focus medication delivery on target areas and prevent enzymatic
degradation, engineered nanoparticles (NPs) can be made to control drug release and target
or avoid specific interactions with different cells [2]. Although many of the aforementioned
issues are resolved by nanoparticle-mediated delivery methods, there are a few things
to keep in mind when utilizing them, especially regarding nanoparticle design. Particle
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size, shape, hydrophobicity, and surface charge all have a sensitive impact on how well
nanoparticles reach targets. Large nanoparticles (>100 nm) can become retained in the
extracellular matrix (ECM), while small nanoparticles (<5 nm) may leak out of blood
vessels during circulation. On the other hand, medium-sized nanoparticles, which range
from around 5 to 100 nm, remain in the bloodstream and are efficiently transported to
target sites. Particle shape (as well as size) is a significant component that affects the
drainage of nanoparticles from the lymph nodes. The majority of previous nanoparticle
formulations were spherical, but a variety of different forms, including rods, prisms, cubes,
stars, and discs, have been produced recently thanks to advancements in nanoparticle
engineering. In addition to particle size and shape, the carrier’s surface charge is important
for cellular internalization and immune response activation. Surface charge may have an
impact on how well cells absorb nanoparticles. Positively charged nanoparticles typically
elicit a stronger immunological response compared to their neutral or negatively charged
counterparts. However, because they are frequently trapped in the negatively charged ECM,
positively charged nanoparticles show decreased tissue permeability [4]. Thus, specifically
engineered nanoparticles can provide various benefits over conventional therapeutics,
including protecting a therapeutic payload from biological degradation, targeting tumor
cells via active targeting, which will minimize off-target normal cell toxicity, and enhancing
in vivo stability and bioavailability, and such nanoparticles have been smartly programmed
to release their payload at the site of interest [5]. Moreover, the specific application of
nanomaterials is determined by their surface chemistry (composition), surface physics
(topography and roughness), surface thermodynamics (wettability and free energy), and
toxicological effects [3].

In the realm of nanomedicine applications, a primary focus has been on cancer treat-
ment, leveraging the enhanced permeability and retention (EPR) effect [6]. The history,
mechanisms, and future implications of the EPR effect have been thoroughly documented
in various articles and book chapters [6–12]. This effect plays a crucial role in the selective
accumulation of nanomedicines within tumor tissues, enhancing their effectiveness while
minimizing systemic exposure and side effects. In essence, the EPR effect refers to the phe-
nomenon of selective accumulation of macromolecular agents in tumor tissues, facilitated
by the unique anatomical and pathophysiological characteristics of tumor blood vessels.
This allows for the preferential permeation and retention of macromolecular drugs within
solid tumors following systemic administration. The validity of the EPR effect has been
established not only in experimental animal models but also in humans, including cases
of liver, renal, and metastatic breast cancers [13–15]. Recent studies examining human
renal tumors and metastatic breast cancers have demonstrated a significant EPR effect in
more than 87% of samples, highlighting the pivotal role of this effect in the advancement of
anti-cancer nanomedicines [13,14]. Based on the EPR effect, nanomedicines exhibit many
beneficial features for targeted cancer therapy, in contrast to those of conventional small
molecular anti-cancer drugs, which tend to spread indiscriminately in normal tissues and
organs, thus leading to systemic adverse effects [7,8,10]. Nanomedicines, therefore, offer
promise in terms of improved treatment options. In the 1990s, the first polymer-conjugated
nanomedicine, SMANCS (styrene maleic acid polymer-conjugated neocarzinostatin), was
approved in Japan, marking a significant milestone in the development of anti-cancer
nanomedicine [15]. Over the past two decades, the field of anti-cancer nanomedicine
has experienced substantial growth and advancement [16–18]. Many nanomedicines are
currently being utilized in clinical settings, with numerous others undergoing clinical trials
(see Table 1).

In recent years, numerous nanomedicines have been designed and developed for
advanced, less-invasive cancer therapy. Examples include nanoprobe-based photodynamic
therapy [12,19] and boron neutron capture therapy (BNCT) [20,21], as well as magnetic
hyperthermia therapy using magnetite [12,19], all of which demonstrate promising thera-
peutic potential. Additionally, the application of nanomedicine in cutting-edge biomedical
fields such as immunotherapy, gene therapy, and preventive medicine has garnered sig-



Molecules 2024, 29, 2073 3 of 28

nificant attention. A notable example is the success of mRNA vaccines for COVID-19,
which utilize lipid nanoparticles as the delivery system [22]. In this context, this review
explores the promising applications of nanomedicine in advanced cancer therapy and other
biomedical fields, as depicted in Figure 1.

Table 1. Examples of anti-cancer nanomedicines.

Drug Name Platform API Approval and Clinical Trial
Status

SMANCS Polymer conjugate Neocarzinostatin Approved (1993), Japan
Doxil® Liposome Doxorubicin Approved (1995), USA

DaunoXome® Liposome Doxorubicin Approved (1996), USA
Ontak® Fusion protein Diphtheria toxin Approved (1999), USA

Myocet® Liposome Doxorubicin Approved (2000), Europe

Zevalin® Anti-CD20 antibody
(ADC#) Yttrium-90 Approved (2002), USA

Abraxane® Albumin-bound
nanoparticle Paclitaxel Approved (2005), USA

Genexol®-PM Polymeric micelle Paclitaxel Approved (2007), Korea
Marqibo® Liposome Vincristine Approved (2012), USA
Onivyde® Liposome Irinotecan Approved (2015), USA

Vyxeos® Liposome Daunorubicin and
cytarabine Approved (2017), USA

Mylotarg® Anti-CD33 antibody
(ADC) Calicheamicin Approved (2017), USA

Hensify® Nanoparticle Hafnium oxide Approved (2019), USA
CPC634 Polymeric micelle Docetaxel In clinical phase II trial
NC-4016 Polymeric micelle Oxaliplatin In clinical phase I trial
NK105 Micelle Paclitaxel In clinical phase III trial

NC-6004 Micelle Cisplatin In clinical phase II trial
Sources: FDA website, original publications, reviews, and websites of pharmaceutical companies supplying and
developing these drugs). ADC: antibody–drug conjugate.
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Through an explanation of the fundamental ideas, current developments, and potential
future directions, we highlighted the impact of nanomedicine through their advanced prop-
erties, leading us to new paradigms in precision healthcare and better patient outcomes.
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1.1. Nanomedicine: Applications in Photodynamic Therapy
1.1.1. Nano-Designed Photosensitizers, a Promising Therapeutic Approach for Cancer

Despite the continuous expansion of tumor treatment methods, significant challenges
persist, including non-specificity, drug resistance, low response rates, and severe toxicity-
related side effects [23]. Photodynamic therapy (PDT) offers a non-invasive and targeted
alternative, whereby light-activated photosensitizers (PS) generate reactive oxygen species
(ROS), leading to tumor cell death. PDT holds promise as an effective approach to address
the shortcomings of traditional tumor treatment strategies [24]. However, the clinical
translation of PDT is hampered by the limitations of traditional photosensitizers mostly
due to the lack of tumor selectivity, resulting in its relatively limited application in current
clinical practice [25]. In this regard, the emergence of the nanophotosensitizer (NanoPS)
serves as a means of overcoming these challenges by taking advantage of the enhanced
permeation and retention (EPR) effect to target tumor, offering significant potential to
enhance PDT efficacy and specificity [19]. Moreover, because most PSs exhibit fluorescent
nature, it is possible to differentiate tumor and normal tissues via fluorescent imaging, i.e.,
photodynamic diagnosis (PDD).

1.1.2. NanoPS for Tumor Targeting

Compared to traditional PS, NanoPSs exhibit superior tumor-targeting capabilities
due to their nanoscale size and surface modifications [26]. NanoPSs can further be func-
tionalized with specific targeting ligands or antibodies on their surface, enabling specific
recognition and binding to tumor cells, thus enhancing therapeutic efficacy and mini-
mizing damage to normal tissues [26]. Through strategies such as EPR-effect-mediated
passive accumulation and active targeting using ligands or antibodies, NanoPSs can pre-
cisely localize within tumors, minimizing off-target effects and enhancing therapeutic
outcomes [27]. Additionally, the optical properties of NanoPSs can be tuned by controlling
their morphology, size, and structure, allowing for maximal absorption of photosensitizers
at specific wavelengths, thereby improving PDT efficiency and achieving more precise
tumor treatment [28].

1.1.3. Clinical Applications of PDT and the Potential of NanoPSs

In the past two decades, clinical research related to PDT has experienced rapid de-
velopment, with several PS now approved for clinical treatment. For instance, Methyl
aminolevulinate (MAL) [29] and 5-ALA [30] have been approved by the Food and Drug
Administration (FDA) for treating actinic keratosis, basal cell carcinoma (BCC), superfi-
cial and nodular basal cell carcinoma, and squamous cell carcinoma (SCC), respectively.
Radachlorin® has also obtained approval from the Ministry of Health of the Russian Fed-
eration (MHRF) for skin cancer treatment [31]. Temoporfin has been approved by the
European Medicines Agency (EMA) for palliative treatment of advanced head and neck
squamous cell carcinoma [32]. PDT has a relatively mature application foundation in the
treatment of cutaneous malignancies, particularly for non-melanoma skin cancers like basal
cell carcinoma and squamous cell carcinoma [33]. Its localized treatment approach not
only yields favorable cosmetic outcomes, reducing the impact on patients’ appearance, but
also demonstrates good anti-tumor effects and lower recurrence rates [34]. In the realm
of thoracic malignancies, PDT, as one of the essential therapeutic modalities, has been
approved and widely utilized, particularly for early-stage non-small-cell lung cancer [35].
In various other domains, such as head and neck malignancies, urogenital malignancies,
breast malignancies [36], intracranial malignancies [37], and gastrointestinal malignancies,
PDT has shown extensive potential. With the rational design of novel nanoscale photosen-
sitizers, such as overcoming the challenges of the blood–brain challenges using ultra-small
NanoPSs, the prospects for PDT in brain tumor treatment are increasingly promising [38].
Additionally, clinical research on PDT for various malignancies, including ovarian can-
cer, endometrial cancer, cervical cancer, osteosarcoma, and hematologic malignancies, is
vigorously ongoing. With advancing research, PDT presents promising prospects in an
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expanding array of cancer treatments. In summary, PDT, as a localized treatment modality,
coupled with the development of novel photosensitizers and nanotechnology, holds the
potential to bring more personalized and precise options for treating various malignancies,
further improving treatment outcomes, and enhancing patient survival rates and quality
of life.

1.1.4. Versatile Therapeutic Strategies Utilizing NanoPSs

The continuous development of NanoPSs has endowed certain types with not only
photosensitivity but also sonosensitivity and photothermal properties [39,40]. These char-
acteristics enable PDT to be combined with sonodynamic therapy (SDT) or photothermal
therapy (PTT), providing sufficient flexibility to integrate with other treatment modalities
to achieve synergistic effects [41,42]. For example, research by Liao et al. has found that
Chlorin e6 exhibits efficient photosensitivity and sonosensitivity, playing a crucial role in
sonodynamic therapy combined with PDT [43]. Additionally, utilizing NanoPSs for the
co-delivery of chemotherapy drugs, immune modulators, or gene therapy agents enables
the realization of multimodal cancer treatment strategies [44]. Furthermore, integrating
imaging probes into NanoPSs allows for real-time monitoring of treatment responses,
facilitating personalized treatment approaches [45]. Table 2 summarize the therapeutic
strategies and challenges using NanoPSs.

Table 2. Application and therapeutic strategies of NPs.

Category Mechanism Subcategory Typical Examples

PDT

Specific photosensitizers are used to produce
active oxidative substances under light
irradiation of specific wavelengths, thereby
triggering the death of cancer cells or other
abnormal tissues.

PNPSs HPMA [27]

Nanoliposomes RALP@HOC@Fe3O4 [46]

Nanohydrogel particles HA-ADH-PpIX [47]

MNPSs GNRs@mSiO2 [48]
B-TiO2@SiO2–HA [49]

CNPSs

single-walled carbon
nanotubes (SWNTs) [50]
HA-TiO2-GO153 [51]
amino-N-GQDs [52]

QDPSs CdTe QDs [53]

UCNPs OP-UCNPs-C [54]

Organic frameworks MOFs [55]
COFs [56],

PTT

By using nanomaterials that absorb light of
specific wavelengths, local heat is generated
under light irradiation, thereby triggering
thermal damage and the death of cancer cells
or abnormal tissues.

Metal nanoparticles

PEG-modified gold nanorods [57]
Copper sulfide (CuS) [58]
MGNPs [59]
Au NBPs@PDA [60]
Bi@ZIF-8 [61]
LV-TAX/Au@Ag [62]

Carbon nanoparticles

GO-PEG-Ce6 [63]
C-dots@GNR [64]
rGO-FA [61]
FA-SWCNT [65]

Quantum dots BPQDs [66]

PDD

Tumors or other lesions are detected using the
fluorescent signal produced by a
photosensitizer under irradiation with light of
a specific wavelength. When the
photosensitizer is activated at a specific
wavelength, it emits fluorescence, allowing for
the diagnosis of lesions.

Metal nanoparticles
ZnPcS4
AuNP-S-PEG5000-NH2
Anti-GCC mAb [67]

Abbreviations: polymer-modified nanophotosensitizers (PNPSs); metal nanoclusters-based photosensitizers
(MNPSs); carbon nanophotosensitizers (CNPSs); quantum dot photosensitizer (QDPSs); upconversion nanoparti-
cles (UCNPs); metal–organic frameworks (MOFs); covalent organic frameworks (COFs); photothermal therapy
(PTT); photodynamic diagnosis (PDD).
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1.1.5. Challenges and Future Perspective

The extensive application of NanoPSs in cancer therapy has made significant strides,
demonstrating outstanding efficacy not only in basic research but also in clinical studies.
The therapeutic efficacy of cancer treatment is closely associated with various factors such
as the characteristics of NanoPSs themselves, their transport processes in the organism,
and cellular target damage. These factors include the loading and functional modification
of small drug molecules, the in vivo transport and tumor accumulation of nanomedicines,
the intratumoral penetration and microenvironmental control release, and the specific
damage to tumor cells and the biosafety of normal tissues [68]. However, despite signif-
icant progress, the widespread clinical application of NanoPS-mediated PDT still faces
several challenges. These challenges include concerns about biocompatibility, long-term
safety, standardization of synthesis methods, and regulatory approval processes. Future
research directions may focus on developing multifunctional NanoPS platforms, refining
targeting strategies and optimizing treatment regimens, investigating the mechanisms of
drug transport and action at various stages of treatment in vivo, to maximize therapeutic
efficacy while minimizing adverse reactions.

In general, currently, there are relatively few NanoPSs approved for clinical use, with
most still in the stage of basic research or clinical trials. As research progresses, an increasing
number of clinical experiments have been initiated. It can be foreseen that with the rapid
development of basic research on NanoPSs in PDT anti-tumor therapy, there will be more
related clinical trials in the future, striving to apply more NanoPSs to clinical practice.

1.2. Nanomedicine: Applications in Immunotherapy

Immunotherapy started in the 19th century when it was observed that some patients
with sarcomas had tumor regression following a streptococcus pyogenes infection. This
led to the use of Coley’s toxin to treat some sarcoma patients with occasional complete
responses in some patients [69]. The goal of immunotherapy is to utilize the host’s immune
response to achieve a long-lasting therapeutic effect. However, it is still difficult to manage
the severe side effects of immunotherapeutics, which might induce autoimmune and
non-specific inflammation [70].

NPs, both synthetic and naturally produced, have become the subject of a great deal of
research in the field of immunotherapy in recent decades because of their unique physical
and chemical characteristics [71]. By using nanomedicines and biomaterials, it is becoming
possible to deliver immunomodulatory agents to the desired location in a targeted manner,
with many advantages such as improved pharmacokinetics, increased therapeutic efficacy,
and minimized dose-dependent systemic toxicity [5,70].

To maximize the effectiveness of immunotherapeutic drugs, NPs should be prop-
erly engineered to target regions of interest preferentially from the site of administration
(parenteral or mucosal vaccination routes are frequent routes of administration). Various
strategies mentioned below are being employed to enhance the immunogenic effects of
nanomedicine.

1.2.1. Targeting the Tumor Immune Microenvironment

The use of nanomedicines that alter the tumor immune microenvironment (TIME) is a
crucial tactic for boosting the effectiveness of anti-cancer immunotherapy [72]. Hypoxia
is caused by the rapidly expanding tumor cells and distorted blood vessels in the TIME.
This leads to the accumulation of immunosuppressive cells, such as regulatory T cells
(Tregs) and myeloid-derived suppressor cells (MDSCs), as well as the secretion of immuno-
suppressive factors like transforming growth factor β (TGF-β) and vascular endothelial
growth factor (VEGF), which recently showed to suppress dendritic cell maturation and
t cell infiltration. By focusing on the main elements of the TIME, nanoparticles may alter
the immunosuppressive milieu surrounding cancer cells. Furthermore, enhancing the
infiltration, proliferation, maturation, survival, and/or activation of effector immune cells
such as cytotoxic T cells, boosts the effectiveness of immunotherapy by blocking immuno-
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suppression in the TIME [72,73]. Chen et al. [74]. used albumin-coated MnO2 to create
pH/H2O2 dual-responsive nanoparticles. Oxygen was produced by MnO2 reacting with
H2O2 and H+ when it penetrated the tumor. By reducing the hypoxic state, they improved
the efficaciousness of photodynamic treatment and chemotherapy.

Furthermore, major players in the TIME, tumor-associated macrophages (TAMs)
initiate anti-tumor immunity during the tumor initiation stage; however, once the tumor is
established, they play a role in tumor angiogenesis, immune suppression, invasion, and
metastasis. This disparity may arise from the malleability of macrophages, which cause
TAMs to move from M1 to M2 polarized states [73,75]. Leonard et al. used liposomes
loaded with the CRISPR complex to silence the mammalian target of the rapamycin (mTOR)
pathway, an essential cellular signaling pathway involved in many important physiological
functions, such as cell growth, proliferation, and autophagy. This caused the macrophages
to polarize from the M2 phenotype to the M1 phenotype and hence improve the therapeutic
effect of chemotherapy [70].

1.2.2. Targeting and Reprogramming T-Cells

T cells are essential to the adaptive immune response and are part of the lymphocytes.
Immune-mediated cell death is one of the T cells’ roles. T cells can be divided into two main
subtypes: CD8+ and CD4+ T cells. Cytotoxic T cells, commonly referred to as CD8+ T cells,
specifically destroy cancerous and virus-infected cells. Conversely, CD4+ T cells influence
other immune cells through cytokines; or, by deciding whether and how the immune
system reacts to a perceived threat, they indirectly contribute to the death of infected
cells. Because T cells contain multiple cell markers on their surface and are involved in
the immune response to a variety of diseases, including cancer, there are multiple target
methods that can be used to treat different diseases [76]. The use of RNA interference
(RNAi) to down-regulate particular genes and modify T cell activity has great promise
for developing tailored therapeutics for a variety of immune-related conditions, such as
cancer, inflammation, autoimmune, and viral infections. Ramishetti et al. describe a unique
approach that uses targeted lipid NPs (tLNPs) to precisely deliver siRNAs to murine
CD4+ T cells. Anti-CD4 monoclonal antibody was used to surface-functionalize the tLNPs,
allowing the siRNAs to be delivered to CD4+ T cells only. tLNPs showed selectivity in vivo
by only focusing on primary CD4+ T cells and ignoring other cell types. These tLNPs
have been synthesized with several lipids to enhance the stability and efficacy of siRNA
delivery, hence increasing its efficacy [77]. Moreover, activated T cells (ATCs) express more
transferrin receptors, suggesting that ATCs can be targeted with this technique. So, Xie
et al. created a polyplex comprising transferrin–polyethylenimine (PEI) and siRNA as a
targeted delivery system in order to mute genes linked to inflammation ATCs. They also
verified the polyplex’s potential for asthma treatment [76].

The labor-intensive process of reprogramming the immune cells raises the cost of
CAR-T therapy to USD 373,000 for Yescarta and USD 475,000 for Kymriah. Nevertheless,
nanotechnology provides affordable nanocarriers that can precisely and quickly program
tumor-recognizing capabilities into the host T cells, hence resolving these problems. They
are used in conjunction with ligands that target lymphocytes to deliver tumor-specific
CAR cargo into T cells. Following ingestion, these NPs instruct effector cells in sufficient
amounts to induce tumor regression with anti-cancer immunological properties resembling
those of the existing CAR-T techniques, which generally transduce cultured T cells ex
vivo [78].

1.2.3. Activating and Enhancing NK Cells

The innate immune system’s initial line of defense is made up of natural killer (NK)
cells, which are crucial for identifying cancerous cells and defending against viral infections.
NK cells make up anywhere from 5% to 20% of all lymphocytes in peripheral blood in
people [79]. Although NK-cell-based immunotherapy is very promising, it still encoun-
ters significant obstacles such as limited NK cell proliferation and short in vivo lifespan,



Molecules 2024, 29, 2073 8 of 28

as well as expensive treatment costs and complicated delivery systems [80]. However,
NP-based therapy tries to overcome these obstacles by selectively activating NK cells. Ac-
cording to Chandrasekaran et al. [81], mice’s subcutaneous tumor metastasis was inhibited
by TRAIL-decorated liposomes coupled to NK cells within the tumor-draining lymph
nodes (TDLN). Additionally, they discovered that NK cells functionalized with TRAIL
extended their retention duration in TDLN to cause tumor cells to undergo apoptosis. Later,
Gao et al. [82] created polymeric NPs with diselenide-modified RGD peptides that target
tumors, allowing for systemic injection for tumor accumulation and radiation exposure
for NK-cell-mediated cancer immunotherapy. Carbon nanotubes (CNTs) may also have
immunosuppressive effects based on the mode of administration. In C57BL/6 adult mice,
the inhalation of CNTs resulted in decreased T cell proliferation, decreased NK cell activ-
ity, and increased gene production of IL-10 in the spleen, an anti-inflammatory cytokine.
This caused systemic immunosuppression in the mice. Additionally, gold nanorods were
administered intranasally to reduce TNF-α, GM-CSF, IL-17, and IL-12p70 and raise IL-9
in contrast to mice infected with the respiratory syncytial virus [83]. In another study,
bispecific antibodies (SS-Fc, anti-CD16, and anti-CEA) were used to coat the Ruthenium
NPs, which stimulated NK cells to cause necrosis and apoptosis, which, in turn, further
activated immunological responses [84].

1.2.4. Activating NKG2D Receptors

NKG2D is an activating receptor that resembles C-type lectin and is widely expressed
by CD8+ T, γ δ T, NK, and NKT cells. Mouse murine UL-16 binding protein (ULBP)-like
transcript 1, H60, and retinoic-acid-early-induced transcript-1 (RAE-1) are the NKG2D
ligands. Since most normal tissues lack NKG2D ligands, which are forced to express
by virus-infected or tumor cells, these ligands function as tumor-targeted antigens in
immunotherapy [85]. TGF-β inhibitor and selenocysteine nanoemulsion enhance the lytic
potential of NK cells by sensitizing NKG2D ligands. The TGF-β inhibitor was successful in
blocking the TGF-β/TGF-β RI/Smad2/3 signaling pathway, which led to an increase in the
amount of NKG2D ligands on the surface of tumor cells. In γδ T lymphocytes, selenium
cysteine inhibits PD-1 expression while promoting the production of NKG2D receptors [84].
Another study demonstrated that NKG2D/NPs coated with mouse and human fragment
crystallizable (Fc)-fusion NKG2D (Fc-NKG2D) could, through dose-dependent magnetic
cell sorting, target a variety of NKG2D-ligand-positive tumor types in vitro. Multiple tumor
types can be targeted with NKG2D/NPs, and the proof-of-concept stage of tumor-targeting
iron oxide NPs (IONP) research can be aided by magnetic separation platforms [86].

1.2.5. Targeting Antigen-Presenting Cells

Macrophages, dendritic cells (DCs), and B lymphocytes are examples of antigen-
presenting cells (APCs), which are an integral component of the innate immune system
and are crucial for both starting and controlling the adaptive response. Its primary duty
is to identify, seize, and digest antigens. Over the past 20 years, antigen targeting tactics
have been extensively investigated as preventive and therapeutic measures for infectious
illnesses, autoimmunity, and cancer. These strategies have been created to improve vaccine
efficiency through this mechanism of antigen capture [87]. Antigen presentation on the
surface of NPs resembles the natural manner in which viruses present antigen and by
managing and delaying the antigen’s release, NPs can regulate the immune system’s
exposure to it. Additionally, concurrent loading of the antigen and an adjuvant can improve
most proteins’ restricted immunogenicity through NPs. Polymeric NPs, in this regard, have
garnered attention among the various nanocarriers that have been introduced for loading
and antigen delivery. Various types of polymers, such as poly (esters), poly (α-hydroxy
acids), proteins, and polysaccharides, have been examined. Gelatin, which has minimal
immunogenicity, is also a good candidate as the vaccine nanocarrier. In this regard, antigens
like ovalbumin (OVA) and tetanus toxoid had been immobilized on the surface of gelatin
NPs (GNPs), by which the immune response to the antigen can be manipulated by altering
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the method of antigen loading and the NPs’ surface characteristics [88]. Additionally,
PEG is typically added to NPs to reduce their interactions with the reticuloendothelial
system [89].

1.2.6. As a Carrier for Immune Checkpoint Inhibitors

The surface proteins on immune cells known as immunological checkpoints function
as negative regulators of the immune system’s activation by a variety of antigens. Immune
checkpoint molecules are widely expressed on tumor cells as well as immune cells [5,90].
However, the lack of an ideal approach for immunotherapy (IMT), immune-related adverse
events (irAEs), and low response rates have restricted research into combination therapies
using innovative immune checkpoint inhibitors (ICIs). NPs have become effective instru-
ments for fostering interdisciplinary collaboration. Targeted delivery of ICIs via NPs is
both feasible and effective; it removes the main obstacle, enhances treatment efficacy, and
justifies further clinical research [90]. Lipid-based NPs (liposomes and LNPs) have been
developed more and more in clinical trials for the delivery of RNA and immunotherapeutic
drugs, but their use for ICIs has not kept up with the demand [90].

1.2.7. Clinical Development of the Nanoimmunotherapy

Based on the advances made thus far, nanoimmunotherapy has shown promise in
treating various diseases. The majority of these results are still in the preclinical stage, with
some having received FDA approval and are currently under clinical trials, as indicated in
Table 3. Liposomes, polymer NPs, and PEG-drug conjugates are currently approved for the
treatment of various immunological disorders [91].

Phase-1/2/3 clinical trials have assessed the safety and efficacy of ALT-803, the recom-
binant IL-15 superagonist complex nanogel that targets NK and T cells, for treating patients
with leukemia or advanced solid tumors (e.g., NSCLC, melanoma, renal carcinoma, colon
cancer, and breast cancer). LNP-mRNA technology, whose lipoplex permits the targeted
delivery of therapeutic mRNA cancer vaccines to APCs in lymph organs, is the preferred
nanoformulation that is presently undergoing clinical studies [92]. Nanobiotix created
Hensify® to boost the immune system locally and physically kill malignancies. Nanobiotix
is conducting several clinical trials and has been approved by the US FDA to begin a
combination trial using PD-1 and NBTXR3 antibodies to treat lung cancer [5]. As of 2023,
anti-PD-1/PD-L1 and radiation therapy, along with NBTXR3, are under phase-1 and phase-
2 clinical trials to aid in the management of patients with advanced solid malignancies
(NCT05039632)). In addition, a clinical trial of a novel RNA-nanoparticle vaccine for the
treatment of early melanoma recurrence following adjuvant anti-PD-1 antibody therapy
is going on to assess the safety and viability of a tumor-specific RNA-NP vaccination in
individuals with stage IIB-IV melanoma who have progressed while receiving adjuvant
anti-PD1 (a-PD1) therapy (NCT05264974).

Phase III clinical trials are evaluating tecemotide, an MUC1-specific cancer immunother-
apy, for the treatment of stage IIIA/IIIB NSCLC. A dendritic-targeted liposomal vaccination
called Lipovaxin-MM also started a phase-1 trial for malignant melanoma. Based on cy-
clodextrin polymeric nanoparticle (CDP) technology, CRLX101 is a first-in-class nanophar-
maceutical with the potential to convert therapy into positive clinical results [93].
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Table 3. Comprehensive information on nanoparticles currently under clinical trials for immunotherapy.

Product Name Nanoparticles Targeting Cells/Disease Mechanism of Action Status References

NBTXR3 in combination with
immunotherapy (Anti-PD-1/L-1) Hafnium oxide crystalline NPs Solid tumors To boost the immune system locally and

physically kill malignancies Phase I and II NCT05039632 [93]

Lipovaxin-MM Liposomal vaccine Metastatic melanoma
A new anti-cancer vaccine; is safe and
effective in improving the body’s ability
to destroy cancer cells in patients

Phase I NCT01052142 [93]

PLD with IPI-549 and
Etrumadenant Liposomal NPs Metastatic triple-negative breast

cancer (TNBC) or ovarian cancer

Adenosine receptor antagonist that can
treat malignancies by preventing
adenosine-mediated immunosuppression

Phase I NCT03719326 [94]

MEPACT/Mifamurtide
Liposomal muramyl tripeptide
phosphatidylethanolamine
(MTP-PE)

Osteosarcoma
Activates macrophages and monocytes in
the tumor microenvironment to modulate
innate immunity

Expanded access NCT04571229 [95]

RALA+PLA-bP (NAS-co-NVP) PLA NPs HIV Induces highly cytotoxic T cells FDA approved [96]

JVRS-100 Liposomal DNA complex Potential adjuvant for influenza
vaccines

Improves cross-protection and
immunogenicity against fatal
viral diseases

Phase 1 completed NCT00662272 [93]

CRLX101 Cyclodextrin-based polymer Advanced solid tumors

Suppresses the expression of vascular
endothelial growth factor, CD31, and
carbonic anhydrase IX in tumor sections,
which prevented hypoxia
and angiogenesis

Phase I and II completed NCT00333502 [97]

DOTAP liposome vaccine Cationic liposomes Potential vaccine against
infectious disease and tumors

Causes immune responses via an
antigen-specific Th2 reaction Phase I NCT05264974 [98]

RNA-LP Lipid NPs Melanoma
Activates inherent pathways to activate
APCs and suppress myeloid derived
suppressor cells (MDSCs)

Phase I NCT05264974 [99]

AZD4635 Polymeric nanoparticle Advanced solid malignancies Enhances anti-tumor activity by rescuing
T cell function Phase 1 completed NCT02740985 [100]
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1.2.8. Challenges and Perspective

Despite the increased interest in NP-based immunotherapy, a significant problem
remains with the clinical translation of these immunostimulatory NPs. When assessing the
toxicity of NPs, it is important to consider the fact that some of them can potentially change
the intracellular signaling route. When NPs interact with serum proteins, the immune
system may identify them as foreign materials and develop an autoimmune response
against them. As a result, in order for NPs to be used successfully in clinical settings, they
must be designed to be able to prevent the production of ROS, hypersensitivity, or allergic
sensitization, and to be easily cleared from the body [101]. The main barrier to adoption is
an inadequate comprehension of the nanoparticles’ mode of action with biomolecules. This
led to the withdrawal of several nanoformulations from the market, even after receiving
FDA approval; some examples of these include Feridex I.V. (Endorem, Ferumoxides),
Lumirem (Gastromark), Resovist (Cliavist), Sinerem (Combidex), and Clariscan (PEG-Fero,
Feruglose NC100150) [93].

1.3. Nanomedicine: Applications in Gene Delivery

Since DNA was discovered to be the fundamental building block of heredity, medicine
has sought to modify specific regions of the human genome [102]. The ability to fix mutated
genes or site-specific alterations to achieve therapeutic treatment is known as gene therapy,
by which a patient’s genome can bee partially altered through the replacement, insertion,
or deletion of genetic material [103]. The first approved gene therapy procedure was
carried out on September 14 1990 by W. French Anderson and his colleagues at the National
Institute of Health (NIH) on a four-year-old girl who was born with severe combined
immunodeficiency (SCID) [104]. To date, the US Food and Drug Administration (FDA)
has authorized four gene treatments for commercialization in the US: in 2017, voretigene
neparvovec (marketed as Luxterna®) and onasemnogene abeparvovec-xioi (marketed as
Zolgensma®) were approved, brexucabtagene autoleucel (marketed as Tecartus®) was
approved in 2020, and in 2022, etranacogene dezaparvovec (marketed as Hemgenix®) was
licensed [103].

Since viruses are designed to insert their own genetic information into host cells; thus,
they make sense as the most-often-utilized gene-delivery vehicle. However, gene therapy
using viruses may induce severe clinical adverse effects, such as the death of a high school
student participating in a gene therapy trial at the University of Pennsylvania in 1999 [105].
In this context, researchers are working to create totally synthetic non-viral carriers. More-
over, when compared to viral vectors, non-viral carriers—especially NPs—have shown
enormous promise for the targeted delivery of genetic material in the treatment of pancre-
atic cancer, hereditary transthyretin amyloidosis, and other diseases. Nanocarriers and the
target tissue were brought to light by the effective delivery of nucleic acids [106,107]. Since
then, NPs have become one of the most exciting developments in biomedical research as a
carrier for gene therapy because of their low immunogenicity and toxicity, the simplicity of
their production, their larger loading capacities, the lack of unexpected gene integration,
and their functionalization with various moieties. By using functionalized NPs, some of the
restrictions on the transfection effectiveness of naked plasmid DNA (pDNA) or siRNAs can
also be overcome [108]. Currently, biocompatible and more efficient transfection systems
are being developed to introduce therapeutic nucleic acids (TNAs) into cells and tissues,
such as plasmid DNA or anti-sense oligonucleotides (ASO), or RNA into cells, such as
microRNA (miRNA), short hairpin RNA (shRNA), or small interfering RNA (siRNA) [107].
Nevertheless, the US Food and Drug Administration (FDA) has not yet approved any gene
treatments based on NPs. Concerns about biodegradation and biocompatibility, aggrega-
tion in physiological fluids, non-specific adsorption by non-desired tissues, less effective
extravasation to reach target tissues, cellular internalization, and endosomal escape still
exist for the clinical application of nanoparticle-based gene therapy [109]. Various NPs
employed for gene therapy are discussed below and also mentioned in Table 4.
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1.3.1. Inorganic NPs

Recently, strong and adaptable nanocarriers for effective gene delivery applications
have been demonstrated by inorganic nanomaterials. Furthermore, inorganic nanomaterials
have an appealing array of useful applications, such as facile functionalization with thiol
or silane groups to improve interaction with biomolecules through thermal and chemical
stability. It is also scalable in synthesis. Three methods are generally used to modify
inorganic NPs for the delivery of genes: (i) using positively charged inorganic NPs to form
a complex with negatively charged genetic material; (ii) directly conjugating the genetic
material on the inorganic NPs with a reactive linker; and (iii) using a cationic amphiphilic
polymer derived from the NPs to induce the complexation of the inorganic NPs and the
genetic material [106]. Important types of inorganic nanomaterials being employed for
the delivery of gene therapy include iron oxide NPs (IONP), superparamagnetic iron
oxide NPs (SPION), and gold NPs (AuNPs). In the case of IONP, the particles are drawn
to an external magnetic field, which changes the distribution of the particles within the
organism [108]. When NPs are delivered through cell compartments using a magnetic
field, the efficiency of DNA transfer is increased. Because of this, magnetic iron NPs
containing DNA were used in mitochondrial therapies to engage with the mitochondrial
translocation protein and cause cell death [108,110]. The development of iron NPs loaded
with siRNA for silencing gene therapy is possible because of their small size and variable
functionalization, which results in a net positive surface charge that amplifies the impact of
siRNA. Fe3O4-synthesised NPs were recently employed to target B-cell lymphoma-2 (BCL2)
in Ca9-22 oral cancer cells, and the gene silencing effect was amplified when combined
with magnetotherapy [108,111]. The high payload (owing to large specific surface area),
low toxicity, accelerated uptake, rapid endosomal escape, increased half-life, and effective
and selective gene silencing of AuNPs have led to their increasing use in both in vitro
and in vivo gene therapy applications. RNA aptamers specific to the β-catenin gene, for
example, were delivered into the nucleus of cancer cells by Ryou and colleagues [112] using
AuNPs. This method effectively induced apoptosis by suppressing the transcriptional
activity of β-catenin in the lung cancer cells’ nucleus. AuNPs have also been employed as
delivery vectors for siRNA, which engage with their target very specifically and promote a
silencing complex without requiring genome integration to function.

Moreover, some forms of functionalization, such as cationic lipid bilayer or cationic
quaternary ammonium, can improve SiRNA delivery [113]. The delivery of vectors using
carbon nanotubes (CNTs) has shown promise because of their high aspect ratio and ability
to cross plasma membranes. Furthermore, the nanoneedle characteristics facilitate their
diffusion into the cytosol and shield the gene delivery from enzymatic degradation [106]. In
order to enhance lipophilicity for improved internalization, Taghavi et al. [114] synthesized
single-walled CNTs loaded with PEG and polyethylenimine (PEI) modified by alkylcar-
boxylation. The results showed that the nanocarrier could enhance the gene transport of
sh-RNA to MCF7 cells. Additionally, the silanol group on the surface of silica-based NPs
provides a positive charge for functionalization with nucleic acids, diverting some attention
away from viral and non-viral vectors. Utilizing in vitro cellular models, silica NPs were
applied in gene delivery systems to enhance the sedimentation of NPs and improve the
incorporation of genetic material. The properties of silica as a nanocarrier were enhanced
when it was combined with lipids, polymers, or inorganic particles [106,115,116].

1.3.2. Organic Nanoparticles

Cationic lipids or polymers that interact with negatively charged nucleic acids are a
mainstay of organic methods. Since multiple formulations of lipid-based drug delivery
systems have been approved by the FDA and EMA to deliver different medications, they are
among the most appealing non-viral vectors for delivering gene therapies [117]. Following
the recent triumph of SARS-CoV-2 vaccinations [118], lipid NPs have gained widespread
recognition as genetic material delivery vectors. Because of their positive charge at low
pH, the ionizable lipids that make up these spherical vesicles enable contact with nucleic
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acids by electrostatic forces and endosomal escape once internalized by cells. Furthermore,
these lipids are less toxic and immunogenic since they are neutral at physiological pH.
Consequently, the first RNAi treatment [119] to be licensed by the FDA can now be delivered
thanks to lipid NPs. Lipid nanoparticle methods have also been shown to be capable
of delivering CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats-
associated protein 9) components to produce clinically meaningful levels of genome editing
in vivo.

Extracellular vesicles, or exosomes, range in diameter from 40 to 160 nm and are
naturally released by many different types of cells. These vesicles exchange a wide range
of cell components, including proteins, RNA, DNA, and other metabolites, across cells to
facilitate intercellular communication. Furthermore, a large amount of proteins in their
lipid membrane enable more precise targeting and increased stability. However, challenges
with manufacturing, separation, and purification impede the utilization of these systems as
gene-delivery vectors [117].

Gene therapy delivery through polymer-based methods has also received a lot of
research attention. For gene transfection, both natural and synthetic polymers can be uti-
lized. Biocompatible and biodegradable polymers must be chosen carefully when creating
NPs [117,120]. The controlled decomposition of biodegradable polymers is an advantage.
Once the nanosystem is within the cell, this breakdown releases the plasmid into the
cytoplasm of the cell. Additionally, nucleic acids are shielded from nuclease breakdown
by polymeric NPs. The nucleic acid can bind to the surface of the nanoparticle due to
its cationic nature [106]. When negatively charged nucleic acids interact with positively
charged polymers like chitosan or poly-ethylenimine (PEI), NPs known as polyplexes are
created. Both polyplexes and lipoplexes have great in vitro transfection efficiency. How-
ever, their toxicity and immunogenicity prevent their application in vivo [117,121]. Gene
delivery, anti-sense oligonucleotides, and siRNA delivery have all been investigated using
dendrimers with positively charged surface groups. Sequence specificity is absent from the
dendrimer–gene interaction since it is usually electrostatic. The spherical, nanoscale poly-
mers known as poly (amidoamine) (PAMAM) are one kind of dendrimer that is frequently
utilized in gene transfection [122].

Table 4. Common nanocarriers for genetic delivery.

Nanocarriers Formulations Encapsulated
Gene Molecule Particle Size Preparatory Techniques Advantages References

Lipids

Lipid-like
nanomaterials:
FTT lipids

Cas9 mRNA
and sgRNA 490 nm

Rolling circle
amplification
(RCA) reaction

Provide cell-type-specific
targeting [123]

Ionizable lipid
cholesterol and the
PEGylated lipid

Si RNA and
mRNA ~155 and ~125 nm

Microfluidic
hydrodynamic focusing
and staggered
herringbone mixing

Improved gene
knockdown ability [124]

DLin-MC3-DMA,
and DMG-PEG2000 pDNA 400 nm Ethanol-loading

technique Prolong gene expression [125]

Polymers

Hyaluronic
acid-coated chitosan
with AS1411 ligands

Cas9 RNPs 63 nm to 150 nm Electrostatic adsorption Improved delivery of
CRISPR/Cas9 into the tumor [126]

Polyplex siRNA 25 ± 2 nm

Reversible
addition–fragmentation
chain transfer (RAFT)
polymerization

Deeper penetration of SiRNA
Polyplexes into
homospheroids

[127]

Inorganic NPs

Gold NPs SiRNA 42.4 nm Thiol–gold chemistry
High serum stability and
tumor-specific
targeting ability

[128]

Iron oxide NPs SiRNA 10–20 nm Co-precipitation method

Efficient delivery of
interfering RNA into human
embryonic kidney cells
(HEK-293); efficient
intracellular protein release
into the cytosols

[129]
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Table 4. Cont.

Nanocarriers Formulations Encapsulated
Gene Molecule Particle Size Preparatory Techniques Advantages References

Dendrimers

5 (G5)
amine-terminated
polyamidoamine
(PAMAM)
dendrimer

Cas9 100 nm

By reacting
4-(bromomethyl)phenyl-
boronic acid with the
dendrimer at different
feeding ratios

Efficient intracellular protein
release into the cytosols [130]

1.3.3. Recent Advancement in NP-Based Gene Therapy

Following recent advancement in nanotechnology, various techniques have been
employed to improve the functions of NPs for gene therapy, with an emphasis on the
targeting property, internalization efficacy, and the cargo release profiles.

1.3.4. Functionalization of NPs

The surface of the NPs needs to be appropriately altered with recognition molecules
and immobilized using techniques like glutaraldehyde or carbodiimide in order to en-
hance active endocytosis. Monoclonal antibodies are the most-often-employed recognition
molecules (mAbs). Single-stranded variable fragments (scFv) can be used as an alternative
with the same target property and smaller size. NPs functionalized with scFv against HER2
in breast cancer have been shown in in vivo tests to reduce tumor growth. Because of
their high cost, it is challenging to utilize Mabs or scFv, making large-scale production
techniques difficult [120,131,132].

1.3.5. CRISP/Cas9 Delivery for Genome Editing

A powerful gene-editing tool is CRISPR/Cas9 [133]. The American biologist Jennifer
Doudna and the French microbiologist Emmanuelle Charpentier were given the Nobel Prize
in Chemistry in October 2020 for “developing a new approach to genome editing.” The
greatest hurdle for CRISPR/Cas9 therapy is how to safely and efficiently deliver it to target
areas in vivo. However, the nanotechnology-based delivery of CRISPR/Cas9 is paving new
ways for cancer gene editing and immunotherapy [133,134]. Liu et al. [135] constructed a
multistage delivery nanoparticle (MDNP) for delivering the CRISPR-dCas9 system. They
built the core–shell structure. The cationic polymer formed by PEI (polyethyleneimine)
NPs modified by phenylboronic acid (PBA) was used as the core. This core was then
fused to the plasmid encoding dCas9 and sgRNA. Another polymeric particle described
by the same group that created MDNP is called the dual-locking nanoparticle (DLNP).
The CRISPR/Cas13a core of DLNPs targets PD-L1 in tumor cells. Once Cas13a reaches
tumor cells, it recognizes the PD-L1 mRNA specifically and becomes active [134]. Moreover,
Li et al. [136] used human antigen R (HuR) with the CD9 C-terminus to create a novel
exosome, which holds great promise for the targeted delivery of CRISPR/dCas9 systems to
treat diseases. CRISPR/Cas9 was delivered using both lipid- and polymer-based reagents
in clinical trials to treat a variety of disorders.

1.3.6. Use of Cell-Penetrating Peptides

Combinations with cell-penetrating peptides (CPPs) constitute a useful tactic to maxi-
mize NPs’ potential under physiological conditions and to optimize their cellular absorp-
tion. CPPs are frequently cationic peptide sequences that have been identified as flexible
drug delivery vehicles due to their ability to translocate across biological membranes and
convey associated cargos into cells. [137]. Different CPPs were added to gelatin-silica
NPs, such as a fusogenic peptide made of Tat and influenza hemaglutanin A2, to effec-
tively deliver plasmid DNA with nuclear targeting and endosomal escape characteristics
in vivo [138]. Tumor-activatable CPP dual-triggered by reduced pH and matrix metallo-
proteinase 2 was utilized to label NPs containing siRNA targeting vascular endothelial
growth factor and doxorubicin. As a result, the growth of new blood vessels was effectively
stopped and the tumor underwent apoptosis [139,140].
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1.3.7. Clinical Translation of NP-Based Gene Therapy

In phase-1 clinical trials against cancer, Davis et al. [141] presented the first gene
delivery method based on NPs, called CALAA-01. CALAA-01 is composed of a transferrin-
targeting ligand that binds to transferrin receptors that are overexpressed on cancer cells, a
cyclodextrin-containing polymer, a PEG steric stabilizing agent, and siRNA that targets the
M2 subunit of ribonucleotide reductase (RRM2). More recently, a number of lipid-based
formulations have been explored in clinical settings. The clinical application of gene–drug
combinations, radiation, photodynamic treatment, and immunotherapy has received sig-
nificant interest lately. A phase-1 study was conducted to evaluate the biological activity
and safety of intraperitoneal GEN-1 (IL-12 plasmid formulated with PEG-PEI-cholesterol
lipopolymer) administered in combination with standard neoadjuvant chemotherapy for
patients with epithelial ovarian, fallopian tube, and primary peritoneal cancer. A phase-2
trial combining oral temozolomide with intravenous SGT-53 (P53 gene therapy) sponsored
by SynerGene Therapeutics is being conducted to treat recurrent glioblastoma [109].

1.4. Nanomedicine: Application in Tissue Engineering

This strategy for tissue and organ reconstruction first surfaced about thirty years
ago [142]. Tissue engineering has been referred to as “an interdisciplinary field which
applies the principles of engineering and life sciences towards the development of biological
substitutes that aim to maintain, restore or improve tissue function.” Three fundamental
techniques are used in this biomedical field to regenerate new tissues: cells, scaffolds, and
growth factors [142,143].

Combining tissue engineering and nanomedicine to create the best of both worlds
has a significant impact on how people are treated. [144]. Functional tissue and organ
replacements necessitate precise spatial and temporal control over biological processes. Key
tools for maintaining control over and monitoring the altered tissues are the presentation
and regulated local administration of bioactive substances (growth factors, chemokines,
inhibitors, cytokines, genes, etc.). Due to this requirement, NP-based systems were used in
tissue engineering scaffolds to administer various growth agents, provide contrast for imag-
ing, and regulate the scaffolds’ characteristics. Materials such as polymers, metals, ceramics,
and their various composites can be used to produce NPs depending on the application, as
shown in Table 5 [145]. Moreover, the ECM that surrounds cells in tissues is made up of a
naturally occurring network of nanofibers arranged hierarchically. Recently, biomimetic
microenvironments may have been designed and created at the nanoscale thanks to recent
developments in nanotechnology, offering a native ECM analog. These technologies have
been notably used to produce nanofeatured scaffolds and nanotopographic surfaces, as
well as to encapsulate and regulate the spatiotemporal release of medications (such as
growth factors). Consequently, these nanodevices provide a way to control a variety of
cellular processes, such as gene expression and cell adhesion [146].

Table 5. Various recent nanocomposites available for tissue engineering.

Tissue Engineering Field NPs Involved in Scaffold Application and Advantages References

Cardiovascular tissue
engineering

Carbon nanotubes
Increased the length of cells with improved
biocompatibility, making them an ideal option for
vessel construction in tissue engineering

[147]

poly (L-lactide-co-caprolactone)
nanofibers

Reduced aortic inflammation and encourage aortic
remodeling following the implantation of a
stent–graft

[148]

Dental tissue engineering

Monodispersed silica NPs (SNPs)
Provided a safe and effective plateform for the
creation of sustainable anti-biofouling surfaces for
dental implants and other biomedical devices

[149]

Polycaprolactone (PCL)-based
block copolymers

Enhanced the effectiveness of antibiotics’
anti-biofilm properties, addressing the serious risk
posed by biofilm-associated infections such
as periodontitis.

[150]
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Table 5. Cont.

Tissue Engineering Field NPs Involved in Scaffold Application and Advantages References

Skin tissue engineering

Alginate–polyvinyl alcohol (PVA)
nanofiber

Showed a fiber diameter of about 172,242–326,244
n with improved tensile strength, thus qualifying
the fiber to be used in wound dressing

[151]

Collagen/poly(l-lactic
acid)-co-PCL nanofiber mesh

Improved the cell’s capacity to disseminate, remain
viable, and adhere, and could potentially be used
as a material for tissue-engineered vascular grafts

[152]

AgNPs hydrogel Accelerated skin tissue regeneration and provide
effective care in chronic wounds [153]

Neural tissue engineering

Chitosan/polyethylene
glycol/multiwalled carbon
nanotube composite

Enhanced the elastic modulus of the scaffold and
expressed nerve growth receptor in the scaffold for
neural tissue engineering

[154]

PCL/gelatin nanofibrous scaffold
Could be used as electrically conductive scaffolds
along with anti-bacterial properties in neural tissue
engineering

[155]

Bone tissue engineering

Graphene oxide loaded magnetic
nanoparticle

Scaffold promoted the development of bone
mesenchymal stem cells and improve biological
functions

[156]

Cholesterol-bearing pullulan
(CHP) nanogel

Stimulated bone morphogenetic protein
(BMP)-2-induced local bone formation [157]

1.4.1. Advanced Characteristics of NPs Assisting in Tissue Engineering

Tissue engineering NPs have sophisticated properties that make them useful in a range
of applications. By modifying their mechanical, electrical, and biological characteristics,
these NPs can be made to resemble the microenvironment unique to a given tissue [158].
Additionally, they can be made to go past various delivery barriers, making it possible to
deliver drugs to specific tissues effectively [159]. Moreover, engineered NPs can be tuned
to fulfill specific performance goals in a variety of engineering applications thanks to their
extensive spectrum of physicochemical properties, including electronic, optical, magnetic,
mechanical, thermal, vibrational, and surface properties [160] In addition, biomedical
polymers, bioceramics, and other inorganic materials are to be mixed for superior qualities
in order to imitate the natural tissue structure. Composites of polymer–inorganic NPs can
serve as scaffolds for bone that has been tissue-engineered. Nanoparticle-filled polymers
are superior to traditional polymer composites in many ways, including reduced weight,
enhanced mechanical qualities, increased durability, and a bioactive interface—a crucial
component for the successful and long-term use of prostheses. Data indicate that in order to
promote better regeneration, nanostructured composites may be able to mimic the surface
and/or chemical characteristics of bone and cartilage, respectively [161]. Thus, depending
on the applications, using the appropriate kind of NPs in TE can greatly improve the
scaffolds’ mechanical, electrical, and biological qualities, in addition to serving a variety of
other purposes.

1.4.2. Enhanced Metallic Properties

The enhanced characteristics of metallic NPs aid in tissue engineering. The benefits of
these NPs include increased proliferation and adherence of cells, regulated growth factor
release, and non-invasive tissue regeneration process monitoring [162]. To improve their
qualities and promote tissue regeneration, they can be included in scaffolds for tissue engi-
neering [163]. For a variety of tissue regeneration applications, such as cardiac, bone, neural,
and skin tissue engineering, metallic NPs, as well as other nanoparticle kinds like carbon
and ceramic NPs, are being investigated [164]. Yue et al. developed dual stimuli-responsive
hydrogels with interpenetrating polymer networks via the crosslinking of N-isopropyl acry-
lamide (NIPAM) and sodium alginate (SA). 2,2,6,6-tetramethyl-piperidine-1-oxyl-oxidized
cellulose nanofibers (TOCNF) derived from energy cane bagasse as a carrier material for
nanosilicas (NS) and nanoclays (NC). The hydrogels are dual stimuli-responsive and have
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an interpenetrating polymer network structure. Out of all these hydrogels, PNIPAM/SA-
TOCNF-NS has the highest compressive strength, measuring 66.7 kPa, which is 5.65 times
greater than PNIPAM/SA [165]. Furthermore, for the purpose of promoting neuronal
growth and differentiation, nerve growth factor (NGF)-decorated superparamagnetic iron
oxide (SPIO)–Au core–shell NPs [166] with minimal toxicity have recently been produced.
Applying an external magnetic field has also been utilized to regulate the orientation of
collagen fibers remotely and dynamically in situ during the gelation phase using magnetic
NPs. Three-dimensional gel neurons stimulated by magnetism exhibited cellular survival,
spontaneous electrical activity, and an elongated, co-oriented form. Iron oxides are helpful
in conjugating different peptides and growth factors to rejuvenate and rebuild brain tissue
since they can also cross the blood–brain barrier [145]. The multifunctional BG (bioac-
tive glass) NPs [167] based on the poly-citrate-siloxane elastomer are utilized as a useful
substance for bone tissue regeneration.

1.4.3. Enhanced Electrical Properties

In tissue engineering, the enhanced electrical characteristics of NPs are useful because
they may create conductive scaffolds that resemble the extracellular milieu of the body and
encourage cellular activity and healing [168]. The concentration and shape of the NPs can
be changed to modify the electrical characteristics of these scaffolds. Electroconductive
biomaterials, such as NPs, can be used in 3D bioprinting to direct the healing of various
tissue types and affect the fate of cells [169,170]. It has been demonstrated that electrical
stimulation promotes neuron regeneration. Graphene (G)-based materials operate well in
neural tissue engineering due to their high electrical conductivity, flexibility, and mechani-
cal strength. G-based materials can also speed up the differentiation and proliferation of
neuronal cells. Furthermore, carbon nanotubes have emerged as one of the most-often-used
materials in brain tissue creation due to their morphology resembling that of neurites. Also,
it has been demonstrated that a carbon nanotube with dendrites of comparably small size
has greater promise for treating neuropathy and damage to nerve tissue. It also improves
the prospect of investigating, mending, and thrilling brain networks. They are also very
promising in other technical fields like sensors and conductive composite materials be-
cause to their good mechanical, thermal, and electrical qualities [164]. Additionally, gold
nanowires have been employed as conductive materials to improve the electrical interaction
between the cells. Synapse development occurred as heart muscle cells gradually began to
proliferate inside the three-dimensional porous scaffolds. Research has also demonstrated
that adding carbon nanotubes (CNTs) to polymer composites can greatly increase the
conductivity and support the functions of cardiomyocytes [171]. Thus, the overall goal
of developing sophisticated tissue engineering techniques to replace or repair damaged
tissues is aided by the improved electrical characteristics of NPs.

1.4.4. Enhanced Biological Properties

Tissue engineering relies heavily on the sophisticated biological characteristics of NPs.
Tissue engineering can benefit from the advantages that NPs provide, including contrasting
agent qualities, scalable features, and decreased toxicity. Numerous substances and materi-
als, such as polymers, ceramics, carbon nanotubes, graphene, fullerenes, and quantum dots,
can be used to create them [162,163]. Additionally, gold nanoparticles (GNPs) have been
shown to stimulate the osteogenic development of the osteoblast precursor cell line MC3T3-
E1 in bone TE. Furthermore, these NPs protected osteoblastic cells from mitochondrial
dysfunction while also influencing the generation of osteoclasts, or bone-resorbing cells,
from hematopoietic cells. However, it was discovered that the size of GNPs influences this
osteogenic differentiation. While one study found that GNPs with diameters between 30
and 50 nm were more beneficial and efficient for human adipose-derived stem cell (ADSC)
activity, another study found that MC3T3-E1 osteoblast-like cells preferred GNPs with
diameters between 20 and 40 nm [171]. On the other hand, NPs, such as superparam-
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agnetic iron oxide NPs (SPIONs), have been shown to promote osteoblast proliferation,
differentiation, and angiogenesis in bone tissue engineering [172].

1.4.5. Three-Dimensional and Four-Dimensional Nano Printing

The development of three-dimensional (3D) bioprinting techniques has made it possi-
ble to create pre-programmed synthetic tissues that exhibit precise geometries and have
controlled cellular composition and spatial distribution. With the potential to improve
results, new bioinks with electroconductive qualities may be able to direct the repair of
different kinds of tissues, such as bone, heart, and nerve tissue, by influencing cellular
destinies and functions [169]. Furthermore, polymeric hydrogels are being explored ex-
tensively as ink materials for 3D and 4D bioprinting applications due to their ability to
be printed into scaffolds with a hierarchical structure and intrinsic properties resembling
those of the original tissue’s extracellular matrix. By incorporating nanoscale material
additives such as NPs into the ink composition, it is now possible to significantly tune the
mechanical, biological, structural, and physicochemical properties of the material during
and after printing [173].

1.4.6. Selective Cell Attachment

Scaffold surfaces can now be modified chemically or via hyaluronan (HA),
poly(ethylene oxide) (Pluronics), PEG, glycocalyx, anti-bacterial coatings comprising silver
or N-alkylated poly(vinylpyridine), bioadhesive coatings comprising RGD peptide inser-
tion, growth factor attachment, decoration with other bioactive groups, plasma etching, or
other means to achieve desired cell adhesion but repel unwanted attachment [161].

1.4.7. Advanced Nanocomposite in Tissue Engineering

Organ physiology encompasses many individual intricate biological systems, often
making the development of new regenerative medicine strategies quite challenging as
they have to adopt a more holistic perspective to cope with the requirements that precise
medicine imposes. Organ-on-a-chip technology is a relatively new field based on the
combination of various biological, chemical, and engineering advancements to create
miniature-like structures that resemble the microenvironment of the native tissue. Its
main concept revolves around the integration of different microfluidic chips as parts of
polymeric constructs that can manipulate cell behavior at close proximity and thus mimic
small-scale physiological processes. Because the main ingredient of microchips is silicon,
organ-on-a-chip structures can be considered as nanocomposites [173].

1.4.8. Smart Scaffolds

A fundamental function of living systems is their response to stimuli. Scientists
have been creating tissue engineering scaffolds that react to external stimuli, including
temperature, pH, light, electric field, magnetic field, chemicals, and ionic strength, by
incorporating traits from biological systems found in nature. Shape/position, structure,
surface features, solubility, integrated sensing, actuation (secretion), the development of
a complex molecular self-assembly, or a sol-to-gel transition are some examples of these
responses [161].

Biomimetic smart materials are an important type of smart materials. The structure,
function, and production of biological materials serve as biological inspiration for their
development. Smart scaffolds can elicit the optimal cell responses because stem cells in
touch with the scaffold can sense many qualities, such as stiffness and nanostructure, and
respond appropriately [174].

1.5. Nanomedicine in Vaccine’s Developments

Vaccines represent a cornerstone of public health interventions, remarkably reducing
morbidity and mortality from infectious diseases. However, similar to other medical ad-
vancements, vaccines are not without limitations. These limitations include suboptimal
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immunogenicity, non-specific delivery, and rapid degradation, all of which can hinder
vaccine efficacy [175]. The field of nanomedicine offers a strategic approach to addressing
these limitations and achieving near-optimal vaccination strategies. NPs can be engineered
to encapsulate vaccine antigens, improving their stability and facilitating targeted deliv-
ery to immune cells. This targeted delivery enhances antigen presentation and immune
response, potentially leading to more effective vaccines [176]. The rapid development and
deployment of COVID-19 vaccines exemplify the transformative potential of nanomedicine
in vaccine design. Several approved COVID-19 vaccines utilize cationic lipid NPs for
mRNA delivery, carrying the genetic instruction for intracellular production of the COVID
spike(S) protein, a foreign mRNA that would readily disintegrate without the protective
nano shell [177].

The success of these vaccines underscores the significant role nanomedicine can play
in future vaccine development (Figure 2).
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The following are some of the properties that can be bestowed on vaccines by NPs.

1.5.1. Encapsulation and Protection of Vaccine Antigens

Traditional vaccines usually employ weak or inactivated pathogens or purified pro-
tein antigens. These antigens can be susceptible to degradation by enzymes and harsh
physiological conditions before reaching immune cells [178]. NPs can be designed with a
biocompatible shell that encapsulates these antigens, protecting them from degradation
and premature release. This allows for the sustained and targeted delivery to the desired
immune compartment [179].

Messenger RNA (mRNA) vaccines are now a main focus in vaccine development
due to their ability to rapidly induce robust immune responses. However, unprotected
mRNA is highly unstable in vivo [180]. Lipid NPs (LNPs) have emerged as a powerful
platform for mRNA delivery. These LNPs encapsulate mRNA molecules within their hy-
drophobic core, shielding them from enzymatic degradation and facilitating their delivery
to antigen-presenting cells (APCs). A study by Arevalo et al. [181] demonstrated that
LNP-encapsulated mRNA, encoding influenza virus hemagglutinin (HA) antigens from
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an array of influenzas virus subtypes, elicited a significantly stronger immune response
compared to free mRNA, highlighting the protective role of NPs.

1.5.2. Co-Delivery of Antigens and Adjuvants

Traditional adjuvants, such as aluminum salts, enhance the immune response to co-
administered antigens but often induce side effects [182]. Nanoparticle design allows
for the co-encapsulation of antigens and adjuvants within a single carrier. This targeted
co-delivery system delivers both components simultaneously to APCs, leading to a more
potent and controlled immune response [176].

Stimulating pattern recognition receptors (PRRs): NPs can be engineered with specific
surface modifications to interact with PRRs on APCs, such as Toll-like receptors (TLRs). TLR
activation by adjuvants encapsulated within NPs triggers the release of pro-inflammatory
cytokines and co-stimulatory molecules, leading to enhanced antigen presentation and T
cell activation [183]. For instance, Stickdorn et al. [184] showed that cationic polymeric NPs
loaded with ovalbumin antigen and a TLR7/8 agonist adjuvant resulted in superior antigen-
specific CD8+ T cell responses compared to free antigen or antigen with a separate adjuvant.

Furthermore, with the possible combined effects of antigen protection, targeted de-
livery, and the co-delivery of adjuvants with NPs, a synergistic response is highly likely.
This synergy would lead to a more potent and specific immune response compared to free
antigens or traditional vaccines.

1.5.3. Targeted Delivery to Immune Cells

NPs can be further engineered to target specific immune cell populations by incor-
porating ligands that bind to receptors on these cells. This targeted delivery approach
reduces off-target effects and optimizes antigen presentation, leading to a more focused
and efficient immune response [185]. Table 6 shows the ongoing research on enhancing
vaccinations using different NPs.

Table 6. Ongoing research on enhancing vaccinations using different NPs.

Vaccine Target Nanoparticle Platform Delivery Mechanism Reference

HIV Lipid-based Encapsulate viral antigens and adjuvants for targeted
delivery to antigen-presenting cells (APCs) [186]

Influenza Liposomes Encapsulate viral antigens and adjuvants to promote cellular
uptake of the antigen payload [187]

COVID-19 Cationic lipids
Encapsulate mRNA encoding viral antigens; cationic lipids
facilitate cellular uptake of the mRNA for translation into
viral proteins, triggering an immune response

[188]

2. Challenges and Future Perspective

Nanomaterials play a significant role in therapeutic engineering (TE), offering unique
advantages in enhancing biological, mechanical, and electrical properties, as well as exhibit-
ing anti-microbial effects, enabling gene delivery, and facilitating the creation of engineered
tissues. Despite these advancements, several critical obstacles must first be overcome
to realize widespread clinical adoption. One of the key challenges in the utilization of
nanomaterials for therapeutic applications is the need for robust tools and procedures to
assess their safety profiles. Although most NPs exhibit much-improved safety profiles
and fewer side effects, NPs may have complex interactions with biological systems, and
their toxicity, carcinogenicity, and teratogenicity must be thoroughly evaluated. Recent
studies have highlighted dose- and exposure-dependent relationships in the toxicity of
NPs, underscoring the importance of comprehensive risk assessment [189,190]. Despite the
increasing prevalence of nanoparticle-containing products, there remain methodological
and scientific gaps in our understanding of the specific risks associated with different
nanomaterials [171]. Therefore, advancements in nanotoxicology research are essential for
developing better safety assessment methods. This includes the refinement of in vitro and
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in vivo models to simulate realistic exposure scenarios and predict nanoparticle behavior
in biological environments [191,192].

In addition, with the industrial scale-up of advanced nanomaterials for therapeutic
applications, attention must be focused on the long-term effects of chronic nanoparticle
exposure. Continuous exposure to NPs over extended periods raises concerns regarding
cumulative toxicity and potential health impacts [189,190]. Addressing these challenges
requires a concerted effort to develop standardized protocols for assessing the chronic
effects of NPs and establishing safety guidelines for their use in clinical settings [193].
In this regard, establishing a robust regulatory framework is imperative to ensure the
safe integration of nanomaterials into clinical applications. Collaborative efforts among
regulatory agencies, researchers, and industry stakeholders are needed in order to address
knowledge gaps and define standardized safety guidelines.

3. Conclusions

Nanomaterials are playing a significant role in the advancement of biological and
medical applications in this new era. They enable the realization of previously unsolved
mysteries and seemingly impossible therapies by offering improved biocompatibility,
controlled drug release, precise targeting capabilities, and a large surface area conducive to
interactions with biological systems. Particularly, the field of theranostics is progressing
rapidly with the integration of nanotechnology. Looking ahead, we must overcome the
remaining barriers preventing the clinical translation of nanomedicine while addressing
toxicity concerns associated with nanomaterials. By doing so, we can fully leverage the
diverse properties of nanomaterials discussed in this article to advance healthcare and
biomedical technologies.
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