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Abstract

Background In recent decades, there has been a considerable increase in the number of nanomedicine-based formulations,
and their advantages, including controlled/targeted drug delivery with increased efficacy and reduced toxicity, make them
ideal candidates for therapeutic delivery in the treatment of complex and difficult-to-treat diseases, such as cancer.

Areas covered This review focuses on nanomedicine-based formulation development, approved and marketed nanomedicines,
and the challenges faced in nanomedicine development as well as their future prospects.

Expert opinion To date, the Food and Drug Administration and the European Medicines Agency have approved several
nanomedicines, which are now commercially available. However, several critical challenges, including reproducibility, proper
characterization, and biological evaluation, e.g., via assays, are still associated with their use. Therefore, rigorous studies
alongside stringent guidelines for effective and safe nanomedicine development and use are still warranted. In this study, we
provide an overview of currently available nanomedicine-based formulations. Thus, the findings here reported may serve as

a basis for further studies regarding the use of these formulations for therapeutic purposes in near future.

Keywords Commercial formulations - Clinical trials - Nanomedicines - Pharmacokinetics

Introduction

Nanotechnology, which is considered a “modern scientific
breakthrough™ and has been explored and heralded in several
scientific studies over the past decades (Bayda et al. 2019),
refers to the production and use of materials, systems, and
equipment at the nanoscale (Jain 2008). It offers the possi-
bility to provide solutions to persistent problems and unmet
needs via the use of interconnected platforms in a plethora
of areas, such as chemistry, physics, engineering, biotech-
nology, and medical sciences. Thus, it expands the possi-
bilities of modern research, especially in the medical field
(Mack 2005). Current nanotechnology-based developments
in this area include enhanced and precise medicine, the
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minimization of adverse effects/toxicity, and meeting previ-
ously unmet medical needs of patients (Waheed et al. 2022).
In recent decades, nanomedicines have been produced, engi-
neered, and industrialized at the chemical, macromolecular,
and cellular levels (Mitchell et al. 2021). For example, the
use of nanopharmaceuticals, theranostics, and nanoimaging
agents in nanomedicine has resulted in significant advance-
ments in disease detection, tomography, prevention, and care
(Farjadian et al. 2019).

Poor pharmacokinetic characteristics, such as poor solu-
bility, permeability, and bioavailability limit the therapeu-
tic utility of many potent drug. Thus, the development of
formulations with improved pharmacokinetics profiles is
necessary (Chenthamara et al. 2019). Nanomedicine-based
formulations, either as therapeutic agents or as carriers, can
thus be utilized to ensure that drugs target the desired sites
and improve the pharmacokinetics and therapeutic pro-
file of drugs (Yetisgin et al. 2020). Notably, the important
characteristics of nanomedicines, including nanoscale size
(1-100 nm) and large surface area, offer unique possibilities
for precise interactions with cells and tissues based on the
identification of the appropriate biological targets (Soares
et al. 2018). Further, the advantages of nanomedicine-based
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formulations include decreased undesirable toxicity result-
ing from non-specific distribution, improved patient adher-
ence, and favorable clinical outcomes (De Jong and Borm
2008).

The availability of funds and the utilization of multidis-
ciplinary technologies in the industry and academia have
resulted in the fabrication of some promising nanomedicine-
based formulations, such as liposomes, polymer/lipid nano-
particles, and polymer-conjugates (Puri et al. 2009). Several
strategies including: (a) the utilization of new materials, fab-
rication processes, and techniques for the enhancement of
drug stability and targeting; (b) the development of nano-
sized formulation to provide access through some biological
barriers resulting in potent drug targeting, and (c) the load-
ing of desired amounts of drugs, their protection from hostile
environments and delivery at a required concentration to the
target site without affecting the co-existing healthy tissue,
thereby reducing toxicity, have been developed (Zhang et al.
2013).

In this study, we reviewed nanomedicine-based formula-
tions and their considerations as well as their commerciali-
zation. We also reviewed the challenges associated with their
development, their limitations, and future prospects. Thus,
we provide an overview of currently available nanomedi-
cine-based formulations. This may serve as a basis for their
use for therapeutic purposes in the near future.

Importance of nanomedicine-based
formulations and their ideal properties

Conventional drug delivery systems (CDDSs) are char-
acterized by immediate and burst drug release; thus, their
use often requires an increased frequency of administration
(Singh et al. 2019). It has also been reported that drug tox-
icity resulting from the misuse of drugs owing to increased
administration frequency, is probable with CDDSs (Wen
et al. 2015). Additionally, the low solubility of drugs in
CDDSs is a major challenge for pharmaceutical companies
as this affects the overall therapeutic efficacy of the drug.
Low drug stability is also another common disadvantage of
CDDSs as the drug is prone to degradation by the biologi-
cal fluids/microenvironments in the body (Wen et al. 2015).
These formulation-related issues associated with CDDSs
can be tactfully overcome via the use of nanomedicine-
based formulations (Patra et al. 2018), which have as major
advantages: (1) specific delivery of active pharmaceutical
agents to the target site. This results in a decreased dosage
and the attenuation of associated adverse effects (Choi and
Han 2018), (2) enhancement of drug stability. This improves
the pharmacokinetic profile and bioavailability of the drug
(Onoue et al. 2014), (3) better drug safety and efficacy pro-
files (Farjadian et al. 2019), (4) the attainment of sustained
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and controlled drug release profiles (Patra et al. 2018), (5)
passive drug targeting via enhanced permeation and reten-
tion (EPR) effects and active targeting of tumors and other
pathological sites of the body (Golombek et al. 2018), and
(6) potentially cheaper formulation (when produced at
large scale) as compared with conventional dosage forms
(Farjadian et al. 2019). Such advantages are beneficial for
improving the quality of life of patients, while reducing the
overall quality and cost of healthcare.

Additionally, therapeutic agents can be entrapped,
adsorbed, or covalently attached to nanosystems for adminis-
tration to the body (Yetisgin et al. 2020). A single therapeu-
tic agent or a combination of drugs that provide synergistic
therapeutic effects can be delivered using nanomedicine-
based formulations (Zhang et al. 2016), which also offer the
possibility to realize controlled drug delivery characteristics,
resulting in a decrease in dosing frequency and providing
huge potential opportunities for designing nanomedicine-
based formulations for drugs that go off-patent (Patra et al.
2018). However, different factors (e.g., stability: physical
and biological, manufacturing method, scale-up possibility,
freeze-drying conditions, and sterilization requirements),
which can influence the effectiveness of nanomedicine in
drug delivery should be appropriately addressed (Desai
2012). Importantly, the biocompatibility, biodegradability,
and non-immunogenicity of nanomedicine-based formula-
tions are characteristics that play important roles in efficient
therapeutic delivery, bringing about enhanced bioavailabil-
ity and reduced adverse/side effects (Chenthamara et al.
2019). Lipids and polymers are the most commonly used
materials for preparing biocompatible and biodegradable
nanoparticles with higher stabilities, enhanced drug load-
ing capacities, easy surface functionalization for targeting
and improving pharmacokinetics profile, and low intrinsic
toxicity (Bochicchio et al. 2021).

Considerations in nanomedicine
development

Nanomedicine development is a complex process that
requires the careful consideration of different aspects,
including chemistry, manufacturing, and control aspects as
well as economic and regulatory aspects.

The chemistry, manufacturing, and control considera-
tions are a great challenge in the product development and
manufacturing scale-up of nanomedicine-based formulations
(Desai 2012). Therefore, determining the practicability of
developing nanomedicine based on an understanding the
composition and structure of the early formulation is neces-
sary. This ensures reproducibility during confirmatory stud-
ies as well as safety and efficacy during human clinical trials
(Soares et al. 2018). Additionally, for further development as
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commercial formulations, it is also necessary to determine
the physical, chemical, and functional properties of nano-
medicines (Mazayen et al. 2022). The appropriate charac-
terization of the chemical properties of each component of
nanomedicines using different techniques, such as high-per-
formance liquid chromatography or other chromatography
techniques, nuclear magnetic resonance, and mass spectrom-
etry is also necessary (Lin et al. 2014). Furthermore, Lin
et al. (2014) reported that nanomedicine characterization
should involve the establishment and an understanding of
the particle size, zeta potential, purity, viscosity, and pH
of the different components. More importantly, for further
development, it is necessary to establish acceptable levels
of confidence in the biological functions of nanomedicines
(Fatehi et al. 2012).

Ensuring the reproducibility of potential commercial-
scale manufacturing of nanomedicines, at a reasonable cost,
is vital. Therefore, it is crucial to understand the early stages
of nanomedicine preparation and determine the feasibility
of their industrial-scale chemical handling and processing
(Hua et al. 2018). At the laboratory scale, it is possible to
process cytotoxic compounds and achieve complex process-
ing. However, realizing such at an industrial scale may be
expensive and challenging (Jacquemart et al. 2016). Fur-
thermore, the complex nature of nanomedicine formula-
tion and manufacturing requires close scrutiny to minimize
batch-to-batch variations (Sharifi et al. 2022). Therefore, for
successful development and commercialization, it is neces-
sary to ensure the purity, potency, safety, and efficacy of the
nanomedicines (Desai 2012). Hence, successful industrial-
scale manufacturing requires a thorough understanding of
the quality of the starting materials as well as the processes
involved (Desai 2012).

Furthermore, it is also necessary to consider the invest-
ments associated with the development and scaling-up
of nanomedicine production (Paliwal et al. 2014). In this
regard, it is important to critically analyze proposed nano-
medicine development strategies in comparison with other
developmental portfolios. The cost of manufacturing equip-
ment, instrumentation, and other facilities also need to be
considered when developing investment strategies for nano-
medicine development and their subsequent clinical applica-
tion (Patra et al. 2018).

Regulatory considerations for nanomedicine are also
vital. Particularly, consultations with the Food and Drug
Administration (FDA) at the early stages of nanomedicine
development will aid in clarifying the associated scientific
and regulatory issues and in addressing concerns regarding
the safety, efficacy, and regulatory status of the formula-
tions (Pordevi¢ et al. 2022). Consequently, an appropri-
ate evaluation framework needs to be used to evaluate the
pathways and processes involved in nanomedicine devel-
opment that are similar to those used in the conventional

drug development process. The European Medicines Agency
(EMA) has an Expert Working Group that has released some
reflection papers for particular nanomedicines to guide
marketing authorization applications (Hertig et al. 2021).
However, it is still unclear whether the existing regulatory
frameworks will pose challenges in future innovative nano-
medicine development (Halamoda-Kenzaoui et al. 2022).
The uncertainties related to the regulatory processes involv-
ing nanomedicines are presented in Fig. 1.

Clinical trials of nanomedicine-based
formulations

By 2015, a total of 13 nanomedicines had been approved by
the US FDA for the treatment of different diseases (Malviya
et al. 2021). However, of recent, there has been a rocketing
surge in the number of nanomedicine clinical trials. Based
on 2021 data, a total of 100 nanomedicines are already
being marketed, with another 563 new nanomedicines under
clinical trial or other stages (Shan et al. 2022). Further, the
majority of nanomedicines under clinical trial are in Phase
1 (33%) and Phase II (21%), and the prime focus of these
nanomedicines is the treatment of cancer (53%) and infec-
tions (14%), as well as other diseases, such as blood dis-
orders, endocrine and metabolic diseases, nervous system
diseases, immunological diseases, cardiovascular diseases,
ocular diseases, and skin diseases (Fig. 2). Additionally,
nanomedicines are used in vaccine development and imag-
ing diagnosis. The most prevalent categories of nanomedi-
cines available in the market or in different phases of clinical
trials include liposomes or lipid-based nanoparticles (33%),
antibody—drug conjugates (15%), polymer-drug/protein con-
jugates (10%), and polymeric nanoparticles (10%) (Shan
et al. 2022).

Innovative
product
development

Emerging
technology

Industry

Identification of
regulatory
needs

Al
stakeholders

Limited knowledge of
applicability domain of
standardised methods

Lack of robust datasets
due to variability of
nanomedicines

Regulator and
sdandardisation
bodies

Fig. 1 Uncertainties related to the nanomedicine regulatory process
[reprinted with permission from Blanka Halamoda-Kenzaoui et al.
(2019)]
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Fig.2 Overview of nanomedi- A
cines that are available com-
mercially or in clinical trial. (A)

Development status, (B) Indica- m Phase | = Phase Il
tions, and (C) Formulations.
NP, nanoparticle [reprinted with

= Phase I/l u Phase lll

permission from Shan et al.
(2022)]
m Clinical stage = IND Filed

m Phase I/ m Phase 0

m Cancer

u Infections

= Blood disorders, endocrine and metabolic diseases

= Other indications

m Nervous system diseases and mental diseases

© Immunological diseases and inflammation

m Cardiovascular diseases

® Cancer treatment-related indications

B Ocular diseases

= Skin diseases

C

® Liposome or lipid-based NP

© Polymer-drug/protein conjugate ® Polymer

= Viral vector

= Others

= Emulsion

= Protein-based NP

= Nanocrystal

Commercial nanomedicine-based
formulations

Presently, it has been suggested that nanomedicine-based
formulations play a vital role in the global pharmaceutical
market and healthcare system. To date, a total of approxi-
mately 100 nanomedicine-based formulations have been
approved by the FDA and EMA (Shan et al. 2022). Further,
several reports have suggested a significant annual increase
in the number of nanomedicine-based formulations. Each
year, several nanomedicine-based formulations of previously
approved drugs enter clinical trial for the investigation of
their efficacy relative to conventional dosage forms (Caster
et al. 2017). Such nanomedicine-based advancements are
attributed to the rapid growth in research and development

@ Springer

= Launched

33%

= Discontinued Phase |

u Pre-registered

Phase Il

21%

Cancer 53%

nfections

® Antibody-drug conjugate

33%
= Cell-derived vehicle Liposome or
lipid-based NP
= |Inorganic NP
= NP
= Micelle

= Dendrimer

(R&D) and high market demand. A representative list of
FDA/EMA-approved and globally-marketed nanomedicine-
based formulations is presented in Table 1.

Presently, approved and commercially available nano-
medicine-based formulations include lipid-based nano-
medicines, polymer-based nanomedicines, nanocrystals,
inorganic nanoparticles, and protein-based nanoparticles.
Among the lipid-based nanomedicines, liposomes are most
commonly used for drug delivery. Specifically, liposomes
are spherical vesicles (< 200 nm) composed of a lipid bilayer
membrane surrounding a hydrophilic core. Hence, they are
capable of delivering both hydrophilic and hydrophobic
drugs, monoclonal antibodies, siRNA, and other biomol-
ecules (Nakhaei et al. 2021). Further, they can circulate
in the bloodstream for extended time periods, providing a
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longer treatment effect (Sercombe et al. 2015). More impor-
tantly, they can accumulate at tumor or infection sites; thus,
they naturally locate and deliver drugs to their target sites
(Allahou et al. 2021). Additionally, stimuli responsive (tem-
perature- and pH-sensitive) liposomes can be prepared to
allow for controlled drug release (Lee and Thompson 2017).
Further, polymer-based nanomedicines include polymer-
protein conjugates and micelles. The conjugates provide
protein drugs with targeting ability and enhanced circula-
tion times (Kiran et al. 2021). It has also been observed
that such polymeric nanoparticles facilitate drug release for
an extended time period (Kamaly et al. 2016). Moreover,
nanocrystals are versatile nanoparticles that can be used for
improving the pharmacokinetic-pharmacodynamic proper-
ties of poorly soluble drugs (Gigliobianco et al. 2018). Spe-
cifically, they enhance the bioavailability and solubility of
drugs by increasing surface area at the nanoscale to enhance
dissolution (Joshi et al. 2019). Alternatively, inorganic nan-
oparticles can be used for drug delivery and can also be
useful in imaging applications (Luther et al. 2020). In par-
ticular, metal oxides, metals, or silica are used as inorganic
nanoparticles. In this regard, one of the most widely used
inorganic nanomedicines are iron oxide nanodrugs, which
have been approved for use in iron replacement therapies
(Yadavalli and Shukla 2017; Dadfar et al. 2019). Protein-
based nanoparticles include drug-conjugated protein carri-
ers, with the protein itself functioning as the active thera-
peutic agent, or as a part of a combined complex for targeted
delivery (Hong et al. 2020). Albumin protein nanoparticles
have gained wider interest in the research community owing
to their longer circulation times, ability to accumulate at
tumors site via enhanced permeation and retention effects,
and their ability to undergo cellular uptake via albumin-
receptors (Hassanin and Elzoghby 2020).

Challenges in the development
of nanomedicine-based formulations

Based on recent advances in nanomedicine-based formula-
tions, several challenges that need to be considered for nano-
medicine development have been identified. For example, the
lack of proper methods for the characterization of the safety
and efficacy of nanomedicines, is one of the major challenges
in nanomedicine development (Desai 2012). In general, a
large amount of data has been gathered for nanomedicines
like liposomes, polymeric nanomedicines, and micelles.
However, varied possibilities for formulation and application
require toxicity data for each modification (Patra et al. 2018).
Furthermore, to avoid the development of unpredictable side
effects, there is a glaring need for an enhanced understand-
ing of nanomedicines prior to them becoming commercially
available. However, rigorous research is yet to be conducted to

@ Springer

clarify and predict the effect of nanomedicines on biological
systems, including the development of new assays that are not
affected by nanomedicines (Pordevi¢ et al. 2022).

Another challenge in the development of nanomedicine-
based formulations is the lack of specific regulatory guide-
lines (Desai 2012). The FDA approval process for nanomedi-
cines (including preclinical and human clinical studies) are
same as those for any other drug or biologic agent (Pordevi¢
et al. 2022). FDA has issued some guidelines for industries
regarding the use of nanotechnology. These guidelines
encourage manufacturers to consult with the FDA regarding
the specific regulatory and scientific issues of relevance for
nanomedicines early enough (Miihlebach 2018). Such con-
sultation is also encouraged as it can help in addressing con-
cerns regarding the safety, efficacy, public impact, and regu-
latory status of the product (Havel et al. 2016). However,
separate regulatory guidelines are yet to be established for
the development of effective and safe nanomedicine-based
formulations. The different challenges associated with the
development and commercialization of nanomedicines are
presented in Fig. 3.

Failure of some nanomedicine-based
formulations

Pharmaceutical companies developing nanomedicines
acquire funding from capital markets, venture capital, and
partnerships with other companies; however, the clinical
failure of the product often results in the termination of
their development and business liquidation (He et al. 2019).
One of the most common reasons for the clinical failure
of nanomedicines is the nanomedicine showing toxicity in
Phase I clinical trials (Fogel 2018). Furthermore, the choice
of the drug carrier of the nanomedicine affects its physico-
chemical properties and the resulting payload, leading to
failure (Patra et al. 2018). Moreover, the right selection of
patients is a critical factor for ensuring successful clini-
cal trials (Sacristan et al. 2016). High-quality production
processes and reproducibility are also critical factors that
could bring about the failure of nanomedicines (Soares et al.
2018). Therefore, all the factors that could be responsible for
the failure of nanomedicines should be critically considered
and addressed to ensure their successful development and
subsequent approval for clinical use.

Future prospects of nanomedicine-based
formulations

Significant progress has been made in the field of nano-
medicine-based formulations in the past decades, with
several FDA and EMA approvals. Notably, nanomedi-
cines provide a wide range of avenues for the treatment
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Fig.3 Challenges in the devel-
opment and commercialization
of nanomedicines [reprinted
with permission from Kaur

et al. (2014)]
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lung diseases, and ophthalmic diseases. The most com-
mon types of commercially available nanomedicine-based
formulations include lipid-based nanomedicines, polymer-
based nanomedicines, nanocrystals, inorganic nanoparti-
cles, and protein-based nanomedicines. Such formulations
are revolutionizing the treatment of different diseases and
have significant impact on the healthcare system. However,
the incorporation of a broad range of nanomedicine types
is making the formulations more complex. Therefore, it
is necessary to adequately address concerns regarding
safety and efficacy, while following the guidelines estab-
lished by agencies such as the FDA and EMA. Further,
rigorous studies related to the detailed characterization of
nanomedicines, their preclinical and clinical testing, and
cost—benefit analyses are urgently needed. Hence, based on
the findings reported in previous studies, future rigorous
studies, and stringent guidelines to promote safe and effec-
tive treatment will make nanomedicines a unique solution
for unmet clinical needs.
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