Molecular Pharmaceutics

This document is confidential and is proprietary to the American Chemical Society and its authors. Do not
copy or disclose without written permission. If you have received this item in error, notify the sender and

delete all copies.

The Integration of Nanomedicine with Traditional Chinese
Medicine: Drug Delivery of Natural Products and Other

Opportunities

Journal:

Molecular Pharmaceutics

Manuscript ID

mp-2022-00882x.R2

Manuscript Type:

Review

Date Submitted by the
Author:

n/a

Complete List of Authors:

Zeng, Muling; Wuyi University

Guo, Dongdong; Wuyi University, School of Biotechnology and Health
Sciences

Fernandez-Varo, Guillermo ; Hospital Clinic de Barcelona, Service of
Biochemistry and Molecular Genetics; CIBEREHD

Zhang, Xu; Wuyi University, School of Biotechnology and Health
Sciences

Fu, Sigi; Second Xiangya Hospital Department of Dermatology

Ju, Shijie; Wuyi University, School of Biotechnology and Health Sciences
Yang, Huiling; Wuyi University, School of Biotechnology and Health
Sciences

Liu, Xingfei; Wuyi University, School of Biotechnology and Health
Sciences

Wang, Yachao; Shenzhen University First Affiliated Hospital, Neurology
Zeng, Yu; Xiangya Hospital Central South University, Department of
Neurosurgery; Changsha Medical University, First Clinical Department
Casals, Gregori; Hospital Clinic de Barcelona, Biochemistry and Molecular
Genetics

Casals, Eudald; Wuyi University, School of Biotechnology and Health
Sciences

ONE™

ACS Paragon Plus Environment




Page 1 of 58

W oONOOULID WN =

Molecular Pharmaceutics

The Integration of Nanomedicine with Traditional
Chinese Medicine: Drug Delivery of Natural

Products and Other Opportunities

Muling Zeng!, Dongdong Guo!, Guillermo Ferndandez-Varo?3, Xu Zhang', Sigi Fu*, Shijie Ju',
Huiling Yang', Xingfei Liu', Ya-Chao Wang’, Yu Zeng®”"*, Gregori Casals®>* and Eudald

Casals!™

' School of Biotechnology and Health Sciences, Wuyi University, Jiangmen, 529020, China

2 Service of Biochemistry and Molecular Genetics, Hospital Clinic Universitari, Centro de
Investigacion Biomédica en Red de Enfermedades Hepaticas y Digestivas (CIBERehd),
Institut d'Investigacions Biomédiques August Pii Sunyer (IDIBAPS), Carrer de Villarroel, 170,
08036 Barcelona, Spain

3 Departament of Biomedicine, University of Barcelona, Barcelona, Spain

4 Department of Dermatology, Second Xiangya Hospital Central South University, Changsha,
410011, China

> The Institute of Translational Medicine, The First Affiliated Hospital of Shenzhen University,
Shenzhen Second People’s Hospital, Shenzhen 518035, China

¢ Department of Neurosurgery, Xiangya Hospital Central South University, Changsha, 410008,
China

7 First Clinical Department of Changsha Medical University, Changsha, 410219, China

*Corresponding authors e-mail:
Yu Zeng: zengyu@csu.edu.cn

Gregori Casals: casals@clinic.cat

Fudald Casals: eudaldem@gmail.com

KEYWORDS: Traditional Chinese Medicine; Nanomedicine; Natural Products; Combination

Therapy; Regulation; Safety; Drug Delivery.

ACS Paragon Plus Environment


mailto:zengyu@csu.edu.cn
mailto:casals@clinic.cat

oNOYTULT D WN =

Molecular Pharmaceutics

ABSTRACT

The integration of progressive technologies such as nanomedicine with the use of natural
products from Traditional Medicine (TM) provides a unique opportunity for the longed-for
harmonization between traditional and modern medicine. Although several actions have been
initiated decades ago, a disparity of reasons including some misunderstandings between each
other are limiting the possibilities of a truly complementation. Herein, we analyze some
common challenges between nanomedicine and Traditional Chinese Medicine (TCM). These
challenges, if solved in a consensual way, can give a boost to such harmonization.
Nanomedicine is a recently born technology while TCM is serving Chinese people since
thousands of years ago. However, for these disciplines, the regulation and standardization of
many of the protocols, especially related to the toxicity and safety, regulatory aspects, and
manufacturing procedures are under discussion. Besides, both TCM and nanomedicine still
need to achieve a wider social acceptance. Herein, we first briefly discuss the strengths and
weaknesses of TCM. This analysis serves to focus afterward on the aspects where TCM and
nanomedicine can mutually help to bridge the existing gaps between TCM and western modern
medicine. As discussed, many of these challenges can be applied to TM in general. Finally,
recent successful cases in the scientific literature that merge TCM and nanomedicine are

reviewed as examples of the benefits of this harmonization.
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1. INTRODUCTION

Traditional Medicine (TM) is an ancient knowledge that may contribute to solve many
of the health problems that medicine is facing today.! Most of these problems are derived from
the blossom of industrial and technological developments that have emerged as a result of the
industrial revolution initiated three centuries ago. Despite the great benefits these developments
have brought, in most cases they have progressively distanced us from nature. As a
consequence, Earth is experiencing increasing levels of water, soil, and air pollution. In
addition, humankind is being confronted with a climate emergency that may adversely affect
health in known and unknown ways.>* Besides, owing to those developments, human lifespan
is increasing to the highest levels ever seen; however, this comes with an increase of chronic
and degenerative diseases such as Parkinson’s, Alzheimer and other types of degeneration,
among others.’ The economic and social development, which sometimes seems to neglect the
laws of nature, also entails other detrimental health-related consequences such as the increase
of the rates of cancer and the subsequent onset of resistance to cancer treatments,®” the
resistance to antibiotics,'%-!2 and the appearance of new pandemics, e.g. Ebola, SARS, MERS,
HINI, and COVID19, which during the last twenty years have demonstrated how fast
infections can spread across the planet.!>!'* All in all, sustainable medical approaches are
increasingly needed to redress those excesses of the past, along with promoting a harmonious

way of living more congenial with the pace of nature.

In this respect, TM describe human beings as a microcosm within the entire universe,
which is interconnected with the nature and subjected to its principles. Based on this, TM brings
nature and its elements to the forefront and aims to take advantage of the possibilities of natural
products to become remedies for diseases. TM refers to the sum of health practices, approaches,

knowledge, skills, and beliefs indigenous to different cultures -and that may incorporate plant,
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animal, and mineral-based medicines- used to treat, diagnose, and prevent physical and mental
illness and to maintain well-being. The different TMs include traditional European medicine,
traditional Chinese medicine (TCM), traditional Korean medicine, traditional African
medicine, Ayurveda, Siddha medicine, Unani, ancient Iranian medicine, traditional Iranian
medicine, medieval Islamic medicine, Muti, and Ifa. In some countries TM has been integrated
into national health systems. However, other countries where TM has not been incorporated
into the national health care system. In such cases, it is often referred as "complementary" or

"alternative" medicine.!®

TCM is one of the most known and practiced TM. Briefly, it is based on the
understanding of the gi, a circulating life force that exists everywhere with unlimited potential.
In medicine, the gi can be understood as the vital fluid and energy that flow along the jingluo
(meridians, i.e. a sort of channels) throughout our bodies. A healthy body keeps a balanced gi
by maintaining the balance of the yin and yang, the opposite qualities or manifestations of the
qi. This recalls, for instance, how modern medicine is pointing out that the immune system
(present throughout the body) works by maintaining a dynamic balance of pro-inflammatory
and anti-inflammatory signals and cells, i.e., between oxidant and antioxidant systems and
between M1 and M2 macrophage polarization.!'¢-!® Similarly, more than 2000 years ago TCM
already deduced the intimate connection between the lungs and the guts, described in the
Yellow Emperor’s Classic of Medicine treatise. Recently, modern medical knowledge is
beginning to point the key role of the gut microbiota in whole-body health,'® which can even
affect the activity of distant organs, such as the brain's physiological, behavioral, and cognitive

functions through alterations in the immune system.20-2!
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Nowadays, most of the modern healthcare systems in the world rely on western
medicine. This is evidence based and can be understood as the system in which medical
professionals, such as doctors, nurses, pharmacists, and therapists, treat diseases using medical
treatments, such as drugs, radiation, and/or surgery. Furthermore, in the past century, the
growth of the largest pharmaceutical companies has focused primarily on western medicine,
which rely on the search for a specific cause to explain a disease state to search for a drug -the
“magic bullet”- that target specifically such cause of the disease. Randomized and controlled
clinical trials are then conducted to provide the evidence that the drug is effective, and
eventually, the drug is released to the market. However, nowadays it is being clearer that the
understanding of human physiology cannot be reduced to a single -often too simplistic-
explanation. Hence, both western and pharmaceutical industries are realizing the potential of
high throughput analyses of whole-body functions and turning their interests towards
combinatorial therapies with different active ingredients and their combination with natural
products to address multiple-cause diseases.???3 In this scenario, the holistic approach of TCM,
and TM in general, to health and disease, with thousands of years of empirical observation and
practices, has much to offer for today’s health emergencies. This, and many other examples,
evidence the need and the benefits of the convergence between traditional and modern medical

systems.

In fact, many voices are arising towards a harmonization and complementation of TM
and western medicine to reinforce the best potentialities of each one and compensate for their
weaknesses.>* As an example, in 2014-2015, the Science journal commissioned, edited, and
published three issues devoted to TM, “The Art and Science of Traditional Medicine”, being
the first issue specifically focused on TCM.?>-?7 In parallel, after the efforts started at the turn
of the millennium,?83° the World Health Organization (WHO) launched in 2014 the WHO

Traditional Medicine Strategy (2014-2023)3! to disseminate the general situation of the global
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use of TM. In 2018 the WHO included it for the first time in its influential global medical
compendium, the International Statistical Classification of Diseases and Related Health
Problems (ICD11), where 3,106 terms from traditional medicines and their English translations

were adopted.??

Despite these efforts of convergence, there are still several aspects that need to be
addressed to achieve this harmonization. For instance, key challenges identified for TCM
modernization typically include safety issues, standardization and regulatory aspects. Besides,
social perception is another drawback. For instance, a recent News Feature published in Nature
suggested that many western-trained physicians and biomedical scientists perceive the
practices of TCM as unscientific, unsupported by clinical trials, and sometimes dangerous.3334
In addition, potential adverse effects have been also described.’>3¢ It is worth noting that
introducing different practices and technologies in other cultures is the result of a combination
of technical and social forces. Thus, if those practices and technologies are not accepted by

society, no matter how good they are, they will not be implemented.

Herein, the aim of this work is to analyze and discuss how the convergence between
TCM -and the use of natural products in TCM- and nanomedicine, a recently developed
technology compared with the millennia of different TCM experience, can contribute towards
the harmonization between western and eastern approaches to health and disease. Other
reviews and articles are mostly focused on the development of nanocarriers that can deliver
natural products to targeted organs and tissues, and in the modernization of TCM preparation
technologies with nanoengineering.’’-* However, it is also worth focusing on other common
challenges between nanomedicine and TCM. For instance, nanomedicine is a new medical
technology that is trying to find its way into international pharmaceutical and medical markets.

To this, a wide body of knowledge of novel nanosafety and nano-regulatory principles has been
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developed*-*® which may be applied to the products of TCM that enter into clinical trials (of
course, taking into account the specificities of those natural compounds). Furthermore,
nanomedicine also had to address since its beginning the concerns of the society.*’->! The core
of this work is devoted to the analysis of these and other aspects. To this, the strengths and
weaknesses of TCM are first discussed, to later explore the mutual benefits of the
complementation between TCM and nanomedicine (Figure 1). Finally, as representative cases
of the good marriage between nanomedicine and TCM, the last section offers a review of
selected recent high impact studies that merge these disciplines in different medical areas such
as therapeutic developments, cancer treatment, biosensing, acupuncture and development of

new materials.

Clinical translation

TCM & Nanomed needs
% Regulatory aspects
++ Clarify safety and toxicity

++ Standardization of protocols

TCM Nanomed.

» Holistic : » Targeted
» Rooted in nature § » Synthetic
» Experience based » Lab based

» Affordable to everyone » More expensive

Figure 1. The diverse strengths of TCM and nanomedicine and the joint efforts to overcome their
respective challenges will allow both disciplines to accelerate the path towards clinical translation
of promising therapies for the benefit of the patients. This may also show possibilities of
complementation between western medicine and TM.
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2. STRENGTHS OF TCM

TCM has numerous strengths that make it an ideal knowledge to contribute to fighting
global health problems. However, the process of its internationalization from their distinctive
origins is facing a series of setbacks due to both external reasons and some inherent
characteristics that can be applied to all TMs. Next, by looking at the different internal and
external factors that can affect TCM internationalization, its strengths and weaknesses are
briefly summarized. This analysis may serve to identify where current modern medical
approaches can benefit from the introduction of TM and the opportunities arisen from the

complementation between modern technologies such as nanomedicine and TM.

2.1. All-encompassing and integral perspective

TCM can be considered as an integral system of knowledge and practices that address
all types of illnesses with special focus on their prevention. TCM looks for the balance of all
the body functions and to enhance the own body’s capacities. Contrary to western medicine,
which has been traditionally more focused on specific molecular targets, the holistic approach
of TCM offers more opportunities for the treatment of metabolic, chronic and other to-date
incurable diseases. The case of cancer treatment is a good example. Most common approaches
are focused on treating the tumor leaving other healthy organs exposed to side effects. TCM,
by addressing the overall health of the individual, aims to offer treatments that are not
detrimental to the rest of the organs and tissues.>?=>3 This is considered a topic of special interest

worldwide in cancer research.

2.2. Ancient and rooted in nature

Another advantage is the experience of thousands of years of TCM in discovering and

employing bioactive natural products or their combinations. This is important since, nowadays,
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the process of synthetic drug discovery is expensive and time-consuming. On average, a new
compound takes at least ten years to complete the journey from discovery to market. And only
the big pharmaceutical companies can afford to invest the estimated 1 billion USD it costs.>%57
In addition, synthetic drugs are often associated with more undesired side effects compared
with the natural products used in TCM. As a consequence, the development of new synthetic
compounds for medicine remains at an unsatisfying state. Hence, taking advantage of the
already known effects of the compounds of TMs is undoubtedly a great benefit. The most
world-renowned case of a product that emerged from TCM is artemisinin. It was first isolated
by Tu Youyou group in 1971 at the Institute of Chinese Materia Medica from the plant
Artemisia annua. The beneficial effects of Artemisia annua against fever of different origin
were already described by Ge Hong around 1700 years ago. Tested against malaria,>® it became
a powerful treatment for this deadly disease and become renowned worldwide. Artemisinin has
since then saved millions of lives and Tu won the Nobel Prize in Physiology and Medicine in
2015.5%%0 Nowadays, to meet the rising demand of artemisinin due to the high number of
malaria cases in many countries, alternative sources of artemisin production are being sought.
For instance, back in 2004 the Bill & Melinda Gates Foundation funded a project to develop a
genetically engineered yeast to obtain artemisinic acid, which Sanofi is commercializing. In
addition, other approaches to increase artemisin production are being under research, including
transgenic and non-transgenic systems. Apart from this, nowadays several others products of

TCM are already serving the global community.

2.3. Sustainable and affordable to everyone

Traditional treatments are in many cases less expensive than current pharmaceutical
developments, which are often dependent on large investments. Thus, adapting and combining

the products and remedies of TCM with western medicine solutions can contribute not only to
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improved therapies with synergistic effects but also to a considerable cost reduction. Another
advantage is the reduction of the impact of synthetic chemicals released into nature, since the
occurrence of chemical drugs in the environment is an important source of environmental
pollution and a global concern. Wastewater treatment plants are often unable to filter out
chemical compounds of synthetic drugs and other pharmaceutical and cosmetic products.
These chemicals may end up in freshwater systems and into the oceans with a negative impact
on the quality of drinking water and marine ecosystems (see e.g., the cases of the presence of
considerable amounts of diclofenac, ibuprofen and methylparaben among others, in
wastewaters).%! All in all, treatments that incorporate TCM, and TM in general, products and
practices can be more environmentally sustainable and more accessible to all, especially in
developing countries that cannot afford expensive treatments. In this way, TM can play a major

role in the improvement of the health of every single woman and man on Earth.

2.4. Personalized and experience-based

Another advantage is that TCM can work as a personalized medicine based on the
dynamic observation of the patient carried out by the practitioner. This is important as many
factors that determine an individual’s health status are specific to that individual and the data
and conclusions drawn from the study of large groups, which is common in western medicine,
may not apply to some individuals. Currently, western medicine is also aware that the
development of patient-precise treatments must be based on the knowledge of individual
genetics, the monitoring of the progress of the disease, and the pharmacokinetic and metabolic
response of the patient to available drugs. As a consequence, a new area of research on
personalized medicine is booming worldwide,®>-% where TCM can offer its ancient knowledge

on personalized treatments.
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3. WEAKNESSES OF TCM

As in everything, knowing the weaknesses is as important as knowing the strengths. It
can provide a clearer understanding of the factors that are constraining future developments. In
the case of TCM, modernization of the technologies, standardization, and regulatory and safety
aspects have been identified as key challenges that TCM needs to develop and build.!63-:66
Among technical shortcomings, it has been recognized that efforts in the knowledge of the
natural products employed by TCM have been directed towards their chemistry, i.e.,
identification, separation and purification of active principles. Fewer efforts have been
addressed towards biology in terms of functional and mechanistic studies. Hence, key insights
into the biochemistry and mechanisms of action are still lacking. For instance, the molecular
targets of most products and compounds of TCM remain unclear. This is now being addressed
with the current progress of the life sciences and the modernization of biotechnology
techniques, such as advances in systems biology, DNA sequencing, high throughput screening,

bioinformatics, etc. But still, there are some areas that can benefit from modern technologies.

3.1. In preparation technologies

The preparation technologies to obtain compounds of TCM are still not up-to-date. For
instance, for hard mineral medicines, traditional processing methods of calcining and
quenching are still used. For herb medicines, which are richer in fibers and thus more difficult
to crush, the preferred method is extracting techniques with aqueous solutions.®’” Here, the
modernization of these preparation technologies would allow keep up with the competitive
advantages of modern chemical drugs in terms of purity, dosage and production capacity.
Remarkably, improved preparation technologies can also enhance the physicochemical

properties. This can be translated to address another pitfall of many products from TCM which
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is their low bioavailability. Additionally, this will improve the biological activity of those

products.

3.2. In the social perception

It is a key aspect for the full deployment and acceptance of the potentialities of TM
around the globe. A paradigmatic case was the controversy raised when the Food and Drug
Administration approved kanglaite for a phase II trial in treating non-small-cell lung cancer in
2003. Kanglaite, extracted from the seeds of the herb Coix lacryma-jobi (Job's tears) was at
that time the first drug derived from TCM to go into clinical trials in the United States. A News
Focus titled “The New Face of Traditional Chinese Medicine”® was published in the Science
journal claiming that TCM texts were based on unreliable, fanciful and irrelevant empirical
observations. Other Letters to the Editor were also published alleging that there were several
unfounded postulates in that New Focus.®® This situation has not significantly changed.
Nowadays, many of the components and practices of TCM are still perceived in western
countries as unsafe and not scientifically based (see e.g., the News Feature article published in
Nature in 2017 and 2018).33-** Here, the mutual understanding between different cultures is
imperative. Indeed, different cultures have evolved with different philosophical and language
systems, lifestyles, and have developed different medical theoretical systems, each one with its
own perspective to approach human health and disease. For instance, Eastern or some African
medicine theories have many ancient terms difficult to adapt to Western science and medicine.
This leads to a lack of understanding of the theories of TCM in countries where it is not widely
used, thus hindering its acceptance by the international community when judging only using

the standards of modern western medicine.’%7!
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3.3. In quality indicators, standardization and regulation

In general terms, TCM is more complex and comprehensive than western medicine.
From their holistic perspective of human health and disease, multi-target and multi-functional
methodologies are adopted to achieve the overall restoring of body health. To this, the products
from TCM usually consists of many active principles, and these ingredients may play a
synergistic activity. Therefore, their composition and activity are more difficult to accurately
describe compared with single synthetic drugs. In addition, there is a great variability in the
materials taken directly from nature (a higher batch-to-batch variability), compared with
controlled manufactured products. Furthermore, TCM products often consist of a complex
mixture of compounds. All this compromises the scientific quality of control indicators, the
harmonization of the different safety studies and the effectiveness of inter-assay conclusions
for those products. This has important consequences for the standardization and regulation of
TCM and makes it difficult for their products to enter clinical trials.3*7?>7* Current drug and
pharmaceutical regulation follow mostly methodologies and procedures established from the
western approach. In addition, the implementation required in some countries may be different
than those international standards for pharmacology and toxicology. All this increases the

doubts amongst western medicine in the perception of TCM.3*
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4. MUTUAL BENEFITS AND CURRENT LIMITATIONS OF THE INTEGRATION

OF TCM AND NANOMEDICINE

The fast development of nanomedicine in the last 20 years makes it a major player in
the technological revolutions of this 21st century in new materials, green energies, electronics
and medicine among others. New nanomaterials and new technologies enabled by the
miniaturization of devices have become incredibly important for the industry. This is owing to
the possibilities of integrating novel and multiple functions thanks to the nanoscale dimensions.
Particularly in medicine, the development of new nanostructures to improve current treatments
or address unmet clinical needs leads to the burgeoning field of nanomedicine, where the efforts
materials science, biochemistry, medicine and physiology converge. Nanomedicine is usually
defined as the application of the knowledge and tools of nanotechnology for medical purposes,
including the use of nanomaterials for monitoring health status and the diagnosis, control,
prevention, and treatment of diseases. One differential aspect of nanomedicine respect other
types of medicine is that it develops and apply materials and technologies with nanometer
length scales.”> Although it is difficult to establish strict size limits, typically they are defined
as between 1-100 nm. A second differential aspect of nanomedicine is that those materials
display novel properties respect the same materials of larger sizes that can be used for
diagnosis, prevention and treatment of diseases. A wide variety of nanomaterials are used in
nanomedicine including, but not limited to, polymeric nanoparticles, liposomes, organic and

inorganic nanoparticles, solid-lipid nanoparticles and nanoemulsions.

Nanomedicine can benefit the clinical practices in many ways. Especially important is
the possibility to unify in a single multimodal/multifunctional nanosized particle diagnosis’6-7®
and different therapy modalities (chemo-, thermo-, radio-, immune-, etc), which is garnering

vast interest from researchers and pharmaceutical companies.®’*-#3 This type of nanostructures,
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known as theranostic nanomaterials, are perfectly suited for matching the requirements of
personalized medicine, which is pushing a shift in the R&D approaches for new drug
developments.®3-64 75, 8. 85 Importantly, this shift is more aligned with the holistic perspective
adopted by TM. Furthermore, with the engineering of the materials at the nanoscale, new
nanoparticles can be designed to package and transport drugs directly to the site of action inside
the body, which allow to decrease the dose of the drug and minimize side effects. However,
there are still some drawbacks for the full implementation of nanomedicine, such as the
potential toxicity of some nanomaterials, their pharmacokinetic profile, how the modifications
they can undergo inside the body may affect the reactivity, and the burst release of loaded drugs
in vivo that decrease the amount reaching the target site. From these differential characteristics
of nanomedicine, the combination of the advances of nanomedicine with the knowledge of
TCM can leverage the strengths of TCM and nanomedicine and improve their respective
weaknesses (Table 1), and contribute to driving TCM towards their modernization and to an
unprecedented application around the globe. Indeed, not all the branches of TCM would be
benefited at the same extent. For instance, drug delivery of natural compounds extracted from
TCM receives a lot of attention from researchers worldwide and many successful cases have
been reported (see sections 4.1 and 5). However, loading of mixtures containing large
macromolecules is still challenging. In addition, acupuncture (section 5.4) and cupping (section
5.5) can benefit from the miniaturization of devices and electronic components, while
moxibustion, massage and gigong (movement and concentration exercises) are less prone to be
benefited from the advances of nanotechnology. Next, we summarize and described the
proposed other areas where nanomedicine and TCM can help each other, including the
modernization of preparation technologies to extract and purify TCM products (section 4.2),

the regulatory aspects (section 4.3), and the social acceptance (section 4.4).

ACS Paragon Plus Environment



oNOYTULT D WN =

Molecular Pharmaceutics

Table 1. Summary of the key points described in our analysis of the strengths and weaknesses

of TM, highlighting the aspects where TM may contribute to the improvement of nanomedicine

and the aspects where nanomedicine may contribute to the improvement of TCM.

Strengths of TCM TCM contribution to Nanomedicine

Personalized and experience based. 1t’s a
personalized medicine based on the dynamic
observation of the patient carried out by the
practitioner.

Knowledge for the development of the new
area of personalized medicine.

Ancient and rooted in nature. Experience of
thousands of years of TCM in discovering
and employing bioactive natural products or
their combinations.

A source of bioactive natural products for the
development of new drugs and treatments.

Sustainable and less expensive. Traditional
treatments are usually less costly and more
accessible to some countries and represent a
tool to help achieve universal health
coverage.

Reduction of the costs for drug development,
since the process of synthetic drug discovery
is expensive and time-consuming.

Reduction of the occurrence of chemical
drugs in the environment (an important
source of environmental pollution and a
global concern)

All-encompassing and integral perspective.
Extensive empirical observations and
experience based on holistic philosophy.

Multi-target and multi-functional
methodologies are adopted to achieve the
overall restoring of body health.

Weaknesses of TCM

Low bioavailability. Many natural products
have been found to be bioactive and with low
toxicity. However, most of them cannot be
applied as first-in-line drugs for therapies
owing to their limited bioavailability.

Western medicine, and nanomedicine in
particular, has started to turn its attention to
high throughput analyses of whole-body
functions to understand the mechanisms of
health and disease, and to use combinatorial
therapies to increase efficiency and reduce
side-effects.

Nanomedicine may contribute to TCM

Nanocarriers may provide enhanced
bioavailability and stability, site-targeting
delivery, sustained release and dosing
efficiency.
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In preparation technologies. Traditional
processing (e.g. calcination, quenching,
crushing) are still widely used.

Modernization of preparation procedures to
keep up with the competitive advantages of
modern chemical drugs in terms of purity,
dosage and production capacity.

In the social perception. Texts and practices
of TCM are often perceived as unreliable,
fanciful, and from irrelevant empirical
observations.

Research in nanomedicine is being
developed in public and private laboratories
worldwide. The integration of TCM can pave

the way for their worldwide acceptance.

Nano-TCM  products are  excellent
candidates to be applied successfully in
combinatorial therapies for to-date incurable
diseases, = which may help  both
nanomedicines and TCM to be broadly
accepted

In quality indicators, standardization and
regulation. Products from TCM usually
consists of many active principles with
synergistic effects which compromises the
scientific quality control indicators and the
effectiveness of different safety studies and
inter-assay conclusions. This
difficult for those products to enter into
clinical trials

makes it

Experience in interdisciplinary activities and
strong intersectoral links between academia,
industry, and regulatory agencies, that have
been formed in an effort to standardize
nanomaterials and their procedures of
preparation.
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4.1. Drug delivery improves pharmacokinetics, safety and bioavailability of natural

products

The first fruits of the efforts of the combination of nanomedicine and TCM can be seen
in the great success in the transport and delivery of natural bioactive compounds of therapeutic
interest using a wide range of newly developed nanocarriers, including liposomes, niosomes,
dendrimers, polymers, inorganic and organic nanoparticles and metal-organic frameworks (see
e.g. Liu et al.*°, or more recently in Pelaz ef al.”? and Zheng et al.)® Thus, the many benefits
derived from the use of nanocarriers may be applied to the products from TCM. First,
nanocarriers enhance the stability and bioavailability of natural substances that are poorly
soluble in water, thus improving the dosing efficiency. Second, the pharmacokinetics of the
natural substances can be modified through the surface functionalization of the nanocarriers
with targeting moieties such peptides and antibodies to achieve a controlled site-targeting
delivery, thus minimizing potential side effects. Third, nanocarriers can be designed with
different functional agents at their surface that act as a gate that protects the active compounds
until an external stimulus is applied, thus achieving a sustained and controlled release. Finally,
recent breakthroughs in nanotechnology are yielding nanoplatforms with the ability to cross
the Blood-Brain Barrier, so far non-permeable for most of the drugs.®” Hence, the application
of nanotechnology to TM can contribute to expanding the use of a wide range of natural

medicinal compounds.

It is worth noting the important role of nanotechnology in bringing inorganic materials
to medicine in a safe way. This is a field where the merging of both inorganic and natural
substances can be highly beneficial. Briefly, inorganic nanoparticles are nowadays developed
to load, protect and carry natural substances and, at the same time, they can be used as antennas

that can be excited in biologically transparent environments (e.g., nanoparticles used for
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thermotherapy,®-3° phototherapy,”®°! and sonotherapy,’>*3 among others. In addition, many
inorganic nanoparticles have shown therapeutic action by themselves,”* e.g. iron oxide
nanoparticles, which were first approved by the US Food and Drug Administration for MRI
imaging (Resovist®)* and afterward for providing iron ions in chronic kidney patients with
anaemia (Feromuxytol®)% and for magnetic hyperthermia neuroblastoma ablation
(Nanotherm®).%” Furthermore, different nanomaterials are being explored and used as
nanocatalysts (e.g. CeO,, Fe;04, MnO,) for their antioxidant and anti-inflammatory
activities.?®103 In addition, they have physical and chemical signatures that differ from those
of biological tissues, therefore facilitating the tracking and monitoring by many biomedical
imaging techniques'** which enable simultaneous imaging and therapeutic intervention. Thus,
it is possible to unify the pharmacokinetic profile of the nanomaterials and products from TM

in a single nanoconstruct which may have synergic effects.

For all this, pharmaceutical industries are gearing their interest towards the combination
of therapies with natural products and the targeting capabilities of nanomaterials. Nowadays,
pharmaceutical giants are already establishing such libraries of natural products. And it is here
where TMs can provide their long experience in developing natural product libraries. For
instance, in the case of TCM, over 11 000 herb plants are registered in different TCM-related
pharmacopeia. Currently, several TCM-related databases, have been developed such as TCM-
ID,'%5 TCMGeneDIT,%¢ HIT,!97” TCMID,!08.109 TCMSP,!'© TCMMESH,!'! which include
information on herbs and their components, and the ETCM, an Encyclopedia of Traditional
Chinese Medicine, which includes multiple aspects of clinical and functional essential
information on more than 400 TCM herb species, 4000 TCM formulas, 7000 herbal
ingredients, 2200 validated or predicted drug targets, as well as 3000 related diseases.!'!>!13
This and many other libraries and repositories, may provide useful data and tools for new

opportunities of TCM and nanomedicine joint research and drug discovery.
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4.2. Modernization of preparation technologies: towards standardization

Another aspect where TCM can benefit from the recent advances of nanomedicine is in
modernization of preparation technologies. It has been previously mentioned that one of the
shortcomings that TCM is addressing is the modernization of the methods for the obtention
and preparation of the compounds prescribed in TCM. These methods still rely on traditional
technologies that yield preparations with low bioavailability, low solubility, and poor control
of the characteristics of the different batches and the final dosage. Here, nanomedicine can
offer different technologies that have been developed to prepare nanomaterials employing top-
down approaches, such as ultra-fine pulverization, mechanical comminution,
nanocrystallization, laser ablation, high-pressure nanofluidization, etc.!'* Substances from
TCM prepared in such nanoscale form will greatly increase their surface area which, in turn,
generates a higher number of active sites (see examples in next section). This will provide the
final preparation with improved physicochemical characteristics that will enable to shorten the
time of decoction and improve the solubility, bioavailability and dissolution rate of the
substances. Furthermore, the rational design of the processing routes, the modernization of
production equipment and the applications of quality control methods will facilitate the

normalization and standardization of TCM.

4.3. Regulation and Safety

Regulatory issues and the overall social perception are two other aspects that are still
not completely solved for both TCM and nanomedicine. In the case of nanomaterials, despite
their tremendous potential in medicine and the promising preclinical results obtained by
researchers’®102:105 only a few of them have reached the bedside.!'61'7 The first efforts were
done after the discovery of liposomes by British haematologist Alec D. Bangham in the

1960’s,'® at the Babraham Institute, in Cambridge. The medical use of liposomes was
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primarily directed at targeted drug delivery, especially for the delivery of insoluble drugs.
Twenty years later, a liposomal formulation with the chemotherapeutic drug doxorubicin
encapsulated was developed.!'!® The use in the clinic was approved in 1995, which, under the
trade name of Doxil®, is considered the first FDA-approved nano-drug. After this, few others
(less than a hundred liposomal formulations, organic and polymer particles of nanometric size
have been approved!!6:117:118 and fewer in the case of inorganic nanocrystals, e.g. the mentioned
case of iron oxide nanoparticles. Notably, some of the approved COVID-19 vaccines are based

on mRNA encapsulated lipid nanoparticles.'?!-122

Recently we have reviewed the causes that delay the effective implementation of
nanomaterials in clinical applications®®!13:123 and some similarities with TCM can be drawn.
For instance, the accurate description of the substances employed. In the cases of
nanomaterials, under the same label, e.g. “iron oxide nanoparticles” a wide variety of different
iron oxide particles in terms of size, surfaces state, concentration, crystalline phase, colloidal
stability, etc., have been used in a multiplicity of works, which generates confusion when
results are discrepant. The variability of the nanomaterials used and their sometimes poorly
described characterization recalls the case of the great variability of characteristics of a natural
compounds extracted from nature. Indeed, it is very difficult to compare data from different
laboratories when neither materials nor methods are fully standardized and documented. Even
more, at the earlier efforts of nanomedicine, nanomaterials were poorly characterized and the
measurements were done by different techniques depending on the availability of the different
research groups. As a consequence, there were discrepant reports of either medical benefits or
toxicity for the same nanomaterial.'>* For instance, the mentioned case of “iron oxide
nanoparticles”, which in the same year it was reported as neurotoxic'?® and promising for nerve
cell regeneration,!?® or the case of cerium oxide nanoparticles, which in the same year appear

different reviews pointing out beneficial'®! and adverse'?” medical effects. In addition, most
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early studies on the safety of nanomaterials were based on traditional toxicological approaches,
treating nanomaterials like any other molecules and neglecting the unique characteristics that
provide them with a different reactivity compared with their atomic and bulk counterparts.!?®
Therefore, after twenty years of nanosafety research, still contradictory results and the lack of
reproducibility of many studies generated uncertainties among the consumers and the

regulatory agencies, which depend on scientifically based advice for their decisions.**

This situation started to change recently owing to plenty of interdisciplinary activities
and strong intersectoral links between academia, industry, and regulatory agencies, that have
been formed in an effort to standardize materials and procedures. A massive amount of data on
the toxicity and the absorption, distribution, metabolism, and excretion (ADME) profiles of
nanomaterials has been generated.*> However, plenty of data available is not the same as full
understanding. Thus, standardization efforts have been promoted for the large databases of
nanosafety studies based on published literature which cover a wide range of nanomaterials,
including inorganic nanoparticles, graphene, carbon dots, carbon nanotubes, etc. are also
available.*> For instance, several European Commission-funded projects established the
Nanosafety Cluster, a platform that coordinates the nanosafety research and provides strategic
direction for the European Union and its member states. Similarly, the European Chemicals
Agency (ECHA) established the European Observatory for Nanomaterials in an effort to unify
the dispersed efforts of researchers and provide transparency and information on nanomaterials
to the general public. In the U.S., the FDA has recently released a guidance for industry on
drug products, including biological products, that contain nanomaterials,'?® to accelerate their

approval.
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Similar strategies are being applied in the case of TCM and TMs. For instance, recently,
it has been established the African Medicines Agency, a harmonization effort to facilitate
regional collaborations and with the aim of coordinate national and sub-regional medicines
regulatory systems and conduct regulatory oversight of selected medical products including
TMs.!30 Similarly, in 2019, National Medical Products Administration in China launched the
Action Plan of Regulatory Science, an official initiative to advance the regulatory capacity of
TCM with the adoption of regulatory science.!3! Regulatory Science is nowadays being
adopted by different drug regulatory authorities which also include the FDA, the European
Medicines Agency (EMA) and the Japanese Pharmaceutical and Medical Devices Agency. It
aims to provide improved scientific support to regulatory decisions based on the best available
scientific basis.!3? Thus, sharing these efforts of regulation and the strategies for
standardization may speed up the approval of both nanomedicines and traditional medicines.
Another recent example is the creation of The Committee on Herbal Medicinal Products by the
EMA, which issues scientific opinions on herbal substances and preparations, including
traditional herbal medicinal products and with the aim of achieve a harmonized legislation for
these products.'®3 This involves big data and should be an integral part of the future work in
TCM where specialists in nanomedicine and TCM including chemists, material scientists,
molecular biologists, and medical doctors may work together to make even greater medical

achievements.

4.4. Social acceptance

As mentioned above, no matter how good a technology is, if society doesn’t embrace
it, that technology will not make its way into society to benefit people. In this case, research in
nanomedicine, and nanotechnology in general, is being developed in thousands of public and

private laboratories from western and eastern. The integration of traditional medicines in this
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research is taking place, paving the way for worldwide acceptance. However, some difficulties
of acceptance for both nanomedicine and TCM can be observed. First, although nanomedicine
has broad support from the scientific community, it is experiencing a negative perception by
some sectors of the public. Behind these reluctances it could be that nanomedicine is still at its
infancy and that part of the population is poorly informed of the latest advances in research.!3%
136 Tn addition, the safety of new nanomaterials is another aspect that is under debate amongst
the scientific community, which generates doubts and uncertainties among the population and

even the experts.*

In the case of TCM, reluctances for its acceptance, even inside scientific communities,
are often due to cross-communication difficulties. As mentioned before TCM and modern
western medicine have evolved within different language systems and cultural backgrounds.
In addition, while in many countries medical doctors are usually trained in both TCM and
western medicine, in western countries the core of medicine and related disciplines is almost
exclusively the western approach, being only optional the study of TCM. The lack of
knowledge and understanding of the theories of TCM and the difficulties in translating those
in a community accustomed exclusively to modern science and medicine could explain that
some scientists and physicians regard TCM as unscientific. Therefore, there is still work to be
done before TCM and nanomedicine are broadly accepted into society. Importantly, the aspects
that need to be taken into account for this acceptance are different for TCM and nanomedicine.
Thus, a good collaboration between these disciplines could help each other to reach the
acceptance by the different segments of the population that are reluctant to each one of them.
For instance, nowadays, western modern medicine has started to turn its attention to high
throughput analyses of whole-body functions to understand the mechanisms of health and
disease. Here, TCM may greatly contribute with their extensive empirical observations and

experience based on holistic philosophy. Considering the improvement of the knowledge of
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TCM in western medicine studies, and by the refinement of TCM observations with modern
technologies, TCM can overcome the above-mentioned reluctances. In addition, especially
since the advent of nanotechnology and the use nanocarriers, combinatorial therapies are in the
focus of current pharmaceutical developments to address to-date incurable diseases. Nano-
TCM products are excellent candidates to be used successfully in such combinatorial therapies,

which may help both nanomedicines and TCM to be broadly accepted.

5. SUCCESSFUL CASES OF BLENDING TCM AND ACTIVE INGREDIENTS FROM

TCM WITH NANOMEDICINE.

An exhaustive review of all articles and works that merge nanotechnologies and TCM
is a daunting task out of the scope of this review. Currently, thanks to advances in biochemistry
and in the isolation, purification and characterization of active principles, plenty of TCM
compounds known to have pharmacological properties have been studied and their mechanisms
of action have been revealed. Plenty of examples can be found in many other reviews,
especially in the protection, transport and delivery of such compounds using nanocarriers and
also in the improvement of the preparation technologies (see e.g. recent ones in
references).38:41:42.86.137.138 Herein, apart from drug delivery, several other studies appeared in
established journals that cover different areas of biomedicine and material science, such as
combinatorial therapies, biosensing, acupuncture, manufacturing of TCM products and
development of new nanomaterials, have been selected. Indeed, this selection is not detrimental
to other exceptional works published in many other journals. We hope the multiplicity of
successful cases presented here in different areas of biomedicine may encourage young
scholars and researchers to drive their efforts in this promising area of research and

development.
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5.1. Cancer treatment.

As said, plenty of TM compounds have antitumoral properties; see e.g., the list of TCM-
derived products used for cancer chemotherapy in Western medicine in Efferth et al.'** and
most recently in Xiang et al.’7 including camptothecin (traditionally extracted from
Camptotheca acuminata), cantharidin (from Mpylabris phalerata), and vinblastine and
vincristine (from Catharanthus roseus) among others. However, the traditional administration
and dosage forms hinder an effective application, and the pharmaceutical industry is seeking
new ways of implementation of these treatments to reduce side effects and improve efficiency
in the target site. Nanostructured materials have been widely investigated during the last two
decades as drug carriers to the site of disease with the advantage of reducing the doses required
-and hence the side effects-, and enabling sustained release, thus improving bioactivity. Indeed,
this technology has been also applied for an efficient delivery of active ingredients and

compounds of TM.

For instance, it was already shown in the study of Lam ef al. how antitumoral drugs
applied in a multi-drug combination strategy with natural products can achieve synergistic
antitumor outcomes with fewer side effects.'4* More recently, Liu et al. showed how arsenical
drugs (in the form of pegylated arsene nanodots) achieved considerable higher therapeutic
efficacy in different solid tumors when combined with B-elemene.!#! This may further expand
the clinical applications of B-elemene, one of the isomers of elemene, a lipid-soluble
sesquiterpene isolated from the herbal medicine Curcuma zedoaria, a thizome used to treat
several types of cancer.!4>!4* B-clemene exert its mechanism of action by regulating the
expression of molecules involved in tumor angiogenesis and metastasis including matrix
metalloproteinases and the vascular endothelial growth factor. Also, B-elemene has been shown

to have regulatory effects on the immune response and may sensitize cancer cells to other
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chemotherapeutic agents, which may explain these findings. Another example is the work of
Xu et al. showing a nanostructure comprising doxorubicin and BML (1-butyl-3-
methylimidazolium-I-lactate), a microwave radiation sensitizer, into fucoidan conjugated
liposomal nanoparticles.'*> Fucoidan, obtained from brown algae, has been used as raw
material for treating kidney disease for 2000 years ago. It has been shown that fucoidan prevent
the binding of the VEGF to its cell membrane receptor, thus impeding the formation of new
vessels by which tumor cells receive oxygen and nutrients.'4¢ The nanoconstruct developed by
Xu et al.'® displayed enhanced therapeutic efficacy of thermal-chemotherapy for the treatment

of advanced stages of hepatocellular carcinoma.

In addition, the mere combination of different natural products in a single nanodevice
may achieve those synergistic antitumoral effects. Zhang et al. designed a nanodelivery system
consisting of a combination of quercetin and alantolactone and showed that this nanodrug
induced synergistic immunogenic cell death and significantly inhibited tumor growth in a
murine model of orthotopic microsatellite-stable colorectal cancer, which is resistant to
immunotherapy (Figure 2).'47 Quercetin is an antioxidant compound widely present in
different TMs. For instance, in TCM it is the main component of the Yang-Yin-Qing-Fei-Tang
formula used in the treatment of chronic obstructive pulmonary emphysema, bronchitis, and
different types of pneumonia, among others, and consists of an herbal mixture that comprises
13 medicinal plants,'*® and it is also part of the Zi Shen Huo Luo Formula with proved
cardioprotective effects.!4’ On the other hand, alantoalactone is present in the extracts of Inula
helenium L. and Inula racemos herbs and in other plants of the family Asteraceae. Apart from
antitumoral effects, it has traditionally shown anti-inflammatory, antimicrobial and

neuroprotective activities.!'>°
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Figure 2. Delivery of natural products in cancer therapies. It is the most common field of
combination of TM and nanomedicine. For instance, the work of Zhang et al. showed the
synergistic effects in a murine model of orthotopic microsatellite-stable colorectal cancer of the co-
de-livery of quercetin (Q) and alantolactone loaded inside nanometric micelles of 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-methoxy-poly(ethylene glycol 2000) (DSPEPEG2000) and
D-a-tocopherol polyethylene glycol succinate (TPGS). A. Chemical structure of Q and A. B.
Survival with the administration of PBS, Q and A not loaded inside the micelles (free, QA-F) and
loaded inside the micelles (QA-M). C. Inhibition of tumour growth comparing the administration
of micelles with only quercetin (Q-F) or alantolactone (A-F), QA-F and QA-M with Q at 3 mg/kg
and A at 9 mg/kg. D. TUNEL-positive cells (%) in tumours of each group. Adapted with permission
from Zhang et al. ACS Nano, 2019, 13(11), 12511-12524. Copyright © 2019, American Chemical
Society.!'4

5.2. Other therapeutical purposes.

Indeed, beyond cancer therapies, the integration of TM and nanomedicine may improve
many other areas of medicine. In cardiology, the work of Liu et al. showed that a natural herb-
crosslinked hydrogel carrying rat bone marrow mesenchymal stem cells (rBMSCs) facilitated

the efficient restoration of cardiac function when injected into the infarct region of rats.!>!
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Specifically, the authors used a tyramine-modified hyaluronic acid (HA-Tyr) and puerarin (an
isoflavonoid from the root of Radix puerariae). Puerarin possesses a wide range of
pharmacological properties including antioxidant activity and the modulation of the expression
of inflammatory cytokines.!’?> Authors formed an injectable HA-Tyr-Puerarin hydrogel
encapsulating the rBMSCs, which exerted the cardioprotective action through the modulation
of the microenvironment by scavenging active oxygen and releasing oxygen. The same year,
Aliakbari et al. showed the multiple protective roles of baicalein (5,6,7-trihydroxy-2-phenyl-
4H-1-benzopyran-4-one), a major flavonoid from Scutellaria baicalensis, against the alpha-
synuclein aggregates associated with the onset and development of Parkinson's disease.!3* To
this, the authors encapsulated baicalein, which inhibits fibrillation, and detoxifies aggregates
of a-synuclein, into zwitterionic nanoliposomes to increase its solubility, stability, and

availability.

Another interesting example is the restoration of a large segmental nerve defect (c.a. 10
mm) using polyurethane nanofibers loaded with gastrodin,!>* a bioactive component of the herb
Gastrodia elata. Gastrodin is known to display neuroprotective and anti-inflammatory effects
owing to its antioxidant activity. In this study, Yang et al. achieved the recovery of sciatic nerve
function by creating an appropriate microenvironment for nerve regeneration, mainly by down-
regulating iNOS and TNF-a expression owing to gastrodin activity.!>* Thus, it decreased the
inflammatory response that implanted fibers for nerve guidance inevitably trigger, which
hinders the regeneration process of nerve damage. Altogether, it facilitated the optimization of

Schwann cells function and induced nerve fibers formation along with angiogenesis.

TCM is also a broad source of antimicrobial agents to develop multidimensional
strategies to fight against the increasing antimicrobial resistance due to the abuse and misuse

of traditional antibiotic molecules developed during the second half of last century. For
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instance, Li et al. developed different natural self-assembling modes between berberine and
two flavonoid glycosides in aqueous solution forming nanoparticles or nanofibers (depending
on preparation conditions).!>> The flavonoids used were baicalin and wogonoside, the main
active components in Scutellariae radix, while berberine, traditionally used for the treatment
of diabetes and infections, is widespread in many natural plants from the Berberis genus. These
two nanostructures exhibited different and enhanced antibacterial properties compared with
berberine and offer a novel supramolecular self-assembly strategy that may be applied to
construct similar nanoscale antibacterial drugs comprising other natural compounds (Figure
3). In addition, berberine-loaded chitosan/heparin nanoparticles were previously found to be

effective against Helicobacter pylori eradication in vitro and in vivo.!¢
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Figure 3. Integration of TM and nanomedicine in nanobiotics. For instance, Li et al. discovered
natural self-assembly modes of berberine (BBR) with baicalin (BA) and wogonoside (WOGQG),
forming nanoparticles and nanofibers, which showed significant improvement of their antibacterial
and biofilm removal ability. A. Characterization of the natural self-assemblies of nanoparticles of
BA-BBR and nanofibers of WOG-BBR. B. Inhibition ratio of free BBR, and the self-assemblies
of nanoparticles of BA-BBR and nanofibers of WOG-BBR on Staphylococcus aureus measured by
a plate counting method. C. Staphylococcus aureus treated with culture medium (control), and with
0.05 umol/mL of BBR, BA-BBR nanoparticles and WOG-BBR nanofibers; *,P < 0.05; ** P <
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0.01; *** P <0.001, vs BBR. Reprinted (adapted) with permission from Li et al. ACS Nano 2019,
13(6), 6770-6781. Copyright © 2019, American Chemical Society.'>>

5.3. Research on the development of TCM products at the nanoscale.

Beyond direct therapeutic effects, it is also worth mentioning that the development of
nanotechnologies enables the isolation, manipulation and even the fabrication of many of
traditionally used natural products at the nanoscale level. This implies a modification of their
physical and chemical properties which consistently shows enhanced therapeutic effects. For
instance, Deng et al.'37 found that natural nanoparticles extracted and purified from cuttlefish
ink (CINPs) can efficiently reprogram tumor-associated macrophages from immune-
suppressive M2-like phenotype to antitumor M1-like phenotype through the activation of
mitogen-activated protein kinase. In addition, CINPs exhibited in this study a high
photothermal effect and tumor cell killing ability when irradiated with near-infrared light.
Cuttlefish is the original source of an astringent formula traditionally used to hold in and stop
bleeding, and to control stomach acidity and alleviates pain. Now, this study shows that its
nano-formulation could inhibit tumor growth by synergizing immunotherapy and photothermal

therapy (Figure 4).
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Figure 4. Fabrication at the nanoscale level of TM products. The work of Deng et al. is based
on the extraction and purification of natural nanoparticles (CINPs) extracted from cuttlefish. These
nanoparticles repolarize macrophages from immune-suppressive M2 to antitumor M1 phenotype
and exhibit a high antitumoral effect in a tumor model of lung metastases in female BALB/c mice
under near-infrared irradiation. A. SEM and TEM images of the purified CINPs. B. Hydrodynamic
size distribution and {-potential of CINPs. C. Chemical composition of CINPs. D. Representative
confocal images of the modification of the cell shape from M2 bone marrow-derived cells to CINPs
treated M1 bone marrow-derived cells. Scale bar, 30 um. E. In vivo antitumor study tracking the
spreading and growth of intravenously injected luciferase-CT26 cells after PBS or CINPs
treatment. F. Tumor growth curves after treatment with PBS, CINPs (immunotherapy) and CINPs
irradiated (multimodal immune and phototherapy). This last one almost completely inhibits tumor
growth accompanied by more active immune responses. Reprinted (adapted) with permission from
Deng et al. ACS Nano 2019, 13(8), 8618-8629. Copyright © 2019, American Chemical Society.'’

5.4. Acupuncture.

Acupuncture is an age-old healing practice in TCM. Briefly, it involves inserting thin,
solid, metallic needles into targeted areas of the body, which become activated by specific and
gentle movements of the hands of the practitioner or, more recently, also with electrical
stimulation. Despite acupuncture being often regarded as a form of complementary or
alternative medicine, especially in western medicine, different studies have shown that it can

be effective for a variety of conditions, and to alleviate pain and restore well-being.

ACS Paragon Plus Environment



Page 33 of 58

oNOYTULT D WN =

Molecular Pharmaceutics

Nanotechnology can improve traditional acupuncture in different ways. For instance, the recent
efforts in materials science and technology are enabling the development of bionanosensors
with unprecedented levels of physical, chemical and biological sensing. These new devices can
largely increase the specificity and sensitivity of the detection of the analytes, also in real-time.
This provides excellent tools for studying their biological functions.'>® For this purpose,
different acupuncture needles with the tip covered with nanomaterials for biosensing are being
developed. For instance, the work of Zhou et al. presented a molybdenum disulfide (MoS2)
and platinum nanoparticles (PtNPs) layer-modified microneedle sensor coating a conventional
stainless steel acupuncture needle.'® This construct served as the electrode substrate for a real-
time monitoring of hydrogen peroxide (H,0,) release from living cells. More recently, Jia et
al. designed a Ni6MnO8 nanoflake construct coating steel acupuncture needle as an electrode
substrate which, in addition, showed outstanding efficiency towards the amperometric

detection of ascorbic acid.1?

Remarkably, owing to the development of omics sciences, it will be possible in the near
future to integrate this dynamic and highly sensitive detection with temporal and spatial
(including different tissues and body areas) data to reveal signaling pathways of the disease
and injury sites. This will enable a deeper insight into the mechanisms of acupuncture
treatment. And this is on the basis of the i-Needle proposed in a Science article in the special
issue devoted to TM.'®! Different studies are undergoing in this direction. For instance, in an
article published in Nature this year Liu et al.'®? showed the neuroanatomical basis of how
electroacupuncture can drive the vagal-adrenal axis to activate neurons to switch off

inflammation.
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5.5. Theranostics.

Another example of how TCM products can merge with nanocarriers to improve
theranostics is provided in the study of Wei et al.'93 These authors found that evodiamine can
act as a chemotherapeutic agent and also as a contrast agent for positron emission
tomography/computed tomography (PET/CT) imaging owing to its ability of 68Ga-chelation
(Figure 5). Evodiamine is an alkaloid extracted from the fruit of Evodia rutaecarpa and it has
been an active component traditionally used to treat several chronic diseases such as abdominal
pain, vomiting, headaches and colds, among others. In this study, the properties of evodiamine
were applied for the first time for antitongue cancer. Through the loading of evodiamine and
the photosensitizer indocyanine green inside a liposomal nanoplatform nanoplatform, this
study shows to development of a noninvasive diagnostic imaging and combinatorial therapy
against oral squamous cell carcinoma, the most common malignant epithelial neoplasm
affecting (and disfiguring) the oral cavity. Specifically, this TCM-nanoplatform shows dual
imaging (fluorescence and PET/CT) and tri-modal (chemo/chemodynamic/photodynamic)
therapy properties, with superior stability, and significant anticancer activity in vitro, and that
can deeply penetrate the tumor with a significant power for inhibiting cancer cell proliferation

and finally induce cancer cell apoptosis both in vitro and in vivo.
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Figure 5. Nano-TCM products with improved theranostic properties. A. Characterization of
46 the nanoliposome system encapsulating evodiamine and indocyanine (EI@Lipo). Left, non-loaded
47 nanoliposomes. Center, loaded nanoliposomes. Right, size distribution by Dynamic Light
49 Scattering of the various nanoliposomes ranged from 110 nm to 120 nm. B. 808 nm excitation
50 fluorescence images of control, indocyanine, and EI@Lipo 2 h after the tail injection. C. The
51 reaction between EVO and ®Ga. D. The PET-CT images of control+%Ga, EVO+%%Ga,
53 EVO@Lipo+%Ga, and EI@Lipo+Ga after 0.5 h of tail injection. The tongue tumour is signalled
54 in a green circle. B and D show the bimodal live imaging of EI@Lipo on the tumour-bearing
murine model of tongue cancer in situ. Reproduced from Wei et al, Bioact. Mater., 2021, 6(7),
57 2144-2157, © 2021, the Authors. Reproduced under Under a Creative Commons license.!6?
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5.6. Others applications

The insight in TCM knowledge also influence technological developments in other
fields of medicine. For instance, Shang ef al. presented the design of ionohydrogel to be used
as a printable bioelectronic device inspired in cupping therapies.!®* In this type of therapy, the
practitioner place special cups on the patient skin for a few minutes to create suction to reduce
pain, inflammation, restore blood flow, and overall relaxation and well-being. The device
developed by Shang et al. incorporates microneedle patches that generate a pathway through
the skin in such a way that skin interstitial fluid can be readily harvested by vacuum and glucose
is monitored in real-time. In another work, Chu et al. developed a wearable piezoelectric
sensing system that imitates and record the 3-finger pulse palpation signals that TCM
practitioners use.!%> The authors show how this system allows the medical assessment of
common heart problems (such as arrhythmia) and the possibility to measure and read blood

pressure (Figure 6).
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Figure 6. A Wearable piezoelectric sensing system inspired by the 3-finger pulse palpation
signals commonly used by doctors practicing in TCM. In Chu et al., an active and flexible pulse
wave sensing system based on fluorinated ethylene propylene (FEP)/Ecoflex/FEP and a 50 nm thin
layer of gold. A. The three pulse sensors illustrated at the Cun, Guan, and Chi pulse locations for
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the applications in medical assessments. The signals can be transmitted wirelessly to a mobile
device such as a cell phone, computer or the cloud for data analyses. B. Examples of recording of
a 26-year-old female volunteer and a 28-year-old male volunteer. Reprinted (adapted) with
permission from Chu et al. Adv. Funct. Mater., 2018, 1803413, Copyright © 2018 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. 63

Interestingly, TCM has also served as inspiration for the development of new
nanomaterials. Although this is somehow out of the scope of this review it is worth mentioning
the work of Zhang et al. on the synthesis of a new large pore zeolite, which the authors named
SYSU-3 (Sun Yat-sen University no. 3).16 Large pore zeolites have important applications for
processing larger molecules but also as structural components in regenerative medicine and
bone tissue engineering. For this achievement, the authors used a novel sophoridine derivative
as an organic structure-directing agent. Previously utilized OSDAs for such type of synthesis
are extremely expensive, and no large pore zeolites (pore opening larger than 14-ring) were
obtained. The sophora alkaloids used in this work were extracted from sophora herbs and seeds.
Importantly this kind of new structure-directing agents can be easily modified to fabricate other

novel and specific extra-large pore zeolite structures.
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6. CONCLUSIONS

In this work, we have presented the key aspects where nanomedicine and TCM may
complement each other to take a step forward towards the common objective of fighting global
health challenges of the 21st century. Nowadays, humankind is facing the consequences
derived from the blossom of industrial and technological developments that started during the
industrial revolution initiated three centuries ago, which have progressively distanced us from
nature, in terms of high rates of cancer, antibiotic resistance, epidemics, etc. To redress this, on
the one hand, we can take a look at TCM, which is serving Chinese population since thousands
of years ago, and its persistence and maintenance through the times deserves special attention.
On the other hand, nanomedicine is emerging as a disruptive and promising technology, but its
therapeutics and diagnostics breakthroughs are not yet settled in the clinical practice, and the
translation of promising nanomedicines is being delayed. In this work we have first reviewed
the strengths and weaknesses of TCM, one of the most widespread and used TM. This analysis
allows identifying the opportunities to develop improved medical benefits derived from the
introduction of TM in progressive technologies such as nanomedicine. In addition, it also
allows identifying aspects where nanomedicine may provide an opportunity towards TM

modernization, standardization, and wide social acceptance.

Certainly, some branches of TCM can be benefited at a higher extent from the
introduction of nanotechnology advances, such as the use of nanocarriers for the protection,
transport and delivery of herbal remedies or the miniaturization of devices and electronic
components in acupuncture and cupping therapy. Other branches hardly can find a direct
benefit. Remarkably, we have observed similar technical, regulatory and social challenges that
both nanomedicine and TCM are facing for clinical translation and worldwide acceptance of

their respective medical solutions. This includes the harmonization of preparation and
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characterization protocols, the safety and regulatory aspects, and the social perception. We
envision here a window of opportunity where mutual help between TCM and nanomedicine
will contribute to bridge the existing gaps between TCM and modern western medicine, and

hence, to contribute to address global health challenges.

7. FUTURE DIRECTIONS

Future directions to drive this integration could be summarized as follows:

. To continue integrating the benefits derived from the use of natural compounds
with progressive technologies. This is a field of high success in current research in terms of
the development of improved targeted therapies and synergic biological effects. This may

satisfy the demands of sustainability and robust scientific basis of modern treatments;

. To harmonize standards in safety and regulation. This should not only take place in
response to a specific safety concern. It must be part of the daily scientific work, including the
issuing of recommendations for policy regulations. In addition, this should be done with the
aim to pave the way for the approval of both new nano-TCM products and new treatments that

take advantage of the best knowledge of TCM and modern western medicine;

. Cross-communication. The knowledge of theories and practices of both TCM and
nanomedicine by is key for TCM modernization and the harmonization of both disciplines. The
use of different concepts and terminologies has to be known by both parties. Here, there is a
substantial difference between TCM and western medical doctors. Usually, TCM doctors have
been cross-trained in both TCM and western medicine, while this is still not common in western

countries. Many cases where TCM has been regarded as unscientific could be attributed to a
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lack of understanding by non-trained scientists and doctors. Thus, a significant proportion of
TCM training could be also part of the core medical education in order to diminish cultural and
language gaps. And, in turn, TCM can gradually introduce modern language terminology to
describe the scientific basis and analysis of its knowledge. Nowadays, the rapid development
of communications facilitates cultural exchanges, which should be done with a truly aim to

understand each other;

. Clinical translation of nano-TCM products. The challenges for the clinical
translation of medicine that incorporate nanomaterials and products from TCM are not different
from those faced by nanomedicines and TCM separately. As reviewed recently for the case of
nanomedicines and herbal medicines,®*% the critical determinants that need to be carefully
addressed to translate the nano-TCM products to the clinical practice are related to their
toxicity, safety and fate in the long-term, as well as their pharmacokinetics, i.e. the development
of ADME models to the understand their precise biodistribution and evolution inside the human
body. In addition, nano-TCM products will need to be produced under Good Manufacturing
Practice (GMP) conditions. This is challenging owing to the fact that the procurement of GMP
reagents for the preparation of nanomaterials are not on the drug discovery pipeline of
pharmaceutical companies and chemical producers and due to the high variability of the
proposed TCM products. Thus, the development of pharmacological products will require the
strict definition of the nano-TCM product characteristics. This refers to the dosage amount of
the active principle, the size of the nano-TCM product, purity, colloidal stability, and the

presence of excipients and potential by-products;

. Engage young researchers. Finally, but not less important, the merging of both
technologies, one ancient -not out of date but full of wisdom and more congenial with the pace

of nature- and the other recently born, may engage the new generation of students and
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researchers to gear their interest and efforts towards the study of the myriad of benefits of

integrating TCM with new technological developments. Similar to the previous point,

oNOYTULT D WN =

9 innovative educational approaches should be implemented with a common lexicon to foster
11 improved collaborations in the future. All this will be part of future breakthroughs and

13 improved treatments for the health of the entire world population.
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This review analyses how the combination of the advances of nanomedicine with the ancient
knowledge of TCM can leverage the strengths of TCM and nanomedicine and improve their

respective weaknesses.
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