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Abstract 

The diagnosis of neurodegenerative diseases (NDDs) remains challenging, and existing therapeutic approaches 
demonstrate little efficacy. NDD drug delivery can be achieved through the utilization of nanostructures, hence 
enabling multimodal NDD theranostics. Nevertheless, both biomembrane and non-biomembrane nanostructures 
possess intrinsic shortcomings that must be addressed by hybridization to create novel nanostructures with versa‑
tile applications in NDD theranostics. Hybrid nanostructures display improved biocompatibility, inherent targeting 
capabilities, intelligent responsiveness, and controlled drug release. This paper provides a concise overview of the lat‑
est developments in hybrid nanostructures for NDD theranostics and emphasizes various engineering methodologies 
for the integration of diverse nanostructures, including liposomes, exosomes, cell membranes, and non-biomem‑
brane nanostructures such as polymers, metals, and hydrogels. The use of a combination technique can significantly 
augment the precision, intelligence, and efficacy of hybrid nanostructures, therefore functioning as a more robust 
theranostic approach for NDDs. This paper also addresses the issues that arise in the therapeutic translation of hybrid 
nanostructures and explores potential future prospects in this field.
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Introduction
Neurodegenerative diseases (NDDs) are a diverse group 
of neurological disorders characterized by the progres-
sive loss of neurons in the peripheral nervous system 
or the central nervous system (CNS), leading to cogni-
tive and behavioral deficits [1]. These diseases include 
amyotrophic lateral sclerosis, Alzheimer’s disease (AD), 
multiple sclerosis (MS), Parkinson’s disease (PD), and 
Huntington’s disease (HD). The prevalence of NDDs is 
on the rise due to the aging of the population. The World 
Health Organization has projected that the number of 
individuals with NDDs will triple over the next 30 years 
[1, 2].

Although each NDD has distinct characteristics, sev-
eral common features are observed across these disor-
ders [3]. These include pathological protein aggregation, 

dysfunction of synaptic and neuronal networks, abnor-
mal proteostasis, cytoskeleton abnormality, changes in 
energy metabolism, defects in DNA and RNA, inflamma-
tion, and neuronal cell death (Fig. 1) [4]. The clinical hall-
mark of NDDs, protein aggregation, aids in the diagnosis 
of the condition [5–7]. The spread of neurodegenera-
tion between cells and brain regions is mainly attributed 
to the misfolding of pathological proteins and the quick 
spread of their aggregates [8–11]. Although non-protein 
NDDs also exist, mature protein aggregates are the pri-
mary cause of the illness [12]. Pathologic protein aggre-
gation can occur inside synapses and affect synaptic 
functions [13]. This usually leads to a kind of confusion in 
the neural network [14]. The resultant aberrant neuronal 
death, impaired energy metabolism, oxidative stress, 
protein degradation, and cytoskeletal abnormalities 

Fig. 1  Hallmarks of NDDs. NDDs are a group of disorders that have several common characteristics. Image adapted from David M Wilson 3rd. Cell. 
2023 [4] with permission from Elsevier Inc. Copyright 2022



Page 3 of 16Gao et al. Translational Neurodegeneration           (2024) 13:43 	

are directly linked to synaptic dysfunction [15–17]. As 
a result, numerous hallmarks are associated with and 
involved in NDDs, necessitating the use of multi-target-
ing therapeutics.

Despite the extensive research efforts dedicated 
to studying these disorders, current interventional 
approaches can only ameliorate symptoms rather than 
halting the progression of NDDs [18]. Hence, there is a 
pressing need for treatments that might significantly 
influence the progression of neurodegeneration. Multiple 
pharmaceuticals are now being tested in clinical trials for 
NDDs; however, a significant number of them has been 
discontinued due to inadequate effectiveness or substan-
tial side effects. Hence, to mitigate the adverse effects 
of these traditional treatments, innovative therapeutic 
approaches are needed to achieve successful manage-
ment of NDDs.

Neuronanotechnology is an innovative method to 
circumvent obstacles in delivering drugs to the brain. 
Nanoparticles (NPs) possess distinctive characteristics, 
including customized size, shape, flexibility, and surface 
charge, which permit enhancement of therapeutic bio-
availability and cellular uptake, reduction of drug resist-
ance, and mitigation of side effects [19]. Consequently, 
these materials can serve as suitable vehicles for the 
diagnosis and treatment of NDDs. Various nanomaterial 
platforms, such as polymer-based NPs, dendrimers, lipid-
based NPs, hydrogels, cyclodextrins, carbon-based NPs, 
and metal-based NPs, are utilized for therapeutic deliv-
ery to the brain [20]. There are several advantages associ-
ated with this approach. First, it allows for the controlled 

drug release at a predetermined rate. Second, NPs may 
be delivered either locally or systemically. Third, the NPs 
can remain in the body for a specified duration. Last, this 
approach enables targeted delivery of drugs to the precise 
site of action [21]. There are two primary categories of 
nanostructures that have been developed for nanomedi-
cine applications: biomembrane nanostructures and non-
biomembrane nanostructures (Fig. 2).

Biomembrane nanostructures are formed from 
biomembranes, including liposomes, cell membranes, 
extracellular vesicles (EVs), nanostructured lipid carri-
ers (NLCs), and solid lipid nanoparticles (SLNs). These 
nanostructures possess notable advantages in biocom-
patibility, multifunctionality, and inherent targeting capa-
bility. Furthermore, these nanostructures have the ability 
to encapsulate both hydrophilic and hydrophobic medi-
cations, hence greatly enhancing their versatility [22]. 
Nevertheless, the use of biomembrane nanostructures 
is significantly restricted due to the unregulated drug 
release and inadequate responsiveness. These restrictions 
can be overcome by modifying the surface and using 
targeted ligands. Non-biomembrane nanostructures 
are commonly used in drug carriers, including metal 
nanostructures, polymers, magnetic NPs, micelles, and 
hydrogels, due to their distinctive physical and chemi-
cal characteristics. The non-biomembrane nanostruc-
tures have substantial specific surface area and their 
surface morphology can be modified [23–25]. Moreo-
ver, they can be fabricated  by many techniques, and the 
metal nanostructures have shown therapeutic effects 
on animal models of NDDs [26, 27]. Nevertheless, the 

Fig. 2  Advantages and drawbacks of biomembrane nanostructures and non-biomembrane nanostructures. The color green symbolizes 
the benefits of hybrid nanostructures, while the red color stands for their drawbacks. Image created with Biorender.com
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non-biomembrane nanostructures also have side effects. 
They may induce significant harmful effects on healthy 
cells [28]. Furthermore, nanostructures that are not 
based on biomembranes can be readily eliminated by 
the reticuloendothelial system (RES), exhibit brief blood 
circulation durations, and may accumulate in healthy 
organs such as the liver and spleen, resulting in dimin-
ished therapeutic effectiveness [29]. Consequently, it is 
imperative to enhance the capacity of non-biomembrane 
nanostructures to target NDDs and mitigate their side 
effects [30]. This can be achieved by producing hybrid 
nanostructures.

The hybrid nanostructures have following advan-
tages: (1) long circulation time by reducing nonspecific 
phagocytosis and RES clearance [31]; (2) good biocom-
patibility achieved through modifications in the compo-
sition, shape, and surface chemical characteristics of the 

nanostructures [32]; (3) specific targeting through mech-
anisms that underlie the inherent targeting of biomem-
branes or ligand changes; and (4) potent drug-carrying 
ability for both hydrosoluble and hydrophobic medicines.

There is a scarcity of literature examining the applica-
tion of hybrid nanostructures for the treatment of NDDs 
in animal models. In this paper, we provide a comprehen-
sive review of the engineering strategies for hybrid nano-
structures, as well as the properties and applications of 
hybrid nanostructures in the field of NDD theranostics 
(Fig. 3).

Fig. 3  An overview of the use of hybrid nanostructures in the detection and management of NDDs, covering drug delivery, engineering 
approaches for synthesis, and diagnostic imaging. Image created with Biorender.com
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Engineering strategies for hybrid nanostructures
The primary goal of hybrid methodologies is to enhance 
the targeting precision, the biosafety, and the drug deliv-
ery capabilities of nanocarriers while preserving the 
integrity of the blood–brain barrier (BBB) [33].

Liposomes are the most extensively utilized nano-
structures in biomembrane technology. Natural 
biomembrane-based nanostructures, known as cell 
membrane-based nanostructures, have a distinctive 
biomimetic design and can encapsulate various nano-
cores for the purpose of treating NDDs. EVs are min-
ute membrane vesicles that are released by nearly 
all live cells. They have the ability to traverse diverse 
biological obstacles to access specific cells. The SLN 
is an advanced delivery technology that consists of a 
solid lipid core and a biocompatible surfactant outer 
shell. SLN has several distinctive advantages, includ-
ing a notable drug loading capacity, compact dimen-
sions, increased effective surface area, superior stability 
compared to alternative lipid carriers, biocompatibil-
ity, compatibility with a diverse array of therapeutics, 
minimal toxicity profile, and enhanced solubility and 
permeability. The nanostructures SLN and NLC exhibit 
notable similarities and possess a greater loading capac-
ity [34]. In contrast, metal nanostructures have gained 
considerable interest in the realm of non-biomembrane 
nanostructures because of their distinctive character-
istics. Metal nanostructures can be disseminated or 
contained within metal shells and covalently linked to 
their surfaces, facilitating effective delivery of medici-
nal medications to the brain. Polymeric NPs have been 
extensively studied for the purpose of delivering a wide 
array of treatments to the brain, including tiny hydro-
philic molecules, lipophilic medications, proteins, 
peptides, and several other macromolecules [35]. The 
majority of current magnetic NPs have demonstrated 
nontoxic properties and exhibited favorable absorption 
capacities. Additionally, magnetic NPs have the poten-
tial to be used as diagnostic instruments [36]. Micelles 
possess a hydrophilic shell and a hydrophobic core, 
facilitating the capture of hydrophobic molecules inside 
the core and hydrophilic components within the shell 
[37]. Surface modifications with target active ligands 
can facilitate medication transport to the intended site 
while decreasing off-site distribution [38]. Hydrogels 
possess numerous advantages, including controlled 
drug release, degradability, biocompatibility, and stable 
mechanical strength [39, 40]. Therapeutic medications 
can be released in a continuous and gradual manner 
throughout the body, resulting in long-term disease 
therapy [41].

As stated  above, both biomembrane nanostructures 
and non-biomembrane nanostructures possess inherent 

limitations. Hybrid nanostructures can address the lim-
itations of both methods by enhancing the permeabil-
ity of the BBB and the bioavailability of drugs. Various 
methods can be used to achieve hybridization (Fig. 4).

Co‑extrusion
The most widely used method for producing synthetic 
liposomes is co-extrusion, usually referred to as physical 
extrusion [26]. The biomembrane and non-biomembrane 
nanostructure suspensions are combined in a specific 
ratio during the co-extrusion process. A porous filter 
membrane of the extruder with an appropriate size of 
pores was used to co-extrude the combined suspension 
several times [42]. After extrusion, hybrid nanostructures 
are generated by membrane wrapping of the nano core 
[43]. In the study by Khongkow et al., for instance, extru-
sion was utilized to hybridize gold NPs and exosomes, 
and the resulting hybrid nanostructures showed suc-
cessful brain targeting [44]. Moreover, studies have been 
conducted on hybrid manganese dioxide NPs made from 
macrophage membranes using the co-extrusion method 
[45]. The co-extrusion process is straightforward and 
easy to conduct, and can fabricate hybrid nanostructures 
of the desired size by modifying the pore size of the filter 
membrane  [46]. However, this method causes a signifi-
cant waste of resources due to the inability to guarantee 
complete encapsulation of non-biomembrane nanostruc-
tures into biomembrane nanostructures.

Ultrasound
Ultrasound treatment of a mixture of non-biomembrane 
and biomembrane nanostructures leads to the spon-
taneous generation of hybrid nanostructures [47–49]. 
Currently, hybrid nanostructures produced using this 
method have been tested in animal models of NDD. For 
example, superparamagnetic iron oxide nanoparticles 
(SPIONs), which are hybrid structures made of exosomes 
and polymers, have the ability to transport medications 
to the brain and improve the effectiveness of treatment 
[27, 50]. Compared to the co-extrusion method, the 
ultrasonic method is more simple to operate and cause 
less material loss. On the other hand, the membrane 
coating caused by the ultrasonic approach might not be 
uniform, and the NPs will be broken during the long-
term ultrasonic process [31].

Direct incubation
Sonication and physical extrusion are time-consuming 
and require much work. These methods also have a risk 
of compromising the integrity of biomembrane proteins 
[51]. Direct incubation is an approach that avoids these 
drawbacks. Hybrid nanostructures can be fabricated by 
directly incubating non-biomembrane nanostructures 
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with cells or biomembrane nanostructures. For instance, 
Kutchy et  al. produced a hybrid nanostructure through 
direct cell incubation with ultrasminy superparamagnetic 
iron oxide followed by isolation using a qEV column [52]. 
Hydrogels [53, 54] or gold NPs [55] can be hybridized 
with biomembrane nanostructures, extracellular vesicles, 
or exosomes produced by cells to produce hybrid nano-
structures that may be useful for the detection or treat-
ment of NDDs.

Direct mixing
The aforementioned techniques mostly target mem-
brane-containing nanostructures. Hybrid nanostructures 
cannot be fabricated with non-biomembrane nanostruc-
tures using the aforementioned techniques. Under some 
circumstances, biomembrane nanostructures can be 
combined directly with non-biomembrane nanostruc-
tures to induce hybridization. To treat PD, Uppuluri et al. 
loaded drug-containing SLNs in a thermoresponsive 
Methyl Cellulose in  situ gel, producing a hybrid struc-
ture, which was shown to increase the drug delivery effi-
ciency [56]. Furthermore, in the study by Adnet et  al., 

drug-loaded liposomes were combined with in  situ gels 
to fabricate hybrid nanostructures that could be used to 
treat AD specifically [57].

Thin film hydration
One of the conventional techniques for fabricating   
hybrid nanostructures is the thin film hydration method. 
This procedure involves mixing lipids with an organic 
solvent and removing the organic solvent using rotary 
evaporation [58]. By hybridizing liposomes and SPIONs, 
Saesoo et  al. developed a hybrid nanostructure that 
increases the drug delivery efficiency and BBB penetra-
tion [59]. This technique was further refined by Shi et al. 
and is known as the lipid thin film dehydration method 
[60]. Due to the use of hazardous chemical solvents, the 
process has potential toxicity, although it is relatively well 
established and the equipment is straightforward [58].

Emulsification–solvent evaporation method
The emulsification–solvent evaporation method involves 
creating an emulsion by stirring or ultrasonic emulsifi-
cation of the aqueous and the  organic phases and then 

Fig. 4  Six engineering strategies for hybrid nanostructures, including (1) co-extrusion, (2) ultrasound, (3) direct incubation, (4) direct mixing, (5) thin 
film hydration and (6) emulsification-solvent evaporation method. Image created with Biorender.com
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evaporating the organic phase to cause the dispersion 
phase to encapsulate the medication to create nano-
structures [61]. For instance, Gomes et  al. hybridized 
SLNs and polymers to create hybrid nanostructures that 
show improved ability to target the brain [62]. Although 
there are numerous variables influencing the properties 
of hybrid nanostructures throughout the fabrication pro-
cess, this technique has advantages of easy preparation 
and high reproducibility [61].

Other hybridizing methods
In addition to the techniques mentioned above, hybrid 
nanostructures can also be generated using techniques 
such as in situ packaging, freeze‒thaw/ultrasound, extru-
sion/ultrasound and stirring, and extrusion/electropora-
tion [43].

Applications in NDD diagnosis
In the early stages of NDDs, patients are usually asymp-
tomatic, and imaging techniques may provide useful 
adjunctive information [63]. In advanced stages, the diag-
nosis of NDDs is largely based on clinical assessment 
and imaging. Patients usually go to hospitals with symp-
toms present for a long time. Therefore, early diagnosis 
and screening for NDDs is crucial. The diagnostic tools 
for NDDs are very complex, and early stages of various 
NDDs show many overlapping symptoms that are diffi-
cult to distinguish and differentiate.

NPs are an important tool for molecular imaging 
involving multiple modes and functions. Superparamag-
netic iron oxide, gold NPs/nanorods, manganese oxide 
(MnO), and quantum dots exhibit distinct characteris-
tics, such as paramagnetism, surface plasmon resonance, 
superparamagnetism, and photoluminescence. These 
characteristics render them suitable for imaging, treat-
ment, and drug delivery applications. Techniques used 
for targeted imaging include magnetic resonance imag-
ing, positron emission tomography, single photon emis-
sion computed tomography, photoacoustic imaging, 
computed tomography (CT), two photon or fluorescent 
imaging, and ultrasound (Fig. 5) [64].

The main nanostructure hybridization approach inves-
tigated for the diagnosis of NDDs is the combination 
of non-biomembrane nanostructures with exosomes. 
Exosomes are membrane vesicles that originate from 
cells and have a size range of 40–100 nm [65]. Exosomes 
commonly consist of biological constituents derived from 
parental cells, including mRNAs, transport proteins, or 
proteins associated with distinct cellular functions [66]. 
Exosomes have the capacity to traverse biological bar-
riers, such as the BBB, due to their signaling molecules, 
optimum size and membrane coating. Consequently, 
they may serve as a potent diagnostic tool [67]. How-
ever, there are still two major challenges in the field of 
exosome research: the ability to prepare exosomes con-
sistently and the effectiveness of tracking exosomes in 

Fig. 5  Hybrid nanostructures for the diagnosis of NDDs. Image created with Biorender.com
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living organisms. Non-biomembrane nanostructures 
offer numerous benefits that can address the limitations 
of exosomes [68]. NPs coated with exosomal membranes 
have been used for imaging and treatment in animal mod-
els of NDDs. In a previous study, Au NPs were modified 
with neuron-targeted exosomes with the Lamp2b-rabies 
virus glycoprotein (RVG) and glycosylation-stabilized 
peptides on their surface [44]. Bioluminescent imag-
ing of the mouse brain revealed that the Au NPs can 
traverse the BBB and specifically target brain cells both 
in vitro and in vivo. Compared with Au NPs coated with 
unmodified exosomes, the Au NPs coated with RVG-
exosomes crossed the BBB more effectively and exhibited 
greater accumulation in brain cells. This study presents 
a promising method for overcoming the BBB obstacle 
and could lead to the development of efficient diagnos-
tic techniques for NDDs [44]. CT imaging can be used to 
track exosomes loaded with Au NPs in vivo. For example, 
exosomes produced from bone marrow mesenchymal 
stem cells (MSCs) that were loaded with glucose-coated 
Au NPs were administered in murine models (AD and 
PD) through the intranasal route. Results showed that the 
exosomes specifically targeted and accumulated in path-
ologically relevant brain regions, with efficacy observed 
up to 96 h after administration [69].

Currently, the sole hybrid nanostructure for the diag-
nostic purposes of NDDs is composed of exosome-
coated gold NPs. This hybridization technique has shown 
potential in enhancing disease diagnosis in experimental 
models. In future studies, more types of hybrid nano-
structures should be explored for their applications in 
NDD diagnosis.

Applications in NDD treatment
NDDs are difficult to treat. A major obstacle in the man-
agement of NDDs is the difficulty of medications to over-
come the BBB barrier and selectively target neuronal 
cells [26]. The current therapeutics mostly aim to delay 
the progression of the diseases, rather than targeting the 
fundamental etiology [70]. Hybrid nanostructures, which 
involve the combination of biomembrane nanostructures 
with non-biomembrane nanostructures, show a substan-
tial increase in BBB permeability and precise targeting of 
lesion sites in NDDs. This leads to major improvements 
in both diagnostic accuracy and therapeutic efficacy.

NDDs exhibit some common pathological character-
istics, including neuronal loss, aberrant accumulation 
of protein aggregates, and persistent inflammation in 
specific brain areas [71]. Therefore, hybrid nanostruc-
tures are able to treat a wide range of NDDs by targeting 
these common pathological features. Li et  al. designed 
macrophage-disguised MnO2 NPs loaded with fingoli-
mod, and found that these NPs could consume reactive 

oxygen species (ROS) and produce oxygen (O2). Fur-
thermore, the  NPs can counteract the proinflammatory 
milieu by facilitating the phenotypic transformation of 
microglia via various signaling pathways, hence enhanc-
ing the protective effects on injured neurons [45]. Feng 
et  al. developed a mesoporous Prussian blue nanozyme 
(MPBzyme@NCM) with a neutrophil-like cell-mem-
brane (NCM) coating. They found that the MPBzyme@
NCM can traverse the BBB and scavenge ROS when 
administered intravenously. Compared with both nondif-
ferentiated HL-60 cell membrane coating and noncoated 
condition, the NCM coating resulted in sustained accu-
mulation of MPBzyme@NCM in the damaged brain [72].

Hydrogels are a three-dimensional cross-linked poly-
meric network that possesses a very hydrophilic structure 
[41]. Hydrogels have been extensively employed in the 
therapeutics of diverse diseases owing to their advanta-
geous properties, including biodegradability, biocompat-
ibility, robust mechanical integrity, and controlled release 
of drugs [39, 40]. Long-term neuroinflammation poses 
a significant barrier to neurological recovery in the con-
text of neurodegenerative disorders. Zhang et  al. devel-
oped a method to combine hydrogels with exosomes to 
deliver exosomes derived from interleukin-1β-stimulated 
bone marrow stromal cells (βExos) in a sustainable man-
ner. This approach enhances exosome production and 
anti-inflammatory capabilities, leading to the inhibition 
of neuroinflammation and promotion of neurological 
recovery. Following in situ injection into the brain injury 
site, the released βExos effectively regulated neuroinflam-
mation, resulting in considerable reductions of glial scar 
formation and neuronal loss [54]. Similarly, exosomes can 
be combined with SPIONs to create hybrid nanostruc-
tures that specifically target and treat animal models of 
NDDs. In the study by Peng et al. [27], the ROS-respon-
sive polymer poly(propylene sulfide)-polyethylene glycol 
(PPS-PEG) were loaded with SPIONs and hydrophobic 
curcumin to form the micellar core (PP@Cur). The outer 
layer (PR-EXO) was formed by embedding SA-P (stearic 
acid-RQIKIWFQNRRMKWKK) and SA-RVG  (stear-
ylamine-YTIWMPENPRPGTPCDIFTNSRGKRASNG) 
into the phospholipid bilayer of exosomes. The self-ori-
ented nanocarrier (PR-EXO/PP@Cur) was fabricated  by 
mixing the outer layer and the core and passing them 
through an extruder. After intranasal treatment, brain 
accumulation of PR-EXO/PP@Cur was observed within 
12  h of nasal treatment (Fig.  6a, b). Furthermore, cur-
cumin accumulation in the brain was detected ex  vivo 
at 6  h after nasal administration of PR-EXO/PP@Cur 
(Fig. 6c). Compared to other treatment groups of MPTP 
(1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) PD 
mice, three weeks of PR-EXOs/PP@Cur treatment led 
to significantly decreased microglial infiltration in PD 
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mice (Fig.  6d). Additionally, the administration of PR-
EXOs/PP@Cur restored microglial morphology (Fig. 6e), 
decreased the concentrations of proinflammatory fac-
tors, such as TNF-α, interleukin (IL)-1β, and IL-6, while 
increasing the anti-inflammatory factor IL-10 in PD mice 
(Fig. 6f ). Among the NPs tested, mice with PR-EXO/PP@
Cur treatment exhibited the most pronounced enhance-
ment in movement behavior and coordination ability 
(Fig. 6g, h) [27].

There are also studies focusing on the effects of hybrid 
nanostructures on specific pathological symptoms of a 
particular NDD [27, 50, 73, 74]. In the following, we will 
focus on three diseases: AD, PD, and MS.

AD
AD is the prevailing type of dementia globally, with an 
estimated prevalence ranging from 50% to 80% of cases 
[75]. The etiology of AD is intricate, and its pathophysi-
ology remains elusive. The main pathological charac-
teristics include atypical accumulation of beta-amyloid 
protein (Aβ), aberrant phosphorylation of tau protein, 
and inflammation of the brain system, among other 
potential factors [76]. Currently, there are still few avail-
able therapies for AD.

One of the main treatments for AD that is being devel-
oped clinically is passive immunotherapy. Aβ peptide 
deposition is thought to be the primary initiator of neu-
rodegenerative processes in AD [77]. Recent research 
shows that monoclonal antibodies can slow early AD 
progression and stimulate Aβ elimination from the 
brain. The antibodies bapineuzumab, solanezumab, 
crenezumab, gantenerumab, aducanumab, lecanemab, 
and donanemab have progressed the furthest in clinical 
development. The antibodies lecanemab, donanemab, 
and aducanumab can remove > 60% of Aβ deposits after 
18 months of treatment, and have demonstrated efficacy 
in slowing clinical decline [78]. Lecanemab, however, 
was the first to obtain complete Food and Drug Admin-
istration (FDA) approval. Furthermore, only people with 
mild to moderate AD might benefit from monoclonal 

antibody medications in terms of cognitive performance. 
During treatment, doctors must be aware of the possible 
side effects including cerebral edema [79]. Researchers 
have investigated the potential therapeutic benefits of 
hybrid nanostructures in AD.

Cell membrane-coated NPs have been extensively 
studied as a potential solution to address this issue. This 
approach enhances the overall efficiency of nano-drug 
delivery systems [43]. Tang et al. fabricated macrophage 
membrane-encapsulated, rapamycin-loaded 4-(hydroxy-
methyl) phenylboronic acid pinacol ester NPs that are 
responsive to ROS. They found that the biomimetic NPs 
could specifically target the ROS region and release phar-
maceuticals, with enhanced efficacy in drug delivery [80]. 
While their study tested application of the biomimetic 
NPs in atherosclerosis, these results also imply poten-
tial for AD as ROS also increase in AD. Thus, studies of 
hybrid NPs for the treatment of AD are anticipated.

Due to the biocompatibility and slow release properties 
of hydrogels, Cunha et al. developed in situ thermosensi-
tive nasal gels with hybridized NLCs for direct delivery 
of rivastigmine to the brain. This nanosystem showed 
adequate nasal mucoadhesion and sustained drug 
release, providing a promising new treatment strategy for 
advancing the management of AD [81]. Adnet et al. inte-
grated the liposome and hydrogel methodologies to cre-
ate a composite nanosystem for nasal AD treatment. The 
results showed increased drug residence time in the nasal 
cavity and regulated release of the drug [57]. In a recent 
study examining the capacity of NPs and exosomes to 
improve neurological illnesses, copper sulfide NPs and 
exosomes produced from MSCs were administered 
together in rats with cadmium (Cd)-induced neurological 
disorders. The combined treatment improved total anti-
oxidant status, increased BDNF and NGF, and showed 
anti-inflammatory effects. Histological assessments dem-
onstrated that the combined treatment reduced the del-
eterious impacts of Cd on brain tissue [82].

In summary, hybrid nanostructures increase drug load-
ing capacity, extend drug circulation time, improve drug 

Fig. 6  Biodistribution of drugs in the brain and therapeutic effects in vivo after nasal administration. a Fluorescence intensity of Cy7 in the brains 
of PD mice. b The mean fluorescence intensity of Cy7 in the mouse brain regions quantified from a. c Ex vivo biodistribution of different NPs 
in PD mouse brains after 6 h of nasal administration. Labels I–VI in panels a and c represent PBS, PP@Cur, EXO/PP@Cur, P-EXO/PP@Cur, R-EXO/
PP@Cur, and PR-EXO/PP@Cur, respectively. Data are presented as the mean ± SD (n = 3). d Immunofluorescence staining of Iba-1 in the substantia 
nigra of wild-type and PD mice treated with different NPs. e Magnified images of microglia in wild-type mice (I), PD mice (II), and PD mice treated 
with the PR-EXO/PP@Cur nanocarriers (VI). f Serum concentrations of TNF-α, IL-1β, IL-6, and IL-10 in wild-type and PD mice treated with different 
NPs (n = 4). g Trajectories of wild-type and PD mice treated with different NPs in the open-field test. Labels I–VII in panels d, e and g represent 
Wild-type, MPTP-PD, PP@Cur, EXO/PP@Cur, PR-EXO133b–/PP@Cur, PR-EXO/PP@Cur, and PR-EXO/PP@Cur, respectively. h Total distance travelled, 
speed, and total resting time of wild-type and PD mice treated with different NPs in the open-field test. Scoring of wild-type and PD mice treated 
with different NPs in the pole-climbing test. Data are presented as the mean ± SD (n = 5). Student’s t test: *P < 0.05; **P < 0.01; ***P < 0.001; ns, 
not significantly different. Adapted from Peng H, et al. ACS Nano. 2022 [27] with permission from the American Chemical Society. Copyright 2022

(See figure on next page.)



Page 10 of 16Gao et al. Translational Neurodegeneration           (2024) 13:43 

Fig. 6  (See legend on previous page.)
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targeting, and achieve therapeutic effects in AD treat-
ment. Nevertheless, this strategy has not been extensively 
studied for AD treatment, and most of them are still in 
the preclinical stage (Table 1).

PD
PD remains untreatable. Current therapeutic strate-
gies primarily aim to enhance dopaminergic signaling. 
These therapies include levodopa (L-dopa) that inhib-
its DOPA decarboxylase, inhibitors of catechol-O-
methyltransferase, dopamine agonists, and inhibitors 
of the enzyme monoamine oxidase type B [83]. Regret-
tably, the aforementioned treatments solely alleviate 
symptoms without impeding the clinical and patholog-
ical progression of PD [84].

The advancement of hybridization technology offers 
a viable approach for the management of PD. Liu et al. 
fabricated a RVG-exosome (REXO)-coated gene-
chem nanocomplex  REXO-C/ANP/S, by hybridising 
exosome and polymer. This nanocomplex effectively 
concentrates medications at the action site of a target 
cell. At the cellular and animal levels, the functions of 
REXO-C/ANP/S in  clearing α-syn aggregates through 
the BBB and facilitating membrane fusion have been 
verified. This delivery system achieved efficient admin-
istration of siRNA and chemical drugs and reduced 
α-syn aggregates in diseased dopaminergic neurons 
[50]. In another study, to ensure effective transporta-
tion of piribedil to the brain, the SLNs were encapsu-
lated in a thermoresponsive methyl cellulose in situ gel 
(PBD-SLN-ISG) to delay mucociliary clearance after 
oral administration in rats. Pharmacokinetic experi-
ments conducted in living organisms demonstrated 
that compared with simple intranasal suspensions of 

PBD (PBD-Susp), PBD-SLN-ISG resulted in a 4-fold 
increase in the PBD (AUC)brain and a 2.3-fold decrease 
in PBD  (Cmax)plasma. In addition, PBD-Susp showed 
limited direct absorption from the nose to the brain, 
while the optimized PBD-SLN-ISG demonstrated effi-
cient direct nose-to-brain absorption [56].

MS
MS is an immune-mediated inflammatory disease of the 
the CNS, characterized by the presence of inflammatory 
lesions, demyelinating plaques, and irreversible dam-
age to axons as the disease progresses [85]. Relapsing–
remitting MS is the most common MS phenotype and 
is characterized by recurring relapses and remissions of 
neurological symptoms in affected individuals [86]. The 
aim of MS treatment is to minimize relapses and slow the 
course of the disease [87]. Disease-modifying treatments 
(DMTs) are commonly employed in long-term manage-
ment to provide therapeutic advantages by inhibiting or 
regulating immune function and inflammatory responses 
[87, 88]. Nevertheless, the existing DMTs currently dem-
onstrate restricted efficacy in arresting the course of MS 
[89].

With the advent of stem cell therapies, Ferreira et  al. 
employed hydrogels and liposomes as a means to fabri-
cate hybrid nanostructures for the purpose of delivering 
MSCs in the context of MS treatment. The engineered 
hydrogel carrying MSCs was administered intracere-
broventricularly in an experimental autoimmune enceph-
alomyelitis rat model. Compared with cell suspensions, 
the formulated solution was more effective in decreas-
ing the severity of the disease and achieving maximum 
clinical score. Therefore, the hybrid nanostructures may 
provide a promising avenue for addressing the challenges 

Table 1  Summary of studies on hybrid nanostructures based on biomembrane and non-biomembrane nanostructures for the 
treatment of AD

API, Active Pharmaceutical Ingredient; CuSNP, copper sulfide nanoparticle; MSC-Exo, exosomes derived from mesenchymal stem cells

Nanomedicine Biomembrane 
nanostructure

Non-
biomembrane 
nanostructure

Method of administration Therapeutic effects Research stage Reference

Liposomes of API Liposomes Hydrogel Intranasal administration Prolong API release 
and increase API residence 
time

In vitro [57]

MSC-Exo + CuSNPs MSC-Exo CuSNPs Oral administration Ameliorate the oxidative 
stress and inflammatory mark‑
ers; protect neurons

In vivo [82]

In situ gel 
of rivastigmine-
loaded NLC

NLC In situ gel Intranasal administration Increase the viscosity 
and the mucoadhesion; show 
prolonged drug release

In vitro [81]
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associated with existing therapeutic approaches in the 
treatment of MS [90].

Others
NDDs include many diseases. We searched literature 
in PubMed and the Web of Science using the follow-
ing keywords: (((((((((((Hybrid Nanostructures[Title]) 
OR (liposome[Title])) OR (cell membrane[Title])) OR 
(extracellular vesicle[Title])) OR (nanostructured lipid 
carriers[Title])) OR (solid lipid nanoparticles[Title])) 
OR (metal nanostructure[Title])) OR (polymer[Title])) 
OR (magnetic nanoparticle[Title])) OR (micelle[Title])) 
OR (hydrogel[Title])) AND (((((((((Neurodegenerative 
diseases[Title]) OR (Alzheimer disease[Title])) OR (Par-
kinson disease[Title])) OR (primary tauopathies[Title])) 

OR (frontotemporal dementia[Title])) OR (amyotrophic 
lateral sclerosis[Title])) OR (synucleinopathies[Title])) 
OR (Huntington disease[Title])) OR (related polyglu-
tamine (polyQ) diseases[Title])). However, we found no 
studies using hybrid nanostructures as carriers for the 
treatment of other NDDs.

Cholesterol production is markedly reduced in animal 
models of HD, and this is closely correlated with both 
synaptic dysfunction and cognitive impairment [91]. One 
potential HD treatment is to increase the amount of cho-
lesterol through effective delivery to the brain [92]. In the 
study by Tosi et  al., polylactic-co-glycolic acid (PLGA) 
and cholesterol were mixed to generate a novel NP that 
could transfer peripheral cholesterol across the BBB. 
The conjugated g7-glycopeptide ​(H​2N​-Gl​yl-​Phe​-D​-T​

Fig. 7  Challenges and perspectives of hybrid nanostructures for AD treatment. Image created with Biorender.com
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hr-​Gly​-L​-P​he-​L​-Le​u-​L-​Ser​[O​-β​-D-glucose]-CONH2) on 
the surface of the NPs promotes the passage of particles 
across the BBB in a non-invasive manner by producing 
BBB membrane curvature and subsequent endocytosis 
[93]. In a more recent study by the same research group, 
the cholesterol and PLGA hybrid NPs modified with g7 
(g7-PLGA-cholesterol) were found to be taken up by 
neurons mainly through the clathrin-dependent mecha-
nism, and the g7-glycopeptide had a major effect on the 
interaction between the NPs and the cells. However, if 
the passage through the BBB is mediated by receptors, 
the amount of NPs that could reach the brain would be 
lower due to the potential saturation of these receptors. 
In conclusion, this gives us optimism for HD therapies 
and the use of hybrid nanostructures in the treatment 
of NDDs, even though this NP is not a hybridization of 
biomembrane and non-biomembrane nanostructures 
[94]. Research on the benefits of hybrid nanostructures in 
medicine delivery is currently lacking. Next, it is impera-
tive to achieve accurate treatment outcomes by regu-
lating and targeting the pathological environment in a 
targeted manner.

Conclusions and prospects
NDD diagnosis and treatment are challenging. Many 
patients missed timely treatment due to delayed diag-
nosis. In addition, the longer the treatment duration is, 
the more detrimental the treatment outcome will be [95]. 
The nanotechnology holds great potential in the field of 
NDDs. Nanostructures can effectively transport pharma-
ceuticals to the brain while preserving the integrity of the 
BBB, hence serving as a therapeutic platform. This article 
describes various hybrid approaches involving biomem-
brane and non-biomembrane nanostructures. These 
methodologies possess distinct merits and shortcom-
ings. Hybrid nanostructures hold significant value in the 
field of diagnosis and treatment of NDDs. Currently, the 
primary focus of research on hybrid nanostructures for 
the treatment of NDDs lies in the areas of AD and PD. By 
employing certain modification techniques [26], hybrid 
biomembrane nanostructures and non-biomembrane 
nanostructures have demonstrated significant therapeu-
tic efficacy in basic research on NDDs.

However, the hybrid technology is primarily confined 
to experimental research and has yet to reach clinical 
implementation. To achieve the desired performance, 
several modification techniques are needed [33], such as 
genetic engineering, covalent coupling, and non-covalent 
modifications. The modification approaches play a cru-
cial role in enhancing the BBB penetration and the brain-
targeting capabilities of hybrid nanostructures.

Despite the promising advancements in hybrid nano-
structures, there are several obstacles that must be 

addressed (Fig.  7). (1) The features of biological mem-
brane nanostructures, such as cell membrane and 
exosomes, vary depending on the origin and the  con-
stituent membrane elements. Hybrid techniques that 
combine the distinct characteristics of different biologi-
cal membranes are recommended. (2) Currently, stud-
ies of hybrid nanostructures for the treatment of NDDs 
in animal models are primarily focused on AD and PD. 
However, it is important to conduct further research on 
the treatment of other NDD diseases. (3) Many diseases 
are caused by more than one single pathological factor. 
Employing multi-target treatment strategies may sig-
nificantly enhance therapeutic outcomes. (4) Proteins 
present on the biomembrane have the potential to elicit 
immunological responses. Biomaterials are present in 
non-biomembrane nanostructures. Further studies are 
warranted to examine the immunogenicity and potential 
side effects of biomembrane nanostructures before their 
clinical translation. (5) Additionally, standardization of 
the separation method for biomembrane nanostructures 
and the hybrid technology for fabricating hybrid nano-
structures remains unresolved. Addressing these con-
cerns may pave the way for therapeutic applications of 
hybrid nanostructures.
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