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ARTICLE INFO ABSTRACT

Keywords: The blood-brain interface poses formidable obstacles in addressing neurological conditions such
Drug dell‘_/ery ] as Alzheimer’s, Multiple Sclerosis, brain cancers, and cerebrovascular accidents. Serving as a
Blood-brain barrier safeguard against potential threats in the blood, this barrier hinders direct drug delivery to

Lipid nanoparticles affected cells, necessitating specialized transport mechanisms. Within the realm of nanotech-

nology, the creation of nanoscale carriers, including macromolecules such as polymers, lipids, and
metallic nanoparticles, is gaining prominence. These carriers, tailored in diverse forms and sizes
and enriched with specific functional groups for enhanced penetration and targeting, are
capturing growing interest. This revised abstract explores the macromolecular dimension in un-
derstanding how nanoparticles interact with the blood-brain barrier. It re-evaluates the structure
and function of the blood-brain barrier, highlighting macromolecular nanocarriers utilized in
drug delivery to the brain. The discussion delves into the intricate pathways through which drugs
navigate the blood-brain barrier, emphasizing the distinctive attributes of macromolecular
nanocarriers. Additionally, it explores recent innovations in nanotechnology and unconventional
approaches to drug delivery. Ultimately, the paper addresses the intricacies and considerations in
developing macromolecular-based nanomedicines for the brain, aiming to advance the creation
and evolution of nanomedicines for neurological ailments.

1. Introduction

Physiological barriers such as the blood-brain barrier (BBB), intestinal barrier, and cerebrospinal fluid barrier prevent the entry of
external substances into the brain [1]. Among these, the BBB operates as a sophisticated, dynamic, and adaptable interface that ex-
changes materials between the central nervous system (CNS) and the circulatory system, safeguarding the CNS as its most impene-
trable barrier. This barrier is defined by a periphery of astrocytic endfeet, lumen, and pericyte cells, and is fundamentally made up of a
web of tightly bound brain endothelial cells [2,3].
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Within the BBB, endothelial cells are linked by tight junctions that create a network that restricts intercellular communication.
Pericytes, or microvascular mural cells, play a significant role in managing the BBB’s regulatory functions and lend structural support
to the brain’s capillary endothelium. These cells, along with the endothelial cells, are structurally integrated into the BBB via the basal
lamina and astrocytic perivascular endfeet [4]. Due to the chemical equilibrium maintained by astrocytes, neurons in the vicinity of the
BBB can effectively communicate. These interacting cells at the barrier manage the operations of tight junctions, transportation
systems, and enzymatic frameworks. The processes of astrocytes encircling the brain capillaries are instrumental in the early estab-
lishment of endothelial tight junctions [5].

They are also responsible for secreting factors that augment cellular proliferation and differentiation [6]. In the context of
inflammation, activated perivascular macrophages and microglia can act as a component of the brain’s immune defense. The BBB’s
robust architecture selectively filters out foreign entities and toxic agents, enabling only certain molecules, such as oxygen, carbon
dioxide, glucose, and ethanol, to permeate through specialized transport mechanisms [7]. This selective permeability of the BBB
presents a significant hurdle in developing efficacious treatments for neurological disorders like Alzheimer’s, stroke, glioma, and
Parkinson’s disease, as it impedes the delivery of therapeutic agents [8]. Solutions to overcome these challenges are actively being
researched. One promising approach involves the use of nanotechnology. Nanomaterials crafted from polymers, lipids, and inorganic
substances are proving to be particularly efficacious in medication delivery across the BBB. These nanocarriers can be engineered to
exploit various transport mechanisms, such as passive diffusion, carrier-mediated transport, transport through aqueous channels, and
active transport involving protein carriers with specific binding sites. By designing nanoparticles that can mimic or hijack these
transport pathways, researchers can enhance the delivery of drugs to the CNS. The selectively semipermeable nature of the BBB
typically hinders the entry of molecules needed to manage various ailments, including small-molecule pharmaceuticals and
protein-based treatments. Modes of transport through the BBB encompass passive diffusion, carrier-mediated transport, transport
through aqueous channels, and active transport involving protein carriers with specific binding sites [9]. The trafficking of substances
across the BBB is contingent upon both transcellular and paracellular diffusion mechanisms. Transcellular diffusion permits the
movement of lipophilic molecules across the endothelial cell membranes, while paracellular diffusion is tightly regulated by junctional
complexes that limit the passage of small polar molecules [10].

The regulation of the BBB is pivotal for drug distribution [11]. Tight junctions have been observed to loosen, thereby increasing
permeability under certain pathological states. Receptors capable of modulating the BBB have been thoroughly examined and cata-
loged [12]. Adenosine triphosphate, for instance, has been identified to influence the barrier through ligand-receptor interactions and
endocytosis processes [13]. Alterations in specific chemical concentrations can also affect signaling pathways, thereby modifying
physiological reactions. The practicability and potency of nano-based delivery systems are under active scrutiny.

Comprehending the interplay between endothelial cells and astrocytes within the BBB could enhance treatments for conditions that
affect BBB integrity and permeability [14]. Utilizing steroids and other therapeutic compounds can facilitate the repair and increased
permeability of the BBB, thus allowing medications to pass into the brain from the bloodstream [15]. Although the modulation of the
BBB is strategic, additional research is necessary to refine drug delivery systems that enable significant therapeutic agents to penetrate
the brain’s cortex [16,17]. Conversely, functional nanomaterials are poised to transform the therapeutic landscape for a plethora of
conditions, such as cancer and infectious diseases [18]. The Food and Drug Administration (FDA) has approved several lipid and
polymer-based nanomedical formulations for clinical use, which have shown promise in treating breast and lung cancers [19], largely
due to their proficiency in facilitating drug transit across the BBB, which is crucial for treating brain metastases that can arise from
primary cancers such as breast cancer. For instance, nanoparticles can be functionalized with ligands that target specific receptors on
the BBB, thereby enhancing drug delivery to the brain [20]. These targeted nanocarriers can improve the specificity and efficiency of
drug delivery, reducing side effects and increasing therapeutic efficacy. In addition to nanotechnology, other innovative strategies are
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Fig. 1. Schematic representation of different types of nanoparticles (NPs) divided into polymeric, inorganic, and lipid-based nanocarriers.
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being explored. The modulation of the BBB using pharmacological agents can temporarily increase its permeability, allowing thera-
peutic compounds to enter the brain. Steroids and other compounds have been shown to facilitate the repair and increased perme-
ability of the BBB [21]. Moreover, understanding the interplay between endothelial cells and astrocytes within the BBB can lead to the
development of treatments that maintain or restore BBB integrity and functionality. This research aims to provide a synopsis of the
most advanced nanotechnological innovations devised for the treatment of central nervous system (CNS) ailments. It discusses the
roles of polymer, lipid, and inorganic nanocarriers within these drug delivery systems and highlights the potential of these approaches
to overcome the challenges posed by the BBB. By leveraging these innovative solutions, significant progress can be made in the
treatment of neurological disorders, ultimately improving patient outcomes. (Fig. 1).

2. The use of nanocarriers for drug delivery

Nanotechnology stands as a formidable tool with applications in the treatment of diseases like cancer, heart disease, and infectious
diseases such as bacterial infections, viral infections (including influenza and HIV), fungal infections (such as candidiasis), and
parasitic infections (like malaria). For example, nanocarriers, which are nanomaterials designed for drug transport, enhance the
solubility and bioavailability of drugs that are typically poorly soluble, thereby improving their efficacy while reducing side effects
[22,23]. The principal strategies for ferrying nanocarriers across the BBB for cerebral drug delivery (Table 1, Fig. 2) include (i) the
disruption of tight junctions between endothelial cells or inducing localized toxic effects to facilitate drug/nanoparticle (NP) pene-
tration; (ii) transcytosis or a combination of transcytosis and endocytosis through endothelial cells; (iii) employing endocytic endo-
cytosis to transport substances through endothelial cells, wherein the cargo is discharged into the cytoplasm and subsequently
exocytosed on the abluminal side of the endothelial cells [24,25].

The aspiration is for targeted nanocarrier drug delivery systems to supersede existing methods. The binding of specific surface
ligands to nanocarriers, such as targeting antibodies, can enhance the selectivity and permeability of these systems through molecular
recognition. NP-based systems allow for the controlled release of the drug payload or for release that is responsive to external stimuli,
such as changes in pH or temperature. Dodecamer peptide (G23)-functionalized polydopamine-coated curcumin-loaded zein nano-
particles (CUR-ZpD-G23 NPs) efficiently traversed the BBB, delivering curcumin to glioblastoma cells and enhancing cellular uptake.
These NPs inhibited proliferation, and migration, induced apoptosis in C6 glioma cells, and demonstrated circulation post-intravenous
injection in zebrafish, showcasing potential as a targeted GBM therapy. Bradykinin aggregation-induced-emission nanoparticles
(BK@ALIE NPs) are designed for enhanced penetration through the blood-tumor barrier and efficient absorption in the near-infrared
region. Under a 980 nm NIR laser, BK@AIE NPs demonstrate high photothermal conversion, effectively treating deep-seated glio-
blastomas and activating local brain immune responses [27,40-42].

Table 1
Some of the recent nanomedicine for BBB penetration and their exclusive properties.
Platform Type Size (nm) Therapeutic agent Application Ref.
Liposomes Lipid-Based 100to 125 Doxorubicin Chemotherapeutics for glioma therapy [26]
Nanoparticles
zein nanoparticles Nanocarriers ~150 curcumin Glioma therapy [27]
Polymersome Lipid-Based ~76 Saporin Protein toxin delivery [28]
Nanoparticles
PLGA Polymer-Based 28-98 3,30-Diindolylmethane Preventing glioma progression [29]
Nanocarriers
ApoE-ARTPC@TMZ Lipid-Based Temozolomide and artesunate- therapy for resistant [30]
liposomes Nanoparticles phosphatidylcholine glioblastoma
PEG-PLA NPs (tLyp-1 Polymer-Based 111.30 Paclitaxel Glioma therapy [31]
peptide) Nanocarriers +15.64
Solid lipid NPs Lipid-Based 100-120 - A feasible strategy for improving brain  [32]
Nanoparticles delivery of therapeutics
CMC-coated Inorganic 14.05 + Dopamine hydrochloride An agent for MRI and targeted drug [33]
Fe304 NPs Nanoparticles 1.70 delivery
PLA coated Polymer-Based 200 Resveratrol Oxidative stress therapy in CNS [34]
MSNs Nanocarriers
poly (amidoamine) Dendrimers siRNA Targeted Intracellular Delivery in [35]
(PAMAM) Glioblastoma
Amphiphilic polymer Polymer-Based 100.1 + Docetaxel Treatment of brain metastasis of triple-  [36]
lipid Nanocarriers 2.6 negative
NPs breast cancer
Au NPs Inorganic 3.5+0.8 - Evolution of protein corona NPs across  [37]
Nanoparticles the
BBB
Si NPs Inorganic 25,50,100  Ruby dye Evolution of Si NPs across the BBB [38]
Nanoparticles
Den-RGD Dendrimers ~10 Cy5.5 Photoacoustic shockwave therapy for [39]

glioblastoma
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Fig. 2. The schematic shows the structure of the BBB.

2.1. Polymer-based nanocarriers

Polymeric substances, both synthetic and natural, are increasingly recognized as viable mediums for drug delivery. Their
biocompatibility and degradability make them suitable for various pharmaceutical applications [43]. The specificity, bioavailability,
adverse effects, and pharmacokinetic profiles of polymer-based nanomaterials, including polymeric nanoparticles (PNPs) and
polymer-drug conjugates, have been extensively studied. Polymer-based carriers can shield therapeutic agents from enzymatic
degradation, enabling their passive or active transport across cellular barriers (Fig. 3) [44]. To enhance Glioblastoma therapy, 3,
3'-diindolylmethane was encapsulated in somatostatin receptor 2 SSTR2-targeted poly (lactic-co-glycolic acid) nanoparticles, show-
casing efficient BBB penetration and glioma cell apoptosis. These nanoparticles were tagged with a novel peptide against somatostatin
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Fig. 3. Transport of stimuli-responsive polymeric nanocarriers through normal (left) and tumor (right) tissues via several stimuli-responsive de-
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receptor 2 (SSTR2), a potential target in glioma. SSTR2 is a G-protein-coupled receptor that is overexpressed in various tumor cells,
including gliomas. It plays a critical role in inhibiting cell proliferation and inducing apoptosis when activated. This nanoformulation
demonstrates promising therapeutic potential, offering targeted delivery and inhibiting the epidermal growth factor receptor pathway
in glioma [29]. Researchers introduce multifunctional polymeric nanoparticles (ASPTT NPs) designed for targeted stroke treatment
and drug delivery to ischemic brain tissue. Utilizing ROS-reactive PTT polymer and AMD3100-mediated brain penetration, ASPTT NPs
efficiently target ischemic regions after intravenous administration. By encapsulating glyburide, these NPs offer enhanced anti-edema
and antioxidant therapy, demonstrating the potential for effective stroke treatment with superior therapeutic outcomes [45].
Drug-loaded polymeric nanocarriers have shown enhanced brain penetration, resulting in increased drug concentration and thera-
peutic efficacy.

2.1.1. Polymeric nanoparticles (PNPs)

PNPs are the subject of substantial research within the realm of polymeric drug delivery. Polymers such as poly (d,l-lactide-co-
glycolide) (PLGA), poly (lactic acid) (PLA), polyethylene glycol (PEG), poly (caprolactone), poly (glutamic acid), N-(2-hydroxypropyl)-
methacrylamide copolymers (HPMA), and others have been widely used to fabricate PNPs. Dual-targeted polypeptide nanoparticles
(NPs) were developed using alanine and glutathione ligands, enhancing permeability across a human BBB co-culture model. The NPs
exhibited elevated cellular uptake, improved BBB permeability, and successfully entered midbrain-like organoids derived from both
healthy and Parkinson’s disease-specific stem cells. These findings underscore the potential of poly (l-glutamic acid) NPs for targeted
drug delivery to the brain [46,47] (Fig. 4). Recently research presents hyaluronic acid (HA) and polycaprolactone (PCL)-based
amphiphilic block copolymers assembled into targeted polymersomes using a solvent substitution method. Coated with polysorbate-80
(P80) for blood-brain barrier receptor targeting, these nanopolymersomes efficiently encapsulated celecoxib (COXI) with enhanced
release properties. The P80-coated, COXI-loaded nanopolymersomes demonstrated sustained drug release for up to 72 h, showcasing
potential as a passive targeting system for the blood-brain barrier [48].

Through ester bond hydrolysis in the polymer matrix, these nanoparticles can tailor the drug release profile and mitigate toxicity.
PLGA nanoparticles, for instance, with an average size of 70.19 nm, can penetrate substantial brain volumes in animal models,
showecasing the potential for deep brain delivery [49]. The controlled release from these NPs has led to increased survival rates in mice
with brain cancer stem cell-derived xenografts. PEGylation of PNPs has been shown to enhance penetration into brain tissue, reduce
systemic clearance, and improve BBB crossing capabilities, thereby extending the drug’s presence in circulation and enhancing brain
accumulation [50]. Amphiphilic block copolymers can self-assemble into micelles with a hydrophobic core and a hydrophilic shell.
Due to their uniform size and distribution, micellar nanocarriers are favored for drug delivery applications [51]. Both polymeric and
phospholipid micelles can overcome issues related to NP toxicity and rapid clearance by the body’s immune system and can be
modified to increase drug encapsulation and penetration efficacy. Such micelle delivery systems have demonstrated the capability to
traverse the BBB [52]. Researchers devised an amphiphilic polymer-lipid nanoparticle system to deliver docetaxel (DTX) across the
BBB for treating brain metastasis of triple-negative breast cancer (TNBC). This DTX-NP formulation exhibited enhanced brain accu-
mulation, and prolonged circulation, and effectively inhibited tumor growth, surpassing the efficacy of the clinically used Taxotere®.
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Fig. 4. Figure displaying the potential of poly (I-glutamic acid) NPs for targeted drug delivery to Human Brain Organoids. Reproduced with
permission Ref [46].
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Ex vivo fluorescence imaging further validated the nanoparticle’s potential for assessing drug distribution in the brain, highlighting its
promise as a therapeutic strategy for TNBC brain metastases [36]. The conjugation of targeting moieties, such as proteins or peptides,
to PEG-PLGA and PEG-PLA-based nanoparticles, can further enhance their circulation time and BBB permeability. For example,
cRGD-functionalized PEG micelles have shown enhanced targeting and penetration abilities against glioblastoma tumors [53,54].In
other research utilizing the overexpression of neuropilin (NRP) on glioma and endothelial cells, tLyp-1 peptide-functionalized
PEG-ePLA nanoparticles demonstrated enhanced glioma targeting, cellular uptake, and deep penetration, enhancing paclitaxel (PTX)
efficacy. This dual-targeting nanoparticle DDS, confirmed by in vivo imaging, significantly improved survival in mice with intracranial
C6 glioma, suggesting its potential as an effective anti-glioma drug carrier [31]. Similar brain-targeting effects were observed with
PEGylated poly (2-dimethylamino) ethyl methacrylate (PEG-PDMAEMA) micelles conjugated with a 12-amino acid peptide [55].
ANG-PS efficiently delivers saponin (SAP) to human glioblastoma in mice, showcasing potent tumor inhibition and BBB penetration.
Mimicking viruses in function and size, ANG-PS offers targeted payload delivery, demonstrating promising therapeutic potential for
glioblastoma treatment [28]. Despite their potential, the biological stability of micelles, the rate of drug release, and retention time in
the biological system require further investigation.

2.1.2. Dendrimers

Dendrimers, a class of synthetic macromolecules with a distinct three-dimensional, highly branched structure, stand out for their
symmetrical architecture and core-centric configuration [10]. Unlike conventional polymers, dendrimers offer a high degree of control
over their surface functional groups, which can engage in both covalent and noncovalent interactions with therapeutic agents [56].
These interactions are critical as they can enhance the water solubility of drugs through encapsulation and facilitate targeted delivery
via surface electrostatic interactions. A notable application of dendrimers was their use in delivering siRNA to HIV-infected human
astrocytes in a mouse model, where a carbosilane dendrimer effectively targeted and silenced a specific gene. A specialized nano-
particle, Den-RGD/CGS/Cy5.5, has been developed for targeted glioblastoma treatment. Utilizing pulsed laser energy, this nano-
particle induces an ultrasonic shockwave that causes localized damage to tumor cells while preserving adjacent tissue. This approach
leverages temporary modulation of the BBB, ensuring specificity for glioblastoma and minimizing harm to surrounding brain tissue. It
offers a promising precision therapy for glioblastoma [39].

The size-dependent efficacy of dendrimers has been explored through the development of PAMAM-based dendrimers of different
diameters, demonstrating that a 6.7 nm dendrimer had a more pronounced effect on accumulation within the damaged brain tissue
than a smaller 4.3 nm counterpart. Despite these advancements, the application of dendrimers as carriers for brain delivery remains
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limited, primarily due to challenges in targeting and penetrating the BBB [57]. In another study, poly (2-methacryloyloxyethyl
phosphorylcholine) (PMPC) is utilized to modify PAMAM dendrimers, aiming to enhance targeted drug delivery for glioma while
reducing toxicity. PMPC effectively diminishes PAMAM’s cytotoxicity and improves brain tumor targeting. In vivo tests demonstrate
that DOX-loaded PAMAM-PMPC minimizes side effects, enhances therapeutic efficacy against glioma by 80.76 %, and reduces car-
diotoxicity, suggesting PMPC as a promising nanocarrier strategy for glioma treatment [58]. Development of covalently conjugated
PAMAM dendrimer-siRNA conjugates with glutathione-sensitive linkers enhances siRNA stability, achieves significant gene knock-
down, and facilitates targeted delivery to tumor-associated macrophages in glioblastoma, presenting a promising strategy for clinical
translation of RNAI therapies [35] (Fig. 5). Innovations such as DAB-based dendrimers conjugated with transferrin have shown
promise, significantly enhancing brain gene expression compared to non-targeted counterparts [59,60].

Nevertheless, concerns regarding the unpredictability of drug release kinetics and long-term safety profiles temper the widespread
adoption of dendrimers for BBB delivery, in contrast to more established carriers like PLGA and PLA [61]. PEGOL-60, a
neuroinflammation-targeting dendrimer synthesized via click chemistry, effectively crosses impaired CNS barriers, targeting activated
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microglia/macrophages in conditions like cerebral palsy and glioblastoma. This innovative approach demonstrates promise for tar-
geted therapy in neuroinflammatory diseases [62]. The continual chemical refinement of dendrimers aims to improve their brain
delivery efficacy. In the broader context of polymer-drug conjugates, substantial research and clinical trials are ongoing, such as the
Phase II studies for ProLindac (HPMA copolymer—diaminocyclohexane platinum complex) in recurrent ovarian cancer. Although
polymer-drug conjugates have not been extensively tested in CNS disorders, their targeted delivery and controlled release charac-
teristics position them as potentially powerful therapeutic tools. The future of drug delivery for CNS conditions relies on the further
development of polymeric nanocarriers designed for precise and regulated transport through the BBB.

2.1.3. Lipid-based nanoparticles (NPs)

Liposomes, which are vesicles composed of bilayer phospholipid membranes encasing aqueous compartments, can be synthesized
from various components such as fatty acids, cholesterol, or phospholipids [63]. Their biocompatibility and biodegradability confer a
natural affinity for the BBB, extending their circulation time within the bloodstream. The bioavailability of drugs encapsulated in
liposomes can be significantly improved due to the liposome’s ability to incorporate both hydrophilic and hydrophobic substances
[64]. Modifying the size, charge, and composition of liposomes simplifies the transport of nucleic acids and enzymes. Conjugation of
liposomes with ligands or monoclonal antibodies that target BBB-specific receptors can further facilitate drug transport across the BBB
[65]. Liposomes’ capacity to sequester both lipophilic and hydrophilic molecules also protects them from degradation, enabling
targeted and controlled release at specific sites [66]. This makes liposomes highly effective nanocarriers for transporting therapeutic
agents across the BBB for the treatment of various brain diseases. A study developed a dual-modified liposomal system (c
(RGDfK)/Pep-22-DOX-LP) enhancing BBB/BBTB crossing and glioma targeting, significantly improving therapeutic efficacy in
glioma-bearing mice [26]. In other research, Solid lipid nanoparticles (SLN) with surface-modified Apolipoprotein E-derived peptide
(SLN-mApoE) exhibit enhanced BBB penetration, especially when administered via the pulmonary route, offering a promising strategy
for neurotherapeutics. The warm microemulsion technique facilitates easy SLN preparation, with pulmonary SLN-mApoE adminis-
tration showing superior brain bioavailability over intravenous and intraperitoneal routes without inducing lung inflammation. This
approach underscores the potential of alternative administration methods and SLN design for effective brain-targeted drug delivery,
benefiting patients on chronic treatments [32].In research, p-aminophenyl-d-mannopyranoside-based liposomes (MAN-LIP) were
investigated for their role in the distribution of glucose and liposome transporters within cellular systems, with findings indicating a
significant accumulation of MAN-LIP in the brain tissue of mice. These MAN-based liposomes demonstrated an enhanced ability to
traverse LV-GLUT1/GLUT3/bEND.3 cell monolayers, suggesting their potential efficacy in brain drug delivery [67,68]. Cationic li-
posomes, composed of Dipalmitoyl phosphatidylcholin (DPPC), cholesterol, and diverse gemini amphiphiles, were investigated for
BBB penetration. The study also explored the impact of incorporating a mannosylated lipid targeting the GLUT1 transporter on
liposomal properties. Utilizing hiPSC-derived BMECs and a co-culture transwell BBB model, the findings underscored the potential of
these formulations for enhanced CNS drug delivery [69]. The phosphatidylcholine (ARTPC) encapsulated with temozolomide
(ApoE-ARTPC@TMZ) nanoplatform effectively co-delivered ART and TMZ to TMZ-resistant U251-TR GBM, enhancing DNA damage
and apoptosis via Wnt/p-catenin signaling. Utilizing LDLRs-mediated transcytosis, the targeted liposomes penetrated the BBB and
significantly reduced glioma burden in vivo, improving mouse survival. This approach minimizes TMZ-induced systemic toxicity,
highlighting its clinical potential for enhancing CNS tumor chemotherapy outcomes [30] (Fig. 6).

Liposomes engineered for dual-targeting are considered superior for drug delivery due to their improved permeability and tar-
geting capabilities, proving more effective in treating brain gliomas and reducing side effects in control groups (DOX solution only).
Furthermore, the innovation of magnetic fluid-based liposomal nanocarriers has been explored [70], where liposomes loaded with iron
oxide nanoparticles exhibited selective targeting of glioblastoma cells and enhanced the permeability and retention effect, indicating
promising applications in targeted cancer therapy.

2.2. Inorganic nanoparticles (NPs)

Inorganic nanoparticles, including those made of gold (Au), iron oxide, silica, and silver, possess unique attributes that render them
suitable for brain drug delivery systems [71]. These nanoparticles can be chemically tailored for conjugation with ligands or polymers
to enhance their biocompatibility and targeted delivery capacity [72]. In research innovatively, a PLA-coated MSNP system func-
tionalized with LDLR ligand peptides facilitates BBB penetration and targeted RSV delivery for oxidative stress mitigation in CNS
disorders. Utilizing an in vitro BBB/inflammation model, the system demonstrated ROS-responsive RSV release upon encountering
activated microglia, highlighting its therapeutic promise [34]. In other research, silica nanoparticles (Si NPs) were functionalized with
lactoferrin (Lf) and polyethylene glycol for improved brain drug delivery. Utilizing an in vitro BBB model, the study found that
Lf-modified Si NPs exhibited enhanced transport efficiency across the BBB, particularly with 25 nm diameter particles, suggesting
potential applications for targeted brain drug and imaging probe delivery [38]. Other research delves into the dynamics of the ‘protein
corona’ formed on nanoparticles as they interact with the BBB. Using a cellular BBB model with gold nanoparticles, findings reveal that
the corona composition undergoes significant shifts during BBB traversal, stabilizing post-crossing. These insights highlight the pivotal
role of the corona in nanoparticle-cell interactions and underscore the need for refined biological models in nanoparticle biomedical
evaluations [37]. In vitro brain spheroids composed of six cell types demonstrate ultrasmall gold nanoparticles (2 nm core diameter)
crossing the BBB, offering the potential for targeted brain therapies. These nanoparticles permeated the barrier more efficiently after
hypoxia exposure, allowing enhanced drug delivery capabilities. However, further research in animal models is essential to understand
particle clearance kinetics and potential human applications [60]. The fine-tuning of their size, shape, and porosity allows for their
specialized application in both therapeutic and diagnostic processes for brain disorders. The use of magnetic fields and near-infrared
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(NIR) radiation with these nanoparticles facilitates improved imaging techniques and the controlled release of drugs across the BBB on
demand (Fig. 7(a—c)) [73]. In research -coated magnetic nanoparticles (Fe304@CMC) demonstrate promise for BBB-crossing drug
delivery, with proven biocompatibility and controlled release capabilities. In this research, magnetic nanoparticles (Fe304) are coated
with carboxymethyl cellulose (CMC). The CMC coating provides biocompatibility, stability, and functionalization sites for drug
loading. This combination aims to enhance the nanoparticles’ ability to cross the blood-brain barrier for targeted drug delivery. Their
hydrophilic CMC coating prevents agglomeration, enhances dispersion, and facilitates functionalization for targeted therapy,
potentially minimizing neurological treatment side effects. These cost-effective, biodegradable nanoparticles offer a targeted approach
for efficient brain drug delivery, highlighting their significance in neurotherapeutics [33]. Gold nanoparticles (AuNPs), particularly
when surface-modified (i.e., PEG), offer a promising platform for drug delivery [60,74].

A diagnostic probe utilizing DNA-modified AuNPs has been developed to detect amyloid-derived diffusible ligands, highlighting
their potential in diagnostics [73]. Additionally, AuNPs engineered for theranostic applications have demonstrated the ability to
penetrate the BBB and tumors, showing promise for targeted brain drug delivery due to their selectivity and low toxicity [75].

Functionalized AuNPs with transferrin (Tf) have shown remarkable penetration into mice, employing the receptor transcytosis
pathway [76,77]. AuNPs with a cleavable acid linkage and Tf coating were more effective in brain accumulation than their
non-cleavable counterparts due to the cleavable process that allowed for enhanced drug release into the brain.

The integration of iron oxide nanoparticles (IONPs) and superparamagnetic iron oxide nanoparticles (SPIONs) with magnetic
resonance imaging (MRI) has seen an uptick in brain drug delivery research. A traceable SPION system, coupled with a cell-penetrating
peptide (CPP) targeting ligand, improved MRI contrast due to increased proton relaxation in the brain tissue [78]. Studies have shown
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that magnetic nanoparticles (MNPs) can cross the BBB without the need for an external magnetic field and without compromising the
barrier’s integrity [79]. By magnetically disrupting the BBB, MNPs offer a non-invasive method for drug delivery.

While inorganic nanoparticles (NPs) offer benefits such as an enhanced permeability and retention (EPR) effect, antibacterial
properties, unique sizes, low cost, and ease of modification, they face challenges such as low biodegradability and potential toxicity,
which hinder their clinical advancement [80]. In contrast, polymeric and lipid-based NPs, despite their biodegradability, biocom-
patibility, and high drug loading capabilities, are limited by short circulation times, large size, suboptimal targeting, and production
challenges [74]. The development and clinical application of inorganic NPs for brain diseases continues to be a complex field with
significant hurdles to overcome.

3. Conclusion, challenges, and feature prospects

The field of NP-based drug delivery has witnessed remarkable strides, especially concerning treatments targeting the brain.
However, despite the progress fueled by nanotechnology, the realm of nanomedicine for brain delivery is still fraught with un-
certainties regarding the creation of optimal nanomedicine formulations. Successes in animal models are merely indicative, not
definitive, and the journey from preclinical models to a marketable delivery system that can traverse the BBB effectively remains
arduous.

Before reaching the brain, NP-based formulations often accumulate in major organs like the liver, spleen, lungs, and kidneys,
posing significant challenges for regulatory approval and commercialization. The potential risks of nanomaterials to human health
stand as formidable barriers. The intricate interactions between therapeutic nanomaterials, the immune system, and biological barriers
are not fully understood, especially regarding their overall kinetic and spatial dynamics.

Apart from experimental challenges in evaluating brain-targeting NP formulations, issues with scaling, regulation, and clinical
validation pose additional hurdles. These multifaceted challenges offer rich research opportunities for the next wave of brain drug
delivery systems and their clinical assessment.

Given the intricate nature of brain disorders, a multidisciplinary approach is likely necessary for effective treatment, requiring a
deep clinical and scientific understanding of both disease mechanisms and drug delivery barriers. Advances in our comprehension of
nanomaterials’ interactions with biological systems could lead to the rational design of nanomedicines with optimal biodistribution.

Material scientists are encouraged to innovate novel nanomaterials and refine their design, synthesis, and characterization pro-
cesses, particularly for BBB penetration, focusing on biodegradability, biocompatibility, precise targeting, and protection against
degradation. The particle size sweet spot for delivering therapeutics to the brain is believed to be between 10 and 150 nm, balancing
efficacy and clearance considerations. The surface charge of nanoparticles is another critical factor influencing their toxicity, circu-
lation half-life, biodistribution, cellular uptake, and interaction with biological barriers.

Furthermore, enhancing the bioavailability of nanoformulations at the intended site is critical. The use of surface ligands that target
brain endothelial cell receptors may improve BBB penetration. In summary, nanomaterials offer vast potential in the realm of brain-
targeted therapies, from early detection to effective treatment. The journey to develop nanomaterial-based medical products is laden
with scientific and regulatory challenges, yet the prospects for treating complex diseases with brain-targeting nanomedicine are
promising. A thorough evaluation of clinical needs and a nuanced understanding of disease biology will support the transition of
nanomedicine from bench to bedside.
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