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Abstract 

Depression is a severe mental disorder among public health issues. Researchers in the field of mental health and clini‑
cal psychiatrists have long been faced with difficulties in slow treatment cycles, high recurrence rates, and lagging 
efficacy. These obstacles have forced us to seek more advanced and effective treatments. Research has shown 
that novel drug delivery strategies for natural medicinal plants can effectively improve the utilization efficiency 
of the active molecules in these plants and therefore improve their efficacy. Currently, with the development of treat‑
ment technologies and the constant updating of novel drug delivery strategies, the addition of natural medicinal anti‑
depressant therapy has given new significance to the study of depression treatment against the background of novel 
drug delivery systems. Based on this, this review comprehensively evaluates and analyses the research progress 
in novel drug delivery systems, including nanodrug delivery technology, in intervention research strategies for neuro‑
logical diseases from the perspective of natural medicines for depression treatment. This provided a new theoretical 
foundation for the development and application of novel drug delivery strategies and drug delivery technologies 
in basic and clinical drug research fields.
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Graphical Abstract

Introduction
Depression is a widespread and potentially life-threat-
ening neurological disorder that has garnered attention 
from researchers around the world. It not only has psy-
chological manifestations involving emotions and cog-
nition but also manifests neurological damage, such as 
decreased volition and cognitive impairment, and even 
physical symptoms, such as autonomic nervous system 
dysfunction. Moreover, depression often co-occurs with 
other psychiatric disorders, such as posttraumatic stress 
disorder, anxiety disorders, obsessive–compulsive dis-
order, and substance use disorders, and comorbidities, 
such as cardiovascular disease, diabetes, stroke, and can-
cer, frequently occur [1]. Depression has become a highly 
concerning public health issue on an international scale. 
However, due to the complex pathological mechanisms 
of neurological diseases, frontline health care profession-
als often face clinical difficulties such as complex adverse 
reactions and low treatment efficacy. As a result, scien-
tists have started contemplating multiple possible treat-
ment strategies. The combination of natural medicines 
and novel drug delivery systems (NDDSs) has entered 
our vision.

The attributes of natural medicines, possessing mecha-
nisms of action that can intervene in multiple disease 

targets and pathways, have stimulated considerable inter-
est among researchers in natural drug antidepressant 
therapies. Natural medications have the characteristics 
of fewer adverse reactions, significant therapeutic effects, 
and the ability to function in synergy with multiple com-
ponents. Compared to traditional synthesized small-
molecule drugs, natural drugs also have the advantages of 
abundant resources, low cost, and easy availability, mak-
ing them an important source of new drug development. 
More than half of the new chemical entity drugs devel-
oped internationally are directly or indirectly derived from 
natural medications. Natural medications have enormous 
medical value and market potential.

The vigorous development of science and technology 
has brought breakthroughs in medical technology. The 
updating of the research content and paradigm in the 
field of drug delivery systems has solved multiple prob-
lems in drug bioavailability and stability, providing more 
possibilities for the treatment of clinical nervous system 
disorders. The breakthroughs in drug delivery routes 
and delivery vehicle research in the drug delivery system 
field have improved the efficacy of drugs used to treat 
nervous system diseases. The emergence of NDDSs has 
shown new clinical prospects in the formulation research 
of drugs. The development and maturity of drug delivery 
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technology have provided impetus for the clinical trans-
formation of many new drugs.

With the development of pharmaceuticals and the 
high pursuit of efficacy, the medical community has 
conducted further development and research on the 
enhancement of the absorption efficiency of active ingre-
dients in natural medicines through the application of 
NDDS technology, which has resulted in notable thera-
peutic outcomes. Mature scientific research methods, 
such as nanotechnology, have significantly propelled the 
development of natural medicinal plant antidepressant 
treatment practices. Therefore, this review discusses 
interventions in neurological disease research from the 
perspective of novel drug delivery systems and involves 
exploring natural medicinal plant antidepressant strate-
gies. The information in this review provides a novel the-
oretical foundation for studying new delivery strategies 
of natural medicinal plant active ingredients in the field 
of psychiatric research.

Obstacles to traditional drug delivery methods 
and obstacles to BBB
Based on the evidence from modern medical systems, 
natural medicines encompass plant-, animal-, and min-
eral-derived drugs that possess pharmacological effects. 
Among these, plant-based medicines predominate in 
natural medicine, whereas animal, mineral, and other 
forms of natural medicines are used to a relatively lesser 
extent. Over time, various applied systematic theories 
have evolved in the field of natural medicine, including 
Chinese medicine, Indian Buddhist medicine, Islamic 
medicine, European traditional herbal medicine, South 
American ethnomedicine, and African ethnomedicine.

The study of nervous system diseases in traditional Chi-
nese medicine (TCM) has a long history; as early as the 
Shang and Zhou Dynasties in ancient China, there were 
records about brain disorders in oracle bone inscriptions, 
such as ‘King Wu was diagnosed due to headaches’ [2]. 
‘Huang Di Nei Jin’ also contains numerous discussions on 
brain disorders [3, 4]. However, in the past, due to the use 
of traditional administration methods, Chinese medicine 
could not exert its desired therapeutic effect. At the same 
time, the existence of the blood–brain barrier (BBB) in 
the brain was an obstacle to the treatment of nervous sys-
tem diseases [5] (Fig. 1).

The BBB, comprising several distinct cell types, such 
as brain capillary endothelial cells (BCECs), astrocytes, 
pericytes, and nerve cells, is a complex obstacle for 
drug delivery in the treatment of nervous system dis-
eases. This barrier was initially identified by Paul Ehr-
lich in 1885 [6]. BCECs are the main component of the 
BBB responsible for selective permeability to small lipo-
philic molecules [7]. These cells tightly bind together to 

prevent paracellular drug transport across the BBB and 
contribute to the high transendothelial resistance (TEER) 
that limits the passive diffusion of external compounds 
between the brain and blood [8, 9]. Both pericytes and 
astrocytes play a supporting role in maintaining the 
structure and function of the BBB [10].

The BBB plays a crucial role in maintaining the internal 
environment of the nervous system by acting as a selec-
tively permeable barrier that permits only small, nonpo-
lar compounds weighing less than 400  Da to enter the 
brain. These compounds include ultrasmall molecules 
such as  H2O,  O2, and hydrophilic molecules [11]. Addi-
tionally, the BBB is adorned with specialized transport 
proteins, receptors, and other mechanisms, such as efflux 
transport proteins and ion-mediated channels, to facili-
tate the entry of vital components and metabolites into 
the brain [12].

The exact regulation of the homeostatic function of the 
central nervous system by the BBB not only ensures opti-
mal neuronal performance but also shields neural tissue 
from harmful toxins and pathogens [13]. The existence of 
the BBB provides the CNS vasculature with the capacity 
to precisely govern the transfer of molecules, ions, and 
cells between the bloodstream and the CNS [14]. The 
highly limited barrier capacity of the BBB enables it to 
stringently regulate CNS homeostasis while simultane-
ously creating a hindrance to drug delivery to the CNS 
[15]. The BBB excludes 98% of small-molecule drugs 
and almost all large-molecule drugs, such as recom-
binant proteins, peptides, and antibodies [16]. When 
administered intravenously, it has been estimated that 
only 0.1% of therapeutic antibodies are able to enter the 
brain. This necessitates an elevation in drug concentra-
tions in the bloodstream or prolonged administration to 
achieve therapeutic concentrations and target the disease 
effectively. However, resorting to these measures simul-
taneously raises the risk of systemic toxicity [17]. Apart 
from the aforementioned challenges faced in drug deliv-
ery, neurological disorders are characterized by lengthy 
prodromal periods, a scarcity of biomarkers, significant 
variability, and the occurrence of other disorders during 
their development [18]. Hence, addressing the arduous 
task of treating neurological disorders can be achieved 
only through symptomatic treatment, alongside intensi-
fied efforts in advancing neurological drugs and imple-
menting innovative strategies to bypass the blood–brain 
barrier.

Traditional administration methods include oral 
administration, sublingual administration, rectal admin-
istration and injectable administration (Table  1). Oral 
administration is the most commonly utilized and saf-
est method of drug delivery, offering unparalleled con-
venience and cost-effectiveness [19]. However, oral 
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Fig. 1 Traditional Drug Delivery and the Blood–Brain Barrier The obstacles to drug delivery methods for neurological diseases include the blood‒
brain barrier and the limitations of traditional drug delivery systems such as oral administration, injection, sublingual administration, and rectal 
administration

Table 1 Traditional drug delivery methods

Drug delivery methods Advantages Disadvantages References

Oral administration Contains both solid and liquid dosage forms
Noninvasive administration
Simple and convenient

The absorption of the drug is strongly influenced 
by the first‑pass effect in the liver and the destruction 
of digestive enzymes in the gastrointestinal tract
Drugs cannot be orally administered to unconscious 
persons

[23, 24]

Sublingual administration Includes sublingual and buccal routes, avoids 
the first‑pass effect, easy to administer

Irritating to the oral mucosa
Taste not preferred by patients

[25, 26]

Injection administration Includes intravenous, intramuscular and subcutane‑
ous routes
Avoids the first‑pass effect
Precise control of blood concentration
Can be given to unconscious patients

There is a risk of phlebitis, drug extravasation, 
and allergies
The effect is related to changes in blood flow
Taking stimulating drugs can cause pain

[27– 29]

Rectal administration Can be used for patients who cannot swallow, vomit, 
or are unconscious
Avoids the first‑pass effect

Not convenient to use
Drug absorption is slow or erratic
Not accepted by the patient

[29–31, 65, 
72, 75]
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administration is hindered by the physicochemical prop-
erties of the drug itself, as well as the hepatic first-pass 
effect, the irritating effects of the drug on the gastric 
mucosa, and the impact of food present within the gas-
trointestinal tract [20]. Furthermore, the active ingre-
dients of the drug may be compromised by digestive 
enzymes and gastric acids in the stomach and intestinal 
enzymes, resulting in a lower efficacy [21]. On the other 
hand, sublingual administration is limited by the small 
surface area of the oral mucosa. While injectable admin-
istration can deliver drugs rapidly to plasma and tissues, 
it also increases the risk of adverse effects [22].

When applying TCM treatment techniques for neu-
rological diseases, obstacles arise due to traditional drug 
delivery methods as well as barriers at the BBB, necessitat-
ing continuous efforts to improve drug delivery systems, 
enhance drug targeting capabilities, minimize off-target 
effects, and improve patient compliance [32]. As therapeu-
tic drugs have progressed from small molecules to nucleic 
acids, peptides, proteins and even antibodies, our under-
standing of TCM has similarly advanced in stages. We 
have moved from viewing TCM as a monomeric entity to 
recognizing the active protein components of TCMs and 
from considering only the symptoms that drugs address to 
the specific targets that drugs regulate [33]. As drug appli-
cation continues to advance and expand in scope, drug 
delivery technologies must also evolve in response to these 
new challenges. Drug delivery strategies and technologies 
are being adapted quickly to ensure they are able to meet 
the changing needs of drug delivery [34].

NDDSs represent a significant advancement in the field 
of drug delivery systems (DDSs) compared to conventional 
delivery methods [35]. These technologies are designed to 
regulate drug distribution in the body in terms of space, 
time, and dosage, ensuring optimal drug delivery. The 
overarching aim of NDDSs is to enhance drug utilization, 
improve drug efficacy, minimize toxicity, and reduce costs 
by delivering the right amount of medication to the right 
location at the appropriate time [36].

The link between NDDSs and antidepressant 
treatment in Chinese medicine
Depressive neurosis belongs to the category of “depres-
sion syndrome” in traditional Chinese medicine. The 
classic Chinese medical text ‘Danxi’s Experiential 
Therapy: Six Depressions’ proposed that “qi and blood 
in coordination, all diseases do not arise; when there is 
depression, various diseases arise”. In ancient times, med-
ical experts often attributed depression to emotional dis-
comfort and stagnant qi. They also emphasized the roles 
of disharmony between qi and blood, asthenic yin caus-
ing excessive pyrexia, and inadequate nourishment of the 
heart and mind in the onset of depression [37]. Modern 

medical practitioners are becoming more knowledge-
able in their understanding of depression and acknowl-
edging its complex pathology, which involves the brain, 
liver, gallbladder, heart, spleen, and kidneys. It is widely 
accepted that the etiology of depression cannot be gen-
eralized and may vary depending on factors such as age, 
sex, environment, and constitution [38].

It has been found that the goldenseal contained in for-
sythia has a unique antidepressant effect. Li Ruyue et al. 
conducted a study to investigate the potential pharma-
codynamic effects and pharmacokinetic interactions 
of Guanye forsythia combined with sertraline in a rat 
corticosterone-induced depression model. Their find-
ings showed that the combination of forsythia and ser-
traline significantly improved behavioral indicators and 
neurotransmitter levels in this rat model of depression 
[38]. Modern pharmacological studies have shown that 
saikosaponins, the active ingredients of Radix Bupleuri, 
potentiate the antidepressant-like effects of fluoxetine 
[39]. Flavonoids, which are the active ingredients in 
Radix Scutellariae Purging fire to remove trouble, are 
known to exhibit significant neuromodulator activities, 
such as having antidepressant and anxiolytic effects [40]. 
Research indicates that liquiritin can effectively reverse 
the behavioral changes observed in chronic stress and 
depression model rats, these findings suggest that liquiri-
tin has antidepressant-like effects [41]. Curcumin exerts 
antidepressant-like effects by potentiating monoamine 
transmitter action through the inhibition of monoamine 
oxidase (MAO) [42].

In natural medicinal chemistry research, the active 
ingredients found in TCMs primarily exert their efficacy 
through a population of small molecules, which includes 
oligosaccharides, saponins, terpenoids, and alkaloids, 
among others [43]. However, the in vivo delivery of small 
molecule drugs is largely contingent on their physico-
chemical properties, which significantly influence their 
bioavailability. Accordingly, efforts to improve drug 
solubility, control release, optimize activity, and adjust 
pharmacokinetic (PK) properties constitute the primary 
directions of research in the delivery of small molecule 
drugs [44]. Over time, scientists have explored new ther-
apeutic functions by optimizing the therapeutically active 
components of new generations of drugs, gradually dis-
covering multiple forms of drug intervention, such as 
proteins and peptides, monoclonal antibodies (mAbs), 
nucleic acids and living cells [45] (Fig. 2).

A number of highly active peptides have been extracted 
and isolated from Chinese medicines. These peptides 
have multiple antitumour, antioxidant, and immunomod-
ulatory effects [46]. For example, the well-studied bitter 
melon MAP30 is a glycoprotein with a relative molecu-
lar mass of 30 kD, which specifically induces apoptosis in 
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tumour cells, inhibits cancer cell proliferation, and pre-
vents liver cancer [47] The results of antitumour animal 
experiments showed that the two-ring hexapeptide aliza-
rin can extend the lifespan of mice with tumours, inhibit 
the incidence of tumours, and prevent the metastasis of 
tumour cells [48]. In addition, glutathione, which is pre-
sent in many traditional Chinese medicines, including 
Ganoderma lucidum, Panax ginseng, Lycium barbarum, 
Gypenum chinense, Panax notoginseng, Polygonum mul-
tiflorum, Astragalus membranaceus, and Acanthopanax 
senticosus, and in foods such as malt, yeast, and shiitake 
mushroom, is effective in improving liver function, delay-
ing ageing, and enhancing immunity [49]. Trichosanthin 
can enhance humoral immunity by changing the propor-
tions of T cells with different functions [50].

The new functionality poses additional challenges, 
particularly in terms of stability (proteins and peptides), 
requirements for intracellular delivery (nucleic acids), 
and viability and expansion (living cells). To address these 
challenges, drug delivery strategies must evolve continu-
ously [51]. For all drug therapies, the aim of drug deliv-
ery is to reach the target site in vivo by the transport or 
release (active or passive) of the pharmacophore, which 

in turn achieves drug efficacy maximization with mini-
mized off-target effects [52]. This can be achieved by 
modulating drug PK properties, reducing drug toxicity, 
increasing target accumulation of drugs, and improving 
patient acceptance and adherence, and the development 
and innovation of drug delivery technologies are impor-
tant strategies to further achieve this goal [53].

NDDSs represent a groundbreaking pharmaceutical tech-
nology that stems from the convergence of multidisciplinary 
theories and technologies in areas such as physicochemis-
try, biology, polymer science, material science, mechanical 
science, and electronics [54]. NDDSs have obvious advan-
tages over traditional drug delivery methods [53]. First and 
foremost, NDDSs have the potential to enhance the stabil-
ity of drug intervention effects over an extended period of 
time. This not only reduces the fluctuation of drug release 
rates but also mitigates the occurrence of peak and valley 
effects associated with fluctuations in blood drug concen-
tration. Additionally, NDDSs can regulate the distribution 
of drugs in the body, achieving targeted pooling of drugs at 
the site of a lesion to reduce adverse effects and minimize 
the toxic side effects of the drug. Furthermore, NDDSs can 
adaptively adjust the dosage and administration frequency 

Fig. 2 TCM and NDDSs for the treatment of depression. With the help of new drug delivery strategies, traditional natural medicines can overcome 
the blood‒brain barrier and to provide greater advantages in the treatment of depression
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in consideration of biological rhythms to ultimately achieve 
optimal therapeutic effects [55].

Novel drug delivery carriers
The advancement of novel drug delivery vehicles is 
essential to enhance drug bioavailability and exert phar-
macodynamic effects. In addition to factors of biocom-
patibility, the study of novel drug delivery carriers should 
also take into account the physicochemical character-
istics of drugs and their compatibility with the design 
and intended use of the carrier [56] (Fig. 3). The current 
focus in the development of drug carriers is on overcom-
ing physiological and pathological barriers within the 
organism [57]. This includes enhancing the concentration 
of active molecules near the target, improving the phar-
macokinetic properties of active molecules, and regulat-
ing the controlled release and degradation of metabolites 
[58].

Currently, oral administration is considered the most 
convenient and highly adherent mode of drug delivery 

[59]. To improve the dosing efficiency, a fundamental 
strategy is to enhance the gastrointestinal biological bar-
rier capability of drug carriers when administered orally. 
This can be achieved by protecting the drug from the 
harsh degradation environment of the gastrointestinal 
tract and increasing the residence time of the targeting 
moiety. Other approaches may include increasing bio-
adhesion to enhance drug absorption or circumventing 
the limitations found in conventional dosage forms to 
improve the efficacy of drugs [60].

The bioavailability of the active ingredient is a crucial 
factor in drug development, and although certain biomol-
ecules possess intervening properties in organisms, their 
application is often limited by low bioavailability [61]. Low 
bioavailability is typically attributed to low water solubil-
ity or low membrane permeability. Given that the human 
body is made up of 65% water, drugs must exhibit some 
hydrophilicity or polarity for solubility in water and sub-
sequent functionality. Simultaneously, due to the struc-
tural composition characteristics of the cell membrane, 

Fig. 3 Novel drug delivery carriers. Research on drug delivery carriers, including nanocarriers, liposome carriers, prodrug carriers, targeted 
formulation delivery carriers, virus carriers, and exosome carriers, is currently the main direction for the development of novel drug delivery carriers
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drugs must also display lipophilicity or nonpolarity to pass 
through the lipophilic cell membrane [62]. With develop-
ments in pharmaceutical science, an increasing number 
of drugs are made up of biomolecules, such as peptides, 
proteins, oligosaccharides, and DNA. These molecules 
often present low bioavailability characteristics that need 
to be protected against catalytic degradation by enzymes 
and acids [63]. Common drug carrier systems include 
liposomes and vesicles composed of phospholipids and 
nonionic lipids combined with surfactants, polymeric 
micelles formed by charged or neutral block copolymers, 
and nano- and microparticle carriers created through vari-
ous processes [64] (Table 2).

Nanobased drug delivery vehicles
Nanotechnology formulations have the potential to sub-
stantially enhance the solubility and stability of active 
ingredients found in Chinese medicines. This technol-
ogy facilitates cellular uptake and efficacy by improv-
ing targeting to pathological sites, thereby overcoming 
the present challenges faced in the application of active 
ingredients found in TCMs, including a sluggish onset of 
action, low utilization rate, cumbersome processing, and 
high dosage requirements [80]. Common nanocarrier 
structures include polymers, nanoparticles, nanoemul-
sions, nanomicelles, etc.

Polymeric drug delivery systems share similarities with 
liposomes and possess physical and chemical properties 
such as biodegradability, biocompatibility, water solubil-
ity, and storage stability [81]. They are considered ideal 

drug delivery materials. Based on the structural charac-
teristics of the polymer, these systems can be categorized 
into two forms: those that encapsulate the drug in a res-
ervoir within the polymer coating (reservoir type) and 
those that embed the drug into the polymer matrix (mon-
olithic type). Drugs can also be carried in a polymer-drug 
conjugate manner, and targeting factors can be intro-
duced to transport drugs to specific disease sites through 
the physical and chemical properties of the polymer, such 
as active or passive targeting [82]. When polymer-based 
chemotherapy drugs are bound to water-soluble macro-
molecules, the resulting drug exhibits improved penetra-
tion into brain tissue due to the prolonged retention time 
of the drug [83].

Nanoparticles can be created for drug adsorption, 
attachment, or encapsulation within carrier materials 
[84]. Surface modifications, such as ligands or antibodies, 
can actively target corresponding receptors, antigens, and 
the like in vivo, thus facilitating drug uptake [85]. Duan 
Xiaoying et  al. employed polyethylene glycol-poly(lactic 
acid-hydroxyacetic acid) (PEG-PLGA) block copolymers 
as nanocarriers, achieving an entrapment efficiency of 
up to 90.05% for matrine nanoparticles sized 112.04 nm. 
This strategy significantly enhanced the storage stability 
of matrine [86].

A nanoemulsion refers to a homogeneous dispersion of 
water, oil, surfactant and cosurfactant in appropriate pro-
portions to ensure low viscosity, thermodynamically sta-
bility, and either transparency or translucency [87]. The 
use of nanoemulsions has the ability to extend the action 

Table 2 Novel drug delivery carrier

Type of drug delivery vehicle Drug delivery vehicle characteristics References

Nanoparticles Advantages of small size, a large specific surface area, controllable morphology and easy modification
Can effectively embed, adsorb or covalently crosslink hydrophilic/hydrophobic drug molecules
Enhance the local concentration of drugs in the body

[66, 67]

Liposomes Are able to bind to a wide range of biologically active compounds when used as a drug delivery vehicle 
due to their inherent amphiphilic nature

[68, 69]

Polymer Encapsulate the drug in a specific part of the polymer
Carry drugs by means of polymer‑drug conjugation
Employ targeting factors to load drugs for targeting to specific disease sites

[70, 71]

Prodrugs Produce synergistic effect
Expand the scope of clinical applications
Improve drug absorption
Improved blood drug concentration drug efficacy is a function of drug concentration at the site 
of action
Slow release at the administration site to achieve a prolonged action time

[73, 74]

Targeting drug delivery system Gives the drug a specific pharmacological activity
Increases drug targeting ability and retention in target tissues
Reduces drug toxicity to normal cells
Improves the bioavailability of pharmaceutical formulations

[76, 77]

Virus High safety
Low toxicity
Contains marker genes

[78, 79]
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time of drugs in the body and significantly enhance the 
bioavailability of herbs within the body [88]. Kotta et al. 
utilized response surface methodology to optimize the 
formulation and process of a resveratrol nanoemulsion. 
In addition, they evaluated the in  vitro drug release, 
in  vitro permeation, and brain targeting properties of 
the nanoemulsion. Their findings demonstrated that the 
in vitro nasal mucosal permeation rate of this system was 
approximately twice that of the active pharmaceutical 
ingredient (API). Furthermore, brain-targeting studies 
revealed higher concentrations of resveratrol in the brain 
when administered as a nanoemulsion than as a suspen-
sion, proving that this dosage form is more effective in 
improving the bioavailability of herbal medicines [89].

Nano-micelles are amphiphilic block copolymers 
that self-assemble in water through the combination of 
hydrophilic and hydrophobic blocks. The hydrophobic 
segments of these copolymers aggregate into a hydropho-
bic core under the influence of water molecules, while 
the hydrophilic segments form a stable hydrophilic outer 
layer within the water [90]. Micelles are both easy to pre-
pare and suitable for large-scale batch production, mak-
ing them ideal for a variety of applications. They offer 
enhanced drug solubility, good biodegradability, small 
particle size, high stability, and great functionality, mak-
ing them an excellent choice for brain-targeting nanocar-
riers. The use of chemical polymer materials also helps 
to minimize risks, such as microbial contamination and 
immune resistance [91]. In 2021, paclitaxel micelles were 
approved as a new class 2 drug in China. This improved 
dosage form was created using an innovative pharma-
ceutical excipient: an amphiphilic block copolymer of 
methoxy polyethylene glycol-poly (propylene glycol) 
(mPEG-PDLLA 53/47) as a carrier. These micelles were 
approved in combination with cisplatin for the first-
line treatment of patients with epidermal growth factor 
receptor (EGFR) mutation-negative and mesenchymal 
lymphoma kinase (ALK)-negative, nonsurgically resect-
able locally advanced or metastatic non-small cell lung 
cancer (NSCLC), presenting certain safety and efficacy 
advantages [92].

Liposome‑based drug delivery vehicles
The concept of liposomes was originally introduced by 
Bangham et  al. in 1965. Today, it commonly refers to 
small closed vesicles with a bilayer wrapped in an aque-
ous structure formed by dispersing phospholipids and 
other lipids in water. Due to their structural similarity to 
biological membranes, they are also known as artificial 
biological membranes [93]. As lipid-based drug carriers, 
liposomes are of great interest and have been extensively 
studied. Not only are they made from phospholipids, 
an intrinsic component of human cells, making them 

biocompatible and nonimmunogenic, but they can also 
be prepared as nanoscale particles, facilitating the pen-
etration of biological barriers such as blood vessel walls 
and cell membranes [94].

It has been shown that lipid-soluble molecules (molec-
ular weight < 500  Da) can cross the BBB through the 
small pores formed transiently within the lipid bilayer 
[93]. Drug delivery across the BBB can be improved by 
incorporating hydrophobic groups into the molecule 
and promoting passive diffusion [95]. Yan Dekang et  al. 
investigated the in  vitro targeting ability by optimizing 
the prescription of mannose-modified curcumin/ginse-
noside Rb1 coloaded liposomes. The final prescription 
preparation of MAN-Cur/GS-Rb1-Lips was successfully 
optimized, resulting in significantly improved brain tar-
geting ability. These MAN-modified Cur/GS-Rb1-Lips 
are considered promising brain-targeting nanodelivery 
systems [96].

Prodrug‑based drug delivery vehicles
Carrier prodrugs are compounds composed of active 
drugs and carriers that exhibit little or no activity in vitro. 
These carriers release active drugs through enzymatic or 
nonenzymatic conversion in  vivo [97]. Precursor drug 
carriers are typically less active than the parent com-
pound [98]. The carrier structure, typically lipophilic, 
must be biocompatible and capable of releasing the active 
compound as needed [99]. For instance, prodrug carriers 
are frequently utilized to enhance the bioavailability of 
oral penicillin drugs [100].

A properly designed prodrug carrier should satisfy sev-
eral requirements, including the following: the prodrug 
should be inactive or less active than the parent drug; 
typically, the drug is covalently bonded to the carrier, and 
the bond between the drug and carrier must be broken 
in vivo; both the prodrug and the carrier released in the 
body must be nontoxic; and to ensure that an effective 
concentration is attained at the target site and to reduce 
direct metabolism or gradual inactivation of the prodrug, 
the release of the parent drug should be sufficiently rapid 
[101]. The synthesis of prodrug carriers generally involves 
utilizing the polar functional groups present in active 
compounds and drug molecules [102]. By means of this 
approach, prodrugs are synthesized through the amida-
tion or esterification of the amino, carboxyl, and hydroxyl 
groups within the parent drug; this increases their lipid 
solubility and enhances their efficiency for brain uptake. 
As these groups are subsequently hydrolysed, the release 
of active drugs into the brain is facilitated [103]. For drugs 
that contain alcohol or carboxylic acid groups, ester is 
the most commonly used prodrug form. Amines, on the 
other hand, can be transformed into amides, imines, azo, 
amine methylation, or other forms to prepare prodrugs. 
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Carbonyl-containing drugs can be prepared using a Schiff 
base, oxime, acetal, or ketal, among other methods. Jing 
Lanlan et al. investigated the design and synthesis of the 
A11 prodrug Chuanxiongzine, an anti-ischaemic stroke 
drug, and discovered that it exhibits significant perme-
ability across the BBB [104].

Targeted formulation‑based drug delivery vehicles
A targeted drug delivery system is a formulation that effec-
tively targets the drug to the desired site of action (target 
area) and demonstrates minimal or no interaction with 
nontarget tissues [105]. The notion of targeted agents was 
first introduced in Ehrlich. Nevertheless, due to the pro-
longed limitations in human understanding of diseases, 
the failure to comprehend drug action at the cellular and 
molecular levels, and obstacles in materials for and the 
preparation of targeted agents, challenges have been 
encountered in the use of targeted agents [106]. Only with 
remarkable advancements in molecular biology, cell biol-
ogy and materials science have new opportunities emerged 
for the evolution of targeted agents [107]. In the current 
era, scientists are vigorously and comprehensively examin-
ing targeted agents, including their preparation, proper-
ties, in  vivo distribution, targeting, and pharmacological 
and toxicological effects.

Physical and chemical targeting preparation involves 
the utilization of physicochemical methods to create a tar-
geted preparation capable of exerting pharmacodynamic 
effects at a precise location [108]. A popular approach 
entails the use of a temperature-sensitive carrier to pro-
duce a thermosensitive formulation, which, when exposed 
to local hyperthermia, enables controlled drug release at 
the designated target site [109]. Moreover, it is feasible to 
employ pH-sensitive vehicles to prepare pH-sensitive for-
mulations that facilitate drug release exclusively within 
specific pH target regions [110].

Magnetic targeting is a directional method that utilizes a 
magnetic field to guide the movement of drug-loaded mag-
netic microparticles to the site of a lesion [111]. By integrat-
ing magnetic substances into drugs, a magnetically targeted 
formulation may be created that can be directed through 
blood vessels to precisely localize at a targeted area via an 
extracorporeal magnetic field [112]. Yan Runmin and col-
leagues developed a complex particle composed of mag-
netic paclitaxel-iron tetroxide-drug-loaded liposomes that 
can be directed to the intercellular matrix of brain tissue and 
penetrate cells through the BBB by means of magnetic field 
guidance in  vitro. This novel strategy effectively enhances 
the concentration of chemotherapeutic drugs at the target 
site and greatly improves antitumour efficacy [113].

pH targeting is a theoretical principle that utilizes 
the distinct pH characteristics of pathological tissues, 
cells, or specific cellular regions during disease states to 
select appropriate materials [114]. Conghui Chen and 
colleagues leveraged the pH-sensitive properties of the 
target region to develop a novel lipomimetic paclitaxel-
loaded nanocarrier (bsa-lc/dope-ptx) with targeting 
and pH-sensitive capabilities [115].

Virus‑based drug delivery vehicles
The primary purpose of viral vectors was initially to 
address the challenge of delivering DNA, and many 
researchers have utilized them for this purpose in the 
treatment of genetic disorders [116]. The earliest suc-
cessful treatment case was observed in a long-term 
clinical trial under the guidance of Dr. William French 
Anderson at the National Institutes of Health in the 
United States. In this trial, a retrovirus was used to 
transport normal adenosine deaminase (ADA) genes 
to T cells isolated from patients, which were then rein-
fused into the patient’s body to treat children with 
ADA-deficient severe combined immunodeficiency dis-
ease (ADA-SCID) [117].

A viral vector involves the application of genetic 
engineering techniques to convert a virus into a deliv-
ery vector for foreign genes. It infects cells, transfers 
foreign genes into cells, and enables long-term gene 
expression [118]. Viral vectors possess numerous ben-
efits, such as high transfection efficiency and high levels 
of exogenous gene expression, and are widely applied in 
areas such as basic research, gene therapy, and vaccine 
development [119]. The three major types of viral vec-
tors include retroviruses (RVs), lentiviruses (LVs), and 
adenoviruses (ADVs) [120]. During the Novel Coro-
navirus Pneumonia Epidemic, the Novel Coronavirus 
Pneumonia vaccine was developed using a viral vec-
tor approach. Adenoviral DNA was extracted using 
various cell lysis agents and detergents, which helped 
break down the cell membrane and extract nonnucleic 
cellular material. Subsequently, after whole-genome 
sequencing, the E3 region of the adenovirus genome 
was removed to make room for Severe Acute Respira-
tory Syndrome Coronavirus 2(SARS-CoV-2) spike pro-
tein integration [121]. Apart from this, some research 
studies have isolated the cDNA of cytotoxic proteins 
from traditional Chinese medicines, which were then 
used to transport these genes to malignant cells via a 
recombinant adeno-associated virus. The results dem-
onstrated that the toxic protein-encoding gene of the 
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traditional Chinese medicines had a significant inhibi-
tory effect on malignant cells [122].

External vesicle‑based drug delivery vehicles
Extracellular vesicles (EVs) are small vesicles released 
by cells that contain biologically active molecules such 
as proteins and miRNAs [123]. In 2013, the Nobel Prize 
in Physiology or Medicine was awarded to American 
scientists James E. Rothman and Randy W. Schekman 
and German-American scientist Thomas C. Sudhof for 
their discovery of the transport regulatory mechanism 
of extracellular vehicles (EVs) [124]. EVs have been 
recognized as the most promising drug delivery vehi-
cles due to their natural material transport properties, 
inherent long-term circulation ability, and excellent 
biocompatibility, and they are suitable for delivering 
various chemicals, proteins, nucleic acids, and gene 
therapy agents. Additionally, EV drug delivery have 
the advantage of being able to cross the blood‒brain 
barrier [125]. EVs can be classified based on their 
biogenesis or release pathway, including exosomes, 
microvesicles/microparticles, apoptotic bodies/blebs, 
large oncosomes, and other EV subsets. The EV mem-
brane can resist the degradation effect of extracellular 
nucleases, making it a suitable carrier for small nucleic 
acid drugs [126, 127]. Currently, there are three main 
types of EVs used for vector development in industry: 
human engineered exosomes, exosomes derived from 
human mesenchymal stem cells (MSCs), and exosomes 
derived from red blood cells/platelets and other non-
nucleated cells [128, 129]. Engineered exosomes are 
currently mainstream in industry because their target-
ing and drug loading efficiency can be enhanced [130]. 
MSC-derived exosomes are approximately 40–80  nm 
in size and can deliver 20–30 bp small RNAs, while red 
blood cell-derived exosomes can carry up to 30  kb of 
DNA due to the characteristics of red blood cells [131].

Novel routes of drug delivery
The therapeutic effect of a clinical condition is closely 
correlated with the administration route of a drug, 
and the efficacy of the same drug may vary greatly 
depending on the method of administration (Table  3) 
[132]. Advancements in science and technology have 
resulted in drug dosage forms that offer greater con-
venience in clinical treatment. When selecting medica-
tions, doctors must consider the characteristics of the 
drug and the desired treatment outcome before deter-
mining the appropriate form [133]. The exploration of 
novel administration routes represents an innovative 
approach to drug delivery that builds upon traditional 
methods, thereby potentially enhancing drug efficacy 
(Fig. 4).

Based on this, the bibliometric statistical method was 
used in this study; the CBM, Wanfang Data, Pubmed, 
Web of Science, Cochrane, CNKI, and Vip Informa-
tion Chinese journal service platform were selected as 
the search databases; and the research trends of novel 
routes of administration were analysed with “Novel 
route of administration” as the search term. The search 
yielded 26,973 journal articles related to the “Novel 
route of administration” since the library was built. All 
retrieved articles were imported into an EndNote data-
base, 7963 duplicate articles were deleted. The remain-
ing 20,010 articles were imported into VosViewer 
for the analysis of keyword co-occurrence frequency 
(Fig.  5). The analysis revealed that current routes of 
administration, such as transdermal administration, 
nasal administration, and ototopical administration, 
were the main research subjects to discuss novel routes 
of administration.

Transdermal administration
Transdermal drug delivery systems can be utilized as an 
effective means of medication administration to assist 

Table 3 Novel route of administration

Route of administration type Route of administration characteristics References

Transdermal
administration

Means that a drug is absorbed by the skin into the systemic blood circulation and achieves an effec‑
tive blood concentration, achieving the purpose of clinical disease treatment or prevention

[134–136]

Nasal administration Refers to a class of preparations administered through the nasal cavity to exert local or systemic 
therapeutic or preventive effects
Especially suitable for those drugs that are difficult to administer except by injection and need 
to play a systemic role
Similar to oral administration, difficult to absorb polar drugs
Drugs unstable in the gastrointestinal tract
Drugs and proteins and peptides with strong hepatic first‑pass effects

[137–139]

Ototopical administration Ear topical administration has many advantages, the most significant advantage is to be able 
to obtain a higher local drug concentration than systemic administration
The main limitation of topical administration is the potential ototoxicity of certain drugs, especially 
when the drug concentration is very high

[140, 141]
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with drug application when patients experience intoler-
able gastrointestinal side effects or swallowing difficul-
ties associated with traditional oral dosage forms [142]. 
The transdermal method of drug administration not 
only extends the drug’s duration of action but also aids 
in avoiding negative reactions. Furthermore, transdermal 
drug delivery provides the benefits of maintaining steady 
blood concentrations, increasing the drug’s duration of 
action, decreasing fluctuation in drug metabolism among 
different patients and even within an individual patient, 
bypassing first-pass metabolism, and potentially attain-
ing lasting and foreseeable therapeutic results [143]. As a 
noninvasive method of drug delivery, transdermal admin-
istration may be particularly well suited for patients who 
have difficulty taking medication independently or those 
who experience cognitive impairment [144].

For example, in nicotine withdrawal therapy, a nicotine 
agonist is formulated into patches that are applied to the 
skin to aid smoking cessation [145]. Studies have shown 

that these patches can effectively alleviate symptoms of 
cognitive impairment associated with neurodegenerative 
disorders, psychosis, schizophrenia, attention disorders 
and more [146]. studies have confirmed that the neuro-
protective properties of nicotine derive from its ability 
to stimulate A7 nicotinic receptors. When A7 nicotinic 
receptors are activated, they increase the release of stri-
atal dopamine. This, in turn, protects the nigrostriatal 
pathway and helps to preserve neural tissue [147]. Gano-
derma lucidum is known for its ability to activate blood 
circulation and remove blood stasis, making it an effec-
tive treatment for stroke and hemiplegia. One of the key 
active ingredients in Ganoderma lucidum is triterpenes. 
Recent research has shown that combining Ganoderma 
triterpenes with a nanosuspension gel can significantly 
enhance skin retention of the drug and its local bioavail-
ability, making it an effective treatment option [148].

In regard to transdermal drug delivery, there are a few 
different methods that can be employed. Along with drug 

Fig. 4 Novel routes of drug delivery. The new routes of drug delivery for antidepressants currently under investigation include the following recent 
directions: the transdermal route, the intranasal route, and the transmural route
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patches, percutaneous penetration therapy can also be 
utilized. Subcutaneous implantation may prove to be 
beneficial in the treatment of certain mental disorders. 
Research has shown that haloperidol biodegradable pol-
ylactic-coglycolic acid (PLGA) pellets implanted via sur-
gery can provide steady drug release for up to 5 months 
in vitro. This approach has proven to be a more effective 
means of treating long-term psychotic episodes than tra-
ditional drugs. Furthermore, in vivo animal models have 
demonstrated increased expression of striatal dopamine 
2 (D2) receptors, validating the effectiveness of this drug 
delivery system [149]. Rabin et  al. conducted a study 
using risperidone PLGA implanted micropills and found 
a sustained drug release pattern lasting at least 2 months. 
These results confirm the efficacy of this delivery sys-
tem for the long-term treatment of schizophrenia [150]. 
Compared to traditional dosage forms, subcutaneous 
implantable dosage forms have the advantage of reduc-
ing hepatic metabolism and decreasing peripheral drug 
inactivation, as well as possessing higher bioavailability. 

Additionally, the long-term drug release characteristics 
can provide patients with sustained relief and stability.

Nasal administration
The BBB poses a significant obstacle to the transport of 
various therapeutic agents to the brain, and as of yet, 
we have been unable to administer most drug mol-
ecules in effective therapeutic doses. To overcome the 
hindrances of the BBB, researchers have begun explor-
ing novel pathways for drug delivery, such as the nasal-
brain transport approach [151]. The intranasal drug 
delivery route offers the unique advantage of deliver-
ing drugs directly to the brain, thereby enhancing site 
specificity within the brain while avoiding systemic side 
effects. Moreover, this approach has been shown not to 
cause any detrimental effects on the nasal mucosa or 
the central nervous system [152]. Although the com-
plex nasal structure, mucociliary clearance, enzymatic 
degradation within the nasal cavity, and pathological 
conditions such as rhinitis and the common cold are 

Fig. 5 Visual analysis of novel drug delivery routes. Analyzing the co‑occurrence frequency of keywords in the literature data related to new drug 
delivery routes using a bubble chart. The size of the bubbles represents the frequency of keywords, and the thickness of the links between bubbles 
represents the degree of connection between keywords. The results show that the transdermal route, intranasal route, transcutaneous route 
and other drug delivery routes are currently the main research targets of new drug delivery routes
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the main controversies in nasal drug delivery, current 
nanotechnology methods using solid lipid nanoparti-
cles, polymer nanoparticles, nanoemulsions, liposomes, 
and polymer micelles provide the ability to overcome 
these barriers [153].

According to Chinese medicine theory, “the nose serves 
as a direct connection between the brain and the external 
environment. The brain plays a regulatory role over the 
nose, while the nose’s function relies on the brain, The 
Governor Vessel meridian intersects at the nose, and the 
nasal orifice is linked to the brain through both the Gov-
ernor Vessel and the bladder meridian of the sun” [154]. 
The theory regarding the connection between the nose 
and the brain has been extensively covered in numer-
ous ancient Chinese medicine texts. For instance, both 
the ’Complete Book of Sores and Ulcers’ and the ’Mirac-
ulous Pivot’, which are regarded as traditional Chinese 
medicine classics, have detailed the intricate relation-
ship between the nose and the brain [155]. Numerous 
applications of traditional Chinese medicine theory in 
treating patients have been documented over time. One 
such example can be found in the ’General Medical Col-
lection of Royal Benevolence’, a classical text devoted to 
traditional Chinese medicine that records the treatment 
of migraines through the use of a nasal drip made from 
Chinese radish seed and ginger juice. Another ancient 
book of traditional Chinese medicine, the ’Prescrip-
tions for Universal Relief’, recommends the application of 
garlic juice directly into the nose after its skin has been 
removed and ground into juice for treating headaches. 
Finally, in the ’Prescriptions for Emergent Reference’, 
another classical text of traditional Chinese medicine, 
raw radish juice is injected into the nose to help mitigate 
migraines [156].

A team led by Ju Aichun found that intranasal admin-
istration of salvianolic acid B significantly increased the 
number of newly formed neurons in the hippocampus of 
rats with cerebral ischaemia, resulting in a proliferation 
of neuronal cells and an overall protective effect on these 
cells. This ultimately led to improved learning and mem-
ory abilities in the rats that had suffered cerebral ischae-
mic injury [157]. In addition, Chinese herbal extracts, 
such as curcumin and ligustrazine, packaged in nanopar-
ticles have been shown to effectively improve ischaemia‒
reperfusion injury in animal models when administered 
via the intranasal route [157]. A study conducted by 
Sun Yaping et  al. showed that the short-term intrana-
sal administration of genistein (Gen) led to a significant 
reduction in cerebral infarct size, improved behavioural 
function, and decreased neuronal damage [158]. The 
intranasal administration of Panax ginseng saponin was 
found to significantly alleviate cerebral oedema and 

stroke symptoms resulting from cerebral ischaemia‒rep-
erfusion in gerbils, while administering the same dose of 
an oral solution had minimal effect [159].

Ototopical administration
The ’Inner Canon of the Yellow Emperor’ (the most 
authoritative text of early medical theory and drug ther-
apy), a classical text on Chinese medicine, associates the 
ear with the brain and suggests that damage to the brain 
can result in damage to the ear [160]. Furthermore, the 
Chinese medical text ‘Suwen-Xuanji-original disease 
Formula’ contains records of acupuncture and magnetic 
therapy being used to treat deafness. The traditional Chi-
nese medicine approach to treating ear issues is a distinct 
and specialized technique within this field [161]. Based 
on Chinese medicine principles, the ear is interconnected 
with internal organs and meridians. Consequently, when 
medication is administered via the external ear canal, it 
can travel through the meridian and access the internal 
organs, successfully treating illnesses and even saving 
lives [162, 163]. Medicated earplugs are capable of treat-
ing not only ear-related conditions but also various sys-
temic ailments. For instance, the Chinese medical text 
‘Hui Sheng Ji’ notes that when treating blindness, “small 
centipeda herb should be applied by blowing the nose, 
plugging the ears, and pasting it on the eyes”. Such treat-
ment is believed to possess remarkable healing proper-
ties. [164].

The selection of an appropriate route for ear medica-
tion is contingent upon the nature of the disease and 
the physicochemical properties of the drug in question. 
Typically, antibiotics and antifungal drugs are adminis-
tered via topical drops and gels [165]. Local administra-
tion of drugs to the ear has many advantages, the most 
significant of which is the ability to achieve higher local 
drug concentrations than systemic administration. How-
ever, the main limitation of local administration is the 
potential for some drugs to cause ototoxicity, particu-
larly at very high drug concentrations, which can lead 
to significant damage to the auditory organs [166]. Ear 
administration primarily involves three pathways: (1) 
Transtympanic drug delivery. The tympanic membrane 
serves as the first barrier for delivering drugs to the mid-
dle and inner ear; hence, the challenge with administer-
ing drugs through the tympanic membrane is ensuring 
that the drug penetrates the intact membrane and then 
diffuses through the ear canal into the middle and inner 
ear. One way to facilitate this process is through the use 
of permeation enhancers; (2) transtympanic administra-
tion, which begins with the injection of a drug into the 
middle ear cavity. The drug then diffuses into the cochlea. 
The diffusion rate depends on factors such as molecular 
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weight, conformation, concentration gradient, lipophilic-
ity, charge, and the thickness of the circular window film; 
and (3) intracochlear drug delivery, which bypasses the 
middle ear and allows direct delivery of the drug to the 
intended site, yields better bioavailability of the substance 
compared to other routes [167].

Chen Gang’s research team has implemented PLGA 
nanoparticles as carriers to integrate contemporary 
medical theory and novel formulation technology into 
the study of Chinese medicine compound components, 
resulting in the development of a new model of Chinese 
medicine compound inner ear drug delivery systems. The 
results of their research demonstrate that PLGA nano-
carriers effectively deliver the multicomponent Chinese 
herbal formula to the inner ear and brain, leading to 
improved local bioavailability. Additionally, the biphasic 
drug release system based on PLGA nanoparticles not 
only enhances the local bioavailability of the multicom-
ponent Chinese medicine compound across the round 
window membrane but also prolongs the retention time 
of the drug in  vivo. Furthermore, pharmacodynamic 
and preliminary toxicity evaluations have validated that 

the inner ear nanodelivery system of Salvia miltiorrhiza 
is efficacious in treating age-related deafness or cerebral 
ischaemia without causing any functional damage to the 
inner ear [168].

Novel drug delivery systems in Chinese medicine 
research
The NDDS industry for TCM formulations has been 
thriving thanks to technological advancements. The 
application of TCM alternative therapies has evolved 
with the development of a new drug delivery system 
[169]. TCM originated in ancient China and has been 
widely used in Asian countries for over two thousand 
years, and it currently plays an important role in the 
treatment of neurological diseases with the help of new 
drug delivery systems [170] (Fig. 6).

Currently, significant obstacles are being faced in the 
development of novel drug delivery systems in tradi-
tional Chinese medicine (TCM) research. These include 
the complex composition of compound formulations, 
the challenging identification of quality control indica-
tors, and the difficulty in establishing pharmacokinetic 

Fig. 6 Novel drug delivery systems for Chinese medicine applications. In the field of research on interventions for nervous system diseases using 
natural medicines, the development and application of new drug delivery technologies can lead to further progress in research avenues such 
as nanodrug delivery methods, microenvironment modulation methods, and gut microbiota modulation methods
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methods in  vivo [171]. In future development, we must 
undertake basic research on drug analysis, quality con-
trol, and in vivo pharmacokinetics. Additionally, we need 
to independently develop new drug delivery systems that 
align with current trends in this area. It is also critical to 
incorporate new drug delivery systems from both domes-
tic and international sources in the development of tradi-
tional Chinese medicine and natural medicine in a timely 
manner [172].

To achieve optimal drug delivery strategies and 
improve the efficacy of Chinese medicines, researchers 
have been actively pursuing in-depth research in three 
key areas: drug modification techniques, microenviron-
mental modulation methods, and drug delivery systems. 
The aim is to fully leverage the active properties of the 
molecule within a specific therapeutic window while also 
precisely controlling the release of the drug to extend its 
metabolic lifespan and maximize the therapeutic effect 
during this window (Table 4) [64].

Scientists have used drug modification to adjust the 
release rate of drugs to an ideal constant rate of release. 
For example, some scholars have combined two types 
of preservatives, including one that is hydrolyzable, as 
a template to prepare pH-sensitive mesoporous silica-
based nanocontainers with extremely high effective pay-
loads to achieve controllable rates of drug release [178]. 
Alternatively, controlled drug carriers can be injected or 
implanted into the body, and a remote-control system 
can be used by health care professionals to achieve pre-
cise and adjustable release rates in a “programmable on-
demand” manner [179]. Maintaining a constant release 
rate is crucial for long-term drug administration, which 
is typically achieved through implanted devices. Impor-
tant considerations for implanted drug delivery systems 
include the prevention of drug leakage, the size of the 
implant device, and methods for removal once the device 

has reached the end of its use. Collaboration between 
multiple disciplines, such as bioengineering and bioma-
terials, is required to address these challenges, and sci-
entists have explored various possible approaches. For 
example, microfluidic drug delivery systems that offer 
both consistent release rates and adaptable responses to 
environmental conditions may enable high precision and 
predictability in drug delivery [180]. Nanoparticles com-
posed of alginate have become one of the most widely 
used biomaterials for drug delivery and targeted delivery. 
Their advantages include their multifunctional physico-
chemical properties that allow for chemical modification 
and site-specific targeting as well as their biocompatibil-
ity, biodegradability, and mucoadhesive properties [181].

New nanotechnology
The development of new drug delivery systems is a key 
focus of research and development efforts in the mar-
ket. In particular, nanomedicine has emerged as a critical 
player in this field, given its proven efficacy in targeting 
specific organisms. By allowing more targeted delivery, 
nanomedicines address the issues associated with tradi-
tional drug delivery methods, such as the wide distribution 
of drugs throughout the body. This approach increases the 
specific affinity of the active molecule to the lesion, thereby 
avoiding nonspecific toxicity and other adverse side effects 
associated with high doses of the drug. As such, nano-
medicine is viewed as a highly effective means of address-
ing the challenges involved in drug delivery [182]. The 
current progress in nanotechnology provides opportuni-
ties for overcoming limitations in the treatment of central 
nervous system disorders, and nanomedicine delivery sys-
tems are expected to increase the bioavailability of drugs 
by enhancing the penetration of drug molecules into the 
central nervous system and targeting key lesion sites. By 
leveraging the latest advances in nanotechnology, we may 

Table 4 Novel drug delivery systems for Chinese medicine applications

Route of administration type Route of administration characteristics References

New nanotechnology Highly effective in increasing the solubility and dissolution rate of insoluble drugs
Reduced volume of drug delivery, reduced toxic effects
Nanomedicines can also impart new properties to drugs to improve bioavailability and clinical 
efficacy

[173, 174]

Regulation of intestinal flora Regulates the metabolism of the intestinal flora by modulating the composition of the intes‑
tinal flora and/or by regulating the activity of the enzymes that catalyse the production 
of metabolites
This in turn leads to an increase or decrease in the content of certain metabolites, as well 
as the production of new metabolites or the disappearance of certain metabolites

[175]

Microenvironmental regulation methods Provide new capabilities for various therapies by improving the stability of drugs in physi‑
ological fluids, controlling drug‒drug interactions in individual cells, and altering drug‑target 
interactions
Drug modifications have been able to address the changing structural complexity, specific‑
ity and function of various formulations and are now being used in the further development 
of cellular therapies

[176, 177]
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be able to overcome the significant challenges involved in 
treating CNS diseases and achieve significantly improved 
outcomes for patients [183]. In recent years, a diverse array 
of nanocarriers, including polymers, emulsions, lipid carri-
ers, solid lipid carriers, carbon nanotubes, and metal-based 
carriers, have been utilized to develop highly effective 
therapies with sustained release properties. The incorpora-
tion of nanotechnology in drug delivery systems has signif-
icantly enhanced the bioavailability and pharmacokinetic 
properties of drugs in biological systems. For instance, 
improved bioenhancing effects have been demonstrated 
when curcumin is used in a nanocarrier [184]. With the 
aid of nanotechnology, drug delivery can be achieved in a 
safer and more targeted manner, enabling active molecules 
to reach specific sites of action and molecular targets with 
greater precision [185].

Nanoparticle technology serves as a robust founda-
tion for the development of tissue-specific drug loading 
systems that are both highly versatile and customizable 
[186]. The implementation of nanodrug delivery systems 
with sustained release capabilities undoubtedly amplifies 
the controlled profile of the encapsulated drug. The range 
of nanoparticle varieties, such as polymeric NPs, solid 
lipid nanoparticles (SLNs), and liposomes, coupled with 
the ability to be paired with various macromolecules and 
exhibit an array of preferred physical and chemical prop-
erties, adds to their versatility. Neurological drugs pre-
pared using nanomedical technology can maintain a high 
degree of bioavailability in the neural parenchyma after 
passing through the BBB. As a result, this advantage has 
stimulated significant curiosity and focus in the nano-
medicine field [187]. At the same time, the characteristics 
of nanoparticles have inspired potential new strategies 
and minimally invasive approaches for the treatment and 
diagnosis of these neurological disorders.

As a cutting-edge therapeutic modality in novel drug 
delivery systems, nanomedicine harbours the capac-
ity to surmount the diverse impediments associated 
with neurological disorders. Presently, over 20 nano-
medicines have received clinical therapeutic or diagnos-
tic approval from the FDA or the European Medicines 
Agency (EMA), and an additional 75 clinical trials exam-
ining nanoparticles have been initiated in recent years 
[188]. Although numerous nanomedicines approved for 
use or undergoing development are primarily designated 
for cancer treatments, these nanomedicines understand-
ably reinforce the highly coveted and distinct features 
of nanomedicine and its immense biological potential 
for the management of neurological conditions [189]. 
Nanomedicine offers a viable solution to challenges that 
conventional medicines cannot address. Nanoparticles 
can be synthesized from a diverse range of materials and 
can be conjugated with other molecules, affording them 

exceptional design versatility. This characteristic trans-
lates to a host of favourable properties, including highly 
targeted tissue specificity, negligible immunogenicity, 
and superior stability in the bloodstream [190]. In the 
realm of neurological disorders, the most noteworthy 
benefit of nanocarrier systems is the independence of 
drug transport from the physical and chemical properties 
of NP-encapsulated drugs.

Regulation of intestinal flora
Oral ingestion is the most convenient route for herbal 
medicine utilization, but first-pass metabolism in the 
liver and intestine adversely affects the effective conver-
sion of active herbal ingredients. Recent years have wit-
nessed the rapid advancement of advanced molecular 
technologies such as high-throughput sequencing and 
metabolomics. These techniques have revealed the close 
connection between the transformation of active ingre-
dients of Chinese medicines and intestinal flora [191]. 
The intestinal flora plays a quintessential role in unlock-
ing the full potential of Chinese traditional medicine and 
constitutes a critical step towards realizing the value of 
traditional medicine in China [192]. After oral admin-
istration, traditional Chinese medicine preparations 
come into contact with the gut microbiota and undergo 
mutual interactions, thereby achieving treatment efficacy 
through the regulation of the structure and metabolism 
of the gut microbiota [193]. Previous research has shown 
that herbal medicines exhibit the potential to regulate the 
metabolism of the gut microbiota by altering its compo-
sition, regulating its secretions and transforming herbal 
compounds [194]. The research team led by Liu Hong-
tao has combined microbiomics with Chinese medicine 
to investigate the pharmacological mechanisms of sin-
gle and compound Chinese medicines in preventing and 
treating major diseases. Their work has shed light on the 
interactions between Chinese medicines and the host 
and intestinal flora. Notably, their findings have demon-
strated that the crucial mechanism underlying the treat-
ment of ulcerative colitis with oral 5-Amino Salicylic 
Acid (5-ASA) involves its regulatory effect on intestinal 
flora and bile acid metabolism [195].

The intestinal flora boasts formidable metabolic capac-
ity and is rightfully regarded as a vital “metabolic organ” 
of the body. It performs crucial functions in various 
aspects of the host’s well-being, such as digestion, nutri-
ent absorption, metabolism, and immunity [196]. The 
potential biological significance of the gut flora in the 
development of depression has garnered considerable 
attention, given its vital role in gut-brain interactions. 
The intestinal flora not only impacts gut barrier function 
but also maintains host organism homeostasis by regu-
lating the gut microbe-gut-brain (MGB) axis. The link 
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between depression and gastrointestinal dysfunction is 
well documented, as appetite loss, metabolic issues, gas-
trointestinal dysfunction, and abnormal intestinal flora 
are observed in individuals with depression [197]. There 
is a clear relationship between the gut flora and depres-
sion, and MGB dysfunction may be one of the significant 
contributing factors to depression [198]. Chinese medi-
cines possess a diverse range of medicinal properties 
that can regulate intestinal flora homeostasis within the 
body. They help to regulate the structure of the intesti-
nal flora and to maintain the fundamental functions of 
the flora, thus alleviating the host’s disease state caused 
by flora disturbance or the secretion of harmful metabo-
lites [192]. Poria cocos micropowder has been shown to 
alleviate depressive behaviour in rats by ameliorating the 
dysbiosis of intestinal flora caused by chronic unpredict-
able mild stress depression [199]. Additionally, Bupleuri 
Radix can effectively modulate the levels and compo-
sition of intestinal flora in chronic social defeat stress 
depression (CSDS) mice, promoting diversity and signifi-
cantly improving their depression-like behaviour [200]. 
In a study conducted by Song Ruiwen et al., the impact 
of gallbladder-warming decoction on the abundance and 
composition of gut bacteria in rats subjected to a depres-
sion model was examined. The results indicated that 
gallbladder-warming decoction exhibited potential in 
regulating intestinal flora by enhancing the levels of pro-
biotics and suppressing the growth of pathogenic bacte-
ria, ultimately leading to an antidepressant effect [201]. In 
a study led by Ji Xuyan et al., the effects of Shunao Jieyu 
decoction on the gut microbiota of poststroke patients 
with depression were explored. The findings indicate that 
this herbal treatment successfully alleviated the clinical 
symptoms of poststroke depression according to Chinese 
medicine principles, reduced neurological impairment, 
enhanced daily living abilities, and modulated the diver-
sity of gut microbiota in patients [202].

Microenvironmental regulation methods
Microenvironmental modification is a rapidly develop-
ing research area that focuses on the environmental fac-
tors that impact drug action. This approach includes a 
variety of methods, ranging from site-specific alterations 
in the region of drug action to systemic administration of 
adjuvants that modify the host environment. As a com-
prehensive drug delivery strategy, microenvironmental 
regulation has the potential to improve drug bioavailability 
and effectiveness in diseased tissues by helping drugs pen-
etrate biological barriers [203]. The blood‒brain barrier is 
a highly specialized structure that limits the movement of 

compounds between the blood and brain tissue. This bar-
rier is created by a unique arrangement of components, 
including the nonporous endothelium of the brain capillar-
ies, a continuous and unbroken basement membrane, and 
the perivascular astrocytic foot processes. These compo-
nents possess varied permeability to different substances, 
which contributes to the selective transport of molecules 
into the brain [].

Modulating BBB permeability is a microenvironmen-
tal modification strategy aimed at selectively enhancing 
or restricting the passage of substances. The permeabil-
ity of the blood‒brain barrier is primarily dictated by the 
integrity of the tight junctions between cerebral vascular 
endothelial cells, as well as the activity of efflux trans-
porters such as P-glycoprotein (P-gp). Other factors, such 
as intercellular gaps, endocytosis, and transcytosis, also 
play a role in regulating BBB permeability [204]. Due to 
their fat solubility and aromatic properties, certain Kai-
giao herbs, such as musk, borneol, and Acorus calamus, 
are able to readily cross the blood‒brain barrier. These 
herbs have been shown to inhibit the efflux of P-gp, 
resulting in increased drug concentrations within the 
brain. Additionally, these herbs have been found to sup-
press the expression of the protein Claudin-5, which wid-
ens the tight junctions between vascular endothelial cells, 
thereby enhancing BBB permeability. Acorus tatarinowii 
and borneol also increase the content of 5-hydroxy 
tryptamine (5-HT) and receptor binding rates, promot-
ing the opening of tight junctions via endothelial cell con-
traction and increasing BBB permeability. Furthermore, 
Storesin and benzoin have been shown to increase BBB 
permeability by modulating P-gp exocytosis [168, 205]. 
Under pathological conditions, musk, borneol, Storesin, 
and benzoin have been found to reduce the content of 
inflammatory factors, which slows the damage of tight 
junctions between endothelial cells. Musk has also been 
shown to inhibit matrix metalloproteinase expression 
and mitigate cell damage caused by free radicals, promot-
ing increased stability and reducing the permeability of 
the BBB and protecting brain tissues. Acorus calamus is 
capable of reducing BBB permeability through its anti-
free radical properties, protecting brain tissues [206]. 
Cai Weiping’s study explored the effects of sodium hes-
peridin on the sarcoma homologue A (RhoA)/Rho-asso-
ciated coiled-coil protein kinase (ROCK) pathway and 
BBB permeability in rats with bacterial meningitis (BM). 
The study demonstrated that sodium aescinate (SA) was 
able to improve brain oedema and BBB permeability in 
rats with BM. These beneficial effects of SA on BBB dam-
age may be attributed to the inhibition of Rohan/ROCK 
pathway activation [170, 207].
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Concluding remarks and future perspective
In recent years, there has been a gradual increase in the 
incidence of depression. However, due to the unique 
structural characteristics of the BBB in neurological 
disorders, active drug molecules are unable to accumu-
late in brain lesions, severely impacting the effectiveness 
of treatment. Therefore, the search for novel and effi-
cient drugs to treat brain diseases has become an urgent 
matter in today’s society. Domestic and international 
research has demonstrated that certain new drug delivery 
systems are capable of partially overcoming the BBB limi-
tations and delivering drugs to focal areas in the brain, 
thus improving therapeutic effectiveness. The research 
and development of new systems have become a focus of 
clinical development. The aim of novel drug delivery sys-
tems, such as nanomedicines, liposomes, microneedles, 
and subcutaneous injections, is to improve drug efficacy 
and reduce side effects while enhancing patient compli-
ance. These systems have advantages in terms of drug 
delivery, enhanced drug efficacy, controlled drug release, 
and other aspects and have achieved certain results in 
clinical development (Table 5).

NDDSs are the foundation of drug formulation 
research and play a pivotal role in the development 
of the global pharmaceutical industry. The focus of 
NDDS research is to optimize drug efficacy and reduce 
unwanted side effects by implementing three fundamen-
tal strategies: targeting space, release time, and dose. The 
scope of NDDSs encompasses various objectives, such 
as controlled drug release, drug targeting, enhanced 

drug stability, the regulation of drug metabolism time, 
improved drug absorption, and overcoming biological 
barriers.

The cornerstone of modernizing Chinese medicine 
lies in the modernization of Chinese medicine formula-
tions. By harnessing the advantages of traditional Chi-
nese medicine in treating brain diseases and integrating 
modern new drug delivery systems, Chinese medicine 
can effectively treat brain diseases and the dosage forms 
of Chinese medicines can be improved. The key factors 
affecting the ability of a drug to cross the BBB include its 
lipid solubility, molecular weight, and dissociated or non-
dissociated form under physiological conditions. NDDSs 
have demonstrated the ability to enhance the ability of 
Chinese medicines to penetrate the BBB and increase 
drug concentrations in the brain. This combination of 
strengths minimizes the adverse effects of Chinese medi-
cines while maximizing their therapeutic benefits.

In conclusion, the vast potential of Chinese medicine 
remains largely untapped. Outdated drug delivery meth-
ods have limited the efficacy of Chinese medicines. The 
application of new drug delivery technologies to Chi-
nese herbal medicines will undoubtedly help to enhance 
the therapeutic efficacy of various Chinese medicinal 
compounds and herbs while reducing the side effects of 
drugs. The progress made by modern science has pro-
vided additional opportunities to explore the benefits 
of Chinese medicine. While new drug delivery systems 
have shown promise in treating brain diseases, they are 
still in their early stages, and numerous challenges are 

Table 5 Novel drug delivery systems in clinical development

Treatment modality System Component Example References

Noninvasive Controlled release capsule (medi‑
cine)

Small molecule compounds Hawthorn Leaf Total Flavonoids 
Extended‑Release Capsules

[208]

Inhalable devices Compound prescription (Chinese 
medicine)

Nebulized inhalation of Chinese 
medicine

[209]

Liposome Small molecule compounds Honokiol Liposome lyophilized 
powder

[210]

Nanoparticles Small molecule compounds Astragalus polysaccharide nanotu‑
mor in situ vaccine

[211]

Transdermal patches Monomers of Chinese medicine Chinese Medicine Acupuncture 
Point Patching

[212]

Invasive Microneedle Compound prescription (Chinese 
medicine)

“Jade Face” soluble microneedle [213]

Implant Monomers of Chinese medicine Epimedium extract nanotube bio‑
mimetic coating

[214]

Microsphere Small molecule compounds Huperzine A Slow‑release micro‑
spheres

[215]

Liposome/nanoparticles Small molecule compounds Ursolic acid nanoliposomes; Pacli‑
taxel liposome

[216, 217]

Hypodermic injection Small molecule compounds Paclitaxel polymer micelles for injec‑
tion

[218]
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encountered. Further research is necessary to refine drug 
delivery carriers and optimize TCM formulations.
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