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Abstract: Phytochemicals, produced as secondary plant metabolites, have shown interesting poten-

tial therapeutic activities against neurodegenerative diseases and cancer. Unfortunately, poor bioa-

vailability and rapid metabolic processes compromise their therapeutic use, and several strategies 

are currently proposed for overcoming these issues. The present review summarises strategies for 

enhancing the central nervous system’s phytochemical efficacy. Particular attention has been paid 

to the use of phytochemicals in combination with other drugs (co-administrations) or administra-

tion of phytochemicals as prodrugs or conjugates, particularly when these approaches are sup-

ported by nanotechnologies exploiting conjugation strategies with appropriate targeting molecules. 

These aspects are described for polyphenols and essential oil components, which can improve their 

loading as prodrugs in nanocarriers, or be part of nanocarriers designed for targeted co-delivery to 

achieve synergistic anti-glioma or anti-neurodegenerative effects. The use of in vitro models, able 

to simulate the blood–brain barrier, neurodegeneration or glioma, and useful for optimizing inno-

vative formulations before their in vivo administration via intravenous, oral, or nasal routes, is also 

summarised. Among the described compounds, quercetin, curcumin, resveratrol, ferulic acid, gera-

niol, and cinnamaldehyde can be efficaciously formulated to attain brain-targeting characteristics, 

and may therefore be therapeutically useful against glioma or neurodegenerative diseases. 

Keywords: phytochemicals; polyphenol; essential oil; neurodegeneration; glioma; conjugation;  

co-administration; prodrug; nanocarriers; brain-targeting 

 

1. Introduction 

Nutritional aspects are important in determining human health. A balanced diet in-

cluding food obtained from plant products and limiting the amounts of red meat, fast 

foods, saturated fat, sugar, and salt contributes, in fact, to a healthy life [1]. For example, 

a healthy diet stimulates the growth of beneficial bacteria in the gut microbiota [2], and 

decreases the risk colorectal cancer [3]. On the other hand, inappropriate nutrition favors 

an accumulation of DNA damage at the cellular level, thus leading to an increased risk of 

developing cancer [4]. Again, fruits, vegetables and grains seem able to protect against the 
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development of diabetes and cardiovascular disease [5]. Finally, a balanced diet benefits 

the central nervous system (CNS). High consumption of fruits, vegetables, and olive oil, 

with moderate consumption of alcohol (i.e., the Mediterranean diet), lowers the risk of 

developing cognitive impairment and neurodegenerative diseases [6]. 

Pharmacologically active phytochemicals, which are bioactive ingredients produced 

as secondary plant metabolites as growth regulators or repellents to pests, and sunlight 

contribute to the beneficial effects induced by a balanced diet [7]. 

The antioxidant and anti-inflammatory properties of polyphenols, one of the major 

categories of phytochemicals, contribute to these compound beneficial effects by modu-

lating the activation of cytokines and regulating the gene expression of pro-inflammatory 

molecules [1]. Essential oils are other phytochemicals characterised by antioxidant and 

anti-inflammatory properties [8], and are potentially beneficial at both peripheral [9,10] 

and central levels [11–14]. 

Cancer cell invasion and metastasis have been hypothesised to originate from a small 

subpopulation of cancer stem-like cells (CSCs), i.e., relatively slow-cycling quiescent cells. 

Accordingly, the specific elimination of CSCs appears therefore to be of significant im-

portance for cancer eradication. Unfortunately, CSCs can survive conventional chemo-

therapy, leading to recurrent disease [15]. Several phytochemicals can target and destroy 

CSCs [16,17] by inhibiting specific signalling pathways (for example WNT/b-catenin) that 

confer them high resistance [18]. Therefore, combinational treatments with standard 

chemotherapy and phytochemicals have been proposed as promising for cancer eradica-

tion [15]. 

The beneficial effects of dietary phytochemicals are usually minimal [19] due to the 

poor bioavailability and rapid metabolism of compounds [20]. These aspects may limit 

the use of phytochemicals as potential drugs for acute or long-term therapies against both 

peripheral and central diseases. Concerning brain diseases, it is known that several phy-

tochemicals can penetrate the CNS from the bloodstream [13,21,22], but their permanence 

in the brain appears low and poorly adequate for therapeutic proposals [23,24]. Conse-

quently, remarkably high doses of these compounds are generally necessary to induce 

neuroprotective effects [12]. 

Considering the interesting potential therapeutic properties of phytochemicals, sev-

eral strategies are currently under study to improve their poor permanence in the body. 

This review summarises the results of studies aiming to individuate innovative strategies 

to improve the efficacy of phytochemicals in the CNS through exploiting combination 

therapy with other drugs (co-administrations), or through their administration as pro-

drugs or conjugates. Particular attention has been paid to nanotechnology formulations 

supported by conjugation strategies with appropriate targeting molecules [15,25–31]. The 

phytochemicals most evaluated in the reviewed studies are polyphenols, classified as non-

flavonoids (gallic acid, ferulic acid, caffeic acid, curcumin and resveratrol) or flavonoids 

(baicalein, 7,8-dihydroxyflavone, epigallocatechin gallate and quercetin) [32], and the 

main components of essential oils (geraniol and cinnamaldehyde) [31,33]. The chemical 

structures of these neurotropic phytochemicals are reported in Figure 1. The innovative 

formulations based on these phytochemicals, detailed herein, are those designed for ex-

ploiting their beneficial effects against several brain pathologies (such as schizophrenia, 

Parkinson’s disease, depression, Alzheimer’s disease, ischemic stroke, cognitive disfunc-

tion, neurodegeneration and glioma), either by using in vitro models based on appropri-

ate cell lines, or in vivo animal models. In the following review sections, (i) the cellular 

mechanisms underlying the neuroprotective or CNS anticancer effects of the selected phy-

tochemicals; (ii) the in vitro cellular models that can be used to evaluate the selected phy-

tochemical’s efficacy against brain CNS diseases, and the ability of phytochemicals to tar-

get, when properly formulated, the brain; and (iii) a summary of the main innovative for-

mulations designed to enhance the central effects of the selected phytochemicals will be 

presented. 
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Figure 1. Phytochemicals showing activity in the central nervous system. 
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2. Phytochemicals’ Neuroprotective or Anticancer Mechanisms of Action 

2.1. Phytochemicals for the Therapy of Neurodegenerative Diseases 

It is now generally accepted that although neurodegenerative diseases such as Alz-

heimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), and Amyo-

trophic lateral sclerosis (ALS) display different features and clinical symptoms, they share 

some mutual pathogenetic mechanisms [34,35]. These devastating diseases are character-

ised by a progressive loss of selected neuronal populations, leading to motor dysfunction, 

cognitive impairment and several disabilities associated with a reduction in patients’ qual-

ity of life and premature death. The precise mechanisms underlying neuronal cell death 

in neurodegenerative diseases still remain unclear. The current view is that several factors 

contribute to neuronal loss in neurodegenerative diseases. Among these factors, misfold-

ing and erroneous protein aggregation, increased oxidative stress related to the generation 

of reactive oxygen species (ROS), chronic inflammation, hippocampal adult neurogenesis 

differentiation/disruption, apoptosis induction, brain blood flow alterations and blood–

brain barrier (BBB) disruption, neural and glial cell metabolism changes, neurotransmitter 

dysregulation, white matter dysfunction, and microbiota and gut–brain axis alterations 

make up the theoretic framework for neurodegenerative disease development [34,35]. A 

main reason underlying the current failure of pharmacological treatments to block/slow 

neurodegenerative disease progression could be the monotherapy approach, which seems 

inadequate to break the vicious cycle triggered by these factors. Thus, it is conceivable that 

compounds with a broad spectrum of action blocking multiple disease-causing or disease-

progressing pathways could have a higher impact on neuronal loss progression than cur-

rent classical pharmacological treatments [36,37]. In this context, phytochemicals are 

emerging as interesting complementary and/or alternative strategies for countering neu-

rodegenerative disease development and progression, and various studies focused on 

phytochemicals for neurodegenerative disease management have been published. In fact, 

several phytochemicals display antioxidant properties of positive modulation on neuro-

protection, anti-inflammatory properties, and the ability to cover a wide spectrum of tar-

gets that are triggered in neurodegenerative disease [35,37–40]. The mechanisms under-

lying these properties are multiple, and cannot be described herein. Some data are there-

fore here reported as pure examples of how phytochemicals might be beneficial in treating 

neurodegenerative diseases. 

Quercetin, curcumin, anthocyanins, and other polyphenolic compounds modulate 

nuclear factor erythroid 2-related factor 2 (Nrf2) activity by regulating several Nrf2 up-

stream activators, thus contributing to contrast oxidative stress [41]. The transcription fac-

tor Nrf2, in fact, regulates numerous endogenous antioxidant expressions by inducing the 

transcription of genes containing antioxidant response element (ARE). It has been recently 

proposed that ROS-dependent excessive oxidative stress could be modulated by some en-

dogenous ROS suppressors, including the NAD + -dependent deacetylase enzyme family 

called sirtuins (SIRTs). SIRTs are involved in the regulation of mitochondrial gene expres-

sion, as well as in neurodegeneration. Phytochemicals reported to enhance SIRTs include 

ferulic acid, tetrahydrocurcumin, quercetin and resveratrol [42,43]. Alongside its antioxi-

dant activity, the neuroprotective effects of curcumin on AD have been linked to several 

mechanisms, such as a reduction in β-amyloid (Aβ) accumulation and tau hyperphos-

phorylation, anti-inflammatory effects, and metal ion-complexing properties [37,44]. Due 

to its pleiotropic properties, curcumin has been also proposed for the management of 

brain traumatic injury and PD. Several other flavonoids, including resveratrol and quer-

cetin, have a broad range of neuroprotective properties due to their ability to suppress 

neuroinflammation and protect neurons, and have a positive effect on cognition. These 

compounds have therefore been proposed as useful for managing neurodegenerative dis-

ease [45]. Quercetin and other flavonoids were found to suppress nitric oxide (NO) pro-

duction [46]. This is relevant for their potential neuroprotective properties, since the acti-
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vation of glial cells and, particularly, astrocytes and microglia induces NO overproduc-

tion, thereby leading to neuroinflammation and neurodegeneration. Resveratrol’s biolog-

ical activity also depends on the ability of the compound to regulate various biochemical 

mediators. For example, in AD models, resveratrol interferes with the formation of Aβ, 

stabilises microtubules associated with protein function, inhibits inflammatory response, 

and improves antioxidant activity; in PD models, resveratrol protects dopaminergic neu-

rons from the insults induced by several toxins and, by modulating the extracellular sig-

nal-regulated kinases ERK1/2 and ERK5, reduces the dopamine (DA)-induced apoptotic 

cell death of human dopaminergic neuroblastoma SH-SY5Y cells [47]. Ferulic acid is an-

other phenolic compound that has been historically investigated as a potent ROS scaven-

ger, with therapeutic potential in various chronic diseases including neurodegeneration 

[48]. Ferulic acid displayed direct effects on neural stem cell proliferation, thus stimulating 

neurogenesis in vivo. Furthermore, the ability of ferulic acid to mediate the communica-

tion between the commensal microbiota and the brain has recently been reported [49]. 

This aspect is particularly interesting in view of the role assigned to the gut microbiota as 

a potential target for various chronic diseases, including neurodegenerative diseases [50]. 

It is also worth noting that oxidative stress, inflammation and immune system alterations 

have also been involved in other brain disorders such as schizophrenia [51]. Conse-

quently, several phytochemicals have been also investigated for their putative anti-psy-

chotic action in cell culture and animal models of CNS disorders. For example, concerning 

polyphenols, baicalin seems to have the potential to ameliorate negative symptoms and 

cognitive impairment in animal models of psychosis, possibly due to its anti-prolyl-oligo-

peptidase, anti-inflammatory and antioxidant actions [51]. Moreover, quercetin has been 

reported to ameliorate symptoms of schizophrenia because of its free radical scavenging 

activity [51]. Despite all these promising properties of phytochemicals, their usage as ther-

apeutics for CNS disorders is restricted, especially due to their limited bioavailability in 

the brain. Overcoming this limit is therefore critical for the development of phytochemi-

cal-based products to manage neurological disorders. 

2.2. Phytochemicals against Cancer Relapse 

Several data suggest that in tumours, CSCs, a subgroup of cancer cells characterised 

by stem-like properties, can significantly contribute to chemoresistance, cancer relapse, 

invasiveness and development of metastasis. CSCs indeed appear able to self-renew and 

differentiate into heterogeneous cancer cell lineages in response to chemotherapeutic 

agents [52]. The origin and tumourigenic development of CSCs have been suggested to 

derive from normal cells in the body prematurely losing their capacity to proliferate; this 

is caused by strongly hostile local conditions. These cells attempt to escape their prema-

ture death, which may be imminent, by activating their encrypted dark genome, therefore 

gaining their progenitor atavistic cell lineage to retrieve survival properties typical of sin-

gle-cell eukaryotes. These cells, indeed, are characterised by adaptive mechanisms devel-

oped over millions of years, which allow them to protect themselves from exposition to 

hostile life conditions, such as variations in oxygen and nutrients, harmful chemicals, or 

increased radiation. These adaptive mechanisms do not belong to healthy body cells, 

which are normally protected in homeostatic compartments. Therefore, under particular 

local conditions that become hostile for body cells, these adaptive mechanisms can induce 

the reappearance of unicellular features that lead to the origin of CSCs [53]. 

In solid tumours, CSCs appear localised in niches characterised by hypoxic microen-

vironments, and can be recognised as a subpopulation of “colourless” cells, being able to 

expel typical DNA-binding dyes [15,36]. These hypoxic conditions enhance the intrinsic 

quiescence of CSCs, and therefore increase their resistance to conventional anticancer 

drugs designed to rapidly kill proliferating cells [15]. 

The specific elimination of CSCs appears of crucial importance to eradicate cancers 

from the body; unfortunately, conventional chemotherapies are unable to kill these cells, 

whose targeting appears extremely difficult, them being localised in protected niches in 
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solid tumours. Consequently, combinational treatments based on both conventional 

chemotherapy and drugs able to target and kill the CSCs have been proposed as promis-

ing strategies to induce cancer eradication [15,54–56]. 

Specific markers expressed on CSCs’ surface, such as CD133 or CD44, can allow the 

targeting of this type of cells. These markers are glycoproteins that are essential for stem 

cell survival and activity, and can be recognised by specific molecules opportunely in-

serted into nanocarrier systems. For example, CD44 is recognised by hyaluronic acid 

[56,57]. Aldehyde dehydrogenase 1 (ALDH-1) is another CSC marker associated with can-

cer progression [58]. 

Specific signalling pathways, such as Hedgehog, Notch, or WNT/β-catenin, induce 

transcriptional processes essential for CSCs survival [59–61]. A strategy focused on inter-

fering with these signalling pathways can be therefore crucial to compromise the prolifer-

ation of CSCs and the increase in tumourtumour growth and invasiveness [15]. 

The anticancer properties of several phytochemicals (such as resveratrol or curcu-

min) have been studied from more than 30 years, but only recently have these properties 

been correlated to their ability to destroy CSCs [16,17]. In particular, curcumin is known 

to reduce the β-catenin activity in cancer cell lines and the transcription of target genes in 

the WNT/b-catenin pathway typical of CSCs [18]. Curcumin was also found to selectively 

target CSCs in human carcinoma cell lines by inducing significant loss of the ALDHA1+ 

and CD44+ cell populations [62]. These properties have stimulated several investigations 

into the possible therapeutic properties of curcumin in combination with conventional 

chemotherapeutic agents [16]. This approach was efficacious against CSCs, with slight or 

no effect on differentiated health cells [17,63,64]. 

Similarly, the combination of resveratrol with a dietary supplement associated with 

anticancer properties induced CSC apoptosis by interfering with the WNT/b-catenin sig-

nalling pathway, without displaying the typical side effects produced by conventional 

chemotherapeutics [65]. 

The following sections will describe how nanotechnologies can contribute to selec-

tively targeting this type of therapies against glioma. 

3. Cellular Models to Study In Vitro the Efficacy of Phytochemicals against Brain Dis-

eases, and Their Ability to Target the CNS 

Due to the ethical and cost limitations of in vivo animal models, in vitro replaceable 

cell models, related to the characteristics of organisms, provide a safe, easily applicable 

and reproducible tool for drug screening. For example, these models allow the evaluation 

of the compound absorption rate, as well as the investigation of the possible mechanism 

of action of substances able to interfere with specific pathways involved in CNS disease 

etiopathogenesis [66]. 

Cellular models allow us to evaluate the ability of phytochemicals to induce enhance-

ment of cellular defence mechanisms and restoration of stress response signalling, which 

are important properties used to predict several possible in vivo therapeutic applications 

of putative drugs [67]. 

Cellular models may be based on immortalised, tumoral or spontaneously stabilised 

cell lines, with an intrinsic ability to grow in a monolayer when seeded on semi-permeable 

membrane supports. In these supports, the cells can express their functions of epithelial 

physiological barriers, thus representing a useful tool to predict the ability of a compound 

to permeate biological membranes, or its cellular uptake [68]. 

Monolayers of brain endothelial cell-based in vitro BBB models include the immor-

talised human capillary microvascular endothelial cell line hCMEC/D3 and the mouse im-

mortalised brain microvascular endothelial cell line bEnd.3. These cells are tightly coupled 

by intercellular junctions, called indeed tight junctions, that significantly reduce permea-

tion of ions and large hydrophilic solutes through the paracellular pathway. These BBB 

cell line models are widely used and well characterised for functional and transport as-
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says, although they do not form a tight barrier, the primary brain microvascular endothe-

lial cells (BMECs) do instead [69]. Usually, the transendothelial electrical resistance 

(TEER) values of the cell lines are relatively low, and the permeability measured by para-

cellular markers is significantly high compared to primary BMECs. On the other hand, 

they are suitable models for large-scale drug transport studies of large molecules based 

on their receptor expression pattern, surface charge and transcellular properties. As an-

other advantage, the mouse bEnd.3 and human hCMEC/D3 cell lines originate from sys-

tematically characterised species, thus providing data translatable to the preclinical and 

clinical studies. For instance, the mouse bEnd.3 cell line complements the in vivo mouse 

studies that are widely used in preclinical research, while the human hCMEC/D3 cell line 

can predict the outcomes of clinical studies [69]. The advantage of these brain endothelial 

cell lines is also supported by the evidence that human-induced pluripotent stem cells 

differentiated into brain microvascular endothelial cells (ihBMECs) have superior barrier 

properties, such as higher TEER values; however, their differentiation process takes a long 

time and can result in mixed endothelial–epithelial gene expression [70]. Overall, both 

bEnd.3 and hCMEC/D3 cells express key brain endothelial phenotypic markers, and can 

discriminate between the passage of tracers of different molecular weights [70]. For these 

reasons, these cells represent high-throughput in vitro models of brain endothelial barri-

ers to predict the delivery of therapeutics to counter neurodegenerative diseases, (e.g., PD 

and AD), traumatic brain injury, neuroinflammation processes, and tumoral evolution of 

gliomas, neuro- and glioblastomas of CNS. 

Other immortalised CNS cell lines, originating from human or murine gliomas or 

neuroblastoma, are used to simulate neurons and glial cells, and cultured as a monocul-

ture or as 2D co-culture or 3D models called organs-on-chips or biochips, which more 

exactly replicate the in vivo neuronal and glial cells surrounding the BBB [66]. Among 

them, the rat adrenal pheochromocytoma PC12 cell line is known to synthesize and store 

DA and sometimes norepinephrine (NA), and is induced to differentiate into a mature 

sympathetic neuron-like phenotype by the nerve growth factor (NGF). For this reason, the 

rat PC12 cell line is commonly used in neurobiology, including studies of neurotoxicity, 

neuroprotection, neurosecretion, neuroinflammation, and synaptogenesis, and as a lead-

ing dopaminergic model in molecular neuroscience [66]. Therefore, PC12 cells represent 

a suitable model to study the pathogenesis of PD and AD disorders and ischemia, also 

providing the opportunity to measure the production of proinflammatory cytokines, such 

as tumour necrosis factor (TNF)-α, which underlie the onset of these pathologies [71]. On 

the other hand, the rat origin and the mandatory NGF-induced neuronal differentiation 

of PC12 cells causes the results obtained with this cellular model to be confirmed in more 

translational neuronal cell lines, such as the immortal cell line SH-SY5Y, derived from a 

human neuroblastoma [66]. SH-SY5Y cells can be differentiated using retinoic acid to a 

more mature neuron-like phenotype characterised by neuronal markers. Indeed, the use 

of primary neurons derived from mammalian embryonic CNS tissue is limited, because 

once terminally differentiated into mature neurons, these cells cannot undergo mitosis 

and so can no longer be propagated. Transformed neuronal-like cell lines overcome this 

limitation [72], although the retained tumoral properties of SH-SY5Y cells, including the 

instability of the proliferation, differentiation, and metabolism, assume several caveats 

when using them as model in neurobiology, as extensively reported by Kovalevich and 

colleagues [72]. However, the malignant properties of SH-SY5Y cells are turned to an ad-

vantage when used to develop anticancer and antiproliferative drugs against metastatic 

neuroblastomas. With regard to in vitro cell models of glioblastomas, the tumorigenic rat 

C6 glioma cell line together with the glioblastoma U87 cell line and the astrocytoma T98 

cell line are reported to secrete high levels of well-known invasion-promoting proteins, 

compared to less invasive cell lines [73]. These cell lines therefore could provide suitable 

models to understand the behaviour of glioblastoma multiforme, the most common and 

deadly type of brain tumour, and to test drugs against newly identified targets that pro-

mote its extensive invasion into surrounding healthy tissue. 
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In conclusion, further comprehensive studies on the properties of in vitro CNS cell 

models along with their in vitro–in vivo correlation with human data are needed to 

achieve future optimization of the use of these models in drug discovery and clinical de-

velopment. 

4. Innovative Formulations Designed to Enhance the Central Effects of Neurotropic 

Phytochemicals 

4.1. Innovative Formulations Designed to Act against the Neurodegenerative Diseases 

Polyphenols, or the main components of essential oil, often appear able to permeate 

the brain from the bloodstream and are promising agents against neurodegenerative dis-

eases. On the other hand, their fast elimination from the body compromises their use as 

therapeutic agents [12,13,20–24]. Co-administration forms and the development of pro-

drugs designed as conjugates with biocompatible molecules appear promising methods 

to obtain innovative nanocarriers that are able to cross the BBB and to deliver phytochem-

icals to the brain, thus strengthening their therapeutic effects. These aspects are described 

below. 

4.1.1. Ferulic Acid in the Design of New Formulations against Brain Diseases 

Antioxidant and anti-inflammatory properties characterise ferulic acid, which is cur-

rently considered useful for the prevention and therapy of neurodegenerative diseases 

[22]. Ferulic acid is known for its high absorption rate and ability to cross the BBB [74]; 

despite this behaviour, fast elimination processes limit its presence at peripheral and cen-

tral levels of the body, wherein adequate ferulic acid amounts for therapeutic proposals 

cannot be easily obtained [23,75]. 

New strategies are therefore necessary to increase the amount and permanence of 

ferulic acid in the brain upon its administration. Taking into account these aspects, ferulic 

acid-loaded nanostructured lipid carriers were proposed to alleviate ischemic neural in-

juries, following their intravenous administration [76]; again, self-microemulsifying sys-

tems were prepared to increase the oral delivery of ferulic acid and its hypnotic effects 

[23], and ferulic acid-loaded solid lipid nanoparticles coated with chitosan were designed 

as a nasal formulation able to enhance the brain-targeting of ferulic acid, improving its 

anti-AD potential [77]. An alternative approach has been developed, building on the evi-

dence that neuroinflammation in neurodegenerative diseases induces monocytes and 

neutrophils to permeate the BBB from the bloodstream [78]. These inflammatory cells 

were therefore identified as potential carriers of ferulic acid. The integrin receptors ex-

pressed on their membranes can, in fact, interact with the RGD peptide (Arg-Gly-Asp), 

which can be used to decorate the surface of ferulic acid-loaded liposomes, through con-

jugation of RGD via a succinic spacer to the cholesterol used for the formulation of lipo-

somes. The rationale was that the interaction between RGD and the integrin receptors 

should induce the phagocytosis of the decorated liposomes by the inflammatory cells, 

which are capable of being taken up into the brain in response to neuronal inflammatory 

processes [78]. It has been demonstrated in ex vitro studies that RGD-liposomes loaded 

with ferulic acid were able to efficiently bind monocytes and neutrophils, thus inducing a 

greater antioxidant activity than ferulic acid solution in U937 cells (a pro-monocytic model 

cell line). Moreover, RGD-liposomes intravenously administered to rat models of brain 

inflammation (by intra-striatal microinjections of human recombinant IL-1β) allowed a 

ferulic acid brain distribution in the brain up to six times higher than those measures after 

the administration of ferulic acid solutions or uncoated liposomes [78,79]. 

Ferulic acid, because of its neuroprotective effects, has also been proposed for the 

functional restoration of the traumatically injured spinal cord. In particular, a ferulic acid 

and chitosan co-delivery strategy to injured sites of ferulic acid and chitosan was de-

signed, considering that also chitosan displays anti-inflammatory and anti-oxidative 

properties [26]. Ferulic acid was therefore conjugated to glycol–chitosan (GC, chosen as a 
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water-soluble derivative of chitosan) to obtain the GC–ferulic acid amphiphilic polymer 

(Figure 2). Using sonication in aqueous environments, this polymer was able to self-as-

semble as GC–ferulic acid nanoparticles, whose hydrophobic core and hydrophilic shell 

were constituted by ferulic acid and GC, respectively [26]. The GC–ferulic acid nanopar-

ticles were able to protect rat primary neurons from glutamate-induced excitotoxicity. 

Moreover, after the intravenous administration to rats, the GC–ferulic acid nanoparticles 

were characterised by a prolonged circulation time, which was necessary to allow effective 

delivery of both chitosan and ferulic acid to the injured spinal cord sites. Rat models of 

spinal cord contusion injury evidenced significant recovery in animal locomotor function 

after receiving the CG–ferulic acid nanoparticles via intravenous administration. Histo-

logical analysis of the spinal cord of these rats confirmed the high neuroprotective effects 

of GC–ferulic acid nanoparticles against spinal cord injury [26]. 

An alternative strategy to increase the brain-targeting of ferulic acid based on the synthe-

sis of prodrugs recognised by L-type amino acid transporter (LAT1) has also been proposed. 

The conjugation of ferulic acid with appropriate amino acids allowed the obtainment of sub-

strates transported into retinal pigment epithelia ARPE-19 cells by LAT1 and able to cross the 

BBB of mice. The presence of an aromatic ring in the promoiety in the amide-based prodrug 

was essential for the LAT1 transport; moreover, the amide prodrug with the promoiety di-

rectly conjugated in the meta-position to ferulic acid, allowing the bioconversion of the pro-

drugs to ferulic acid in the brain of mice. Analogous ester-based prodrugs did not utilise the 

transporter for cellular uptake in ARPE-19 cells, and showed higher stability in human plasma 

with respect to mouse plasma [80]. The prodrugs were taken up more efficiently than ferulic 

acid (up to 600 times higher) in astrocytes, wherein they evidenced very efficient antioxidant 

and anti-inflammatory properties [81]. 

Another type of ferulic acid conjugation was proposed to potentiate the effects of 

ferulic acid against AD. The over-activation of N-methyl-D-aspartate receptors (NMDAR) 

can trigger neurotoxic events mediated by Aβ and oxidative stress. These phenomena can 

be limited by the drug memantine (Figure 3), which is able to limit neurotoxicity mediated 

by excessive NMDAR activation [82]. Considering these aspects, memantine was conju-

gated with ferulic acid, with the aim of synergistically targeting and modulating the 

pathological partnership between oxidative damage, Aβ burden, and hyperfunctioning 

NMDAR. The derivative obtained with a hexamethylene spacer showed an affinity to-

ward NMDAR similar to that of memantine, thereby evidencing multimodal antioxidant 

properties in SH-SY5Y cells [82]. 

The methyl ester derivative of ferulic acid (Fer-Me) is a ferulic acid prodrug able to 

preserve the antioxidant properties of the parent drug and its anti-inflammatory behav-

iour, as evaluated in vitro on PC12 cells chosen as a model for neural differentiation [71]. 

Solid lipid microparticles (SLMs) based on tristearin or stearic acid were loaded with fer-

ulic acid or Fer-Me, evidencing the aptitude of the prodrug to increase loading in SLMs in 

comparison to ferulic acid. Tristearin-based SLMs were able to increase the dissolution 

rate of Fer-Me in water, also inducing a control of the release of both ferulic acid and Fer-

Me; their intramuscular administration was therefore proposed to counter neuroinflam-

mation related to peripheral neuropathic pain. Stearic acid-based SLMs were able to in-

duce a very fast dissolution of Fer-Me within a few minutes; their nasal administration 

was therefore proposed with the aim of inducing derivative brain uptake [71]. 
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Figure 2. Chemical structures of glycol-chitosan (GC), ferulic acid (Fer), and the polymer obtained 

by their conjugation (GC-Fer). This polymer was assembled by sonication in aqueous environments, 

as nanoparticles whose hydrophobic core and hydrophilic shell are constituted by Fer and GC, re-

spectively. 

 

Figure 3. Chemical structures of memantine, ferulic acid, and their conjugate, characterised by mul-

timodal antioxidant properties. 
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4.1.2. Caffeic acid in the Design of New Formulations against Brain Diseases. 

Caffeic acid (3,4-dihydroxycinnamic acid) is a phenolic acid (non-flavonoid) derived, 

similarly to ferulic acid, from the hydrolysis of chlorogenic acid. The main source of this 

compound is food (fruits, grains, vegetables, tea, coffee); after the consumption of dietary 

substances, it is absorbed in the gastrointestinal tract and may be able to cross the BBB 

and reach brain cells. 

Caffeic acid can potentially prevent several human diseases because of its wide range 

of pharmacological properties, such as antidiabetic, antihypertensive, antioxidant, anti-

inflammatory, anticancer, immunomodulatory and neuroprotective properties [83]. The 

presence of caffeic acid in human CSF has been described for the first time in a recent 

study suggesting that phenolic acid can cross the BBB or blood-CSF barrier, exerting a 

neuroprotective effect with a beneficial influence on brain function during aging [84]. 

The therapeutic effects of caffeic acid in cancer and neurodegenerative disorders may 

be synergistic with those of various active agents. A successful therapeutic strategy was 

achieved by combining phenolic acid with chemotherapeutic cisplatin in a dose ratio of 

50:5 mM, which enhanced caspase activity in A2780cisR cells (a cisplatin-resistant cell 

line). Furthermore, when caffeic acid was combined with metformin, synergistic results 

were obtained, prompting apoptosis without damage to healthy human fibroblasts, with 

an anticancer activity specifically toward MS 751 cells (human cervical epidermoid carci-

noma cell line) [85]. 

Some studies are also focused on nanosize-based drug delivery systems as a strategy 

to enhance the efficacy of caffeic acid therapeutic treatments. In particular, nanoparticles 

obtained through ion complex formation between caffeic acid-conjugated chitosan and 

carboxymethyl dextran-b-poly(ethylene glycol)-loaded doxorubicin were tested on CT26 

cells (murine colorectal carcinoma cell line). The results revealed this formulation to be a 

promising vehicle for anticancer drug targeting [86]. Caffeic acid in solid lipid nanoparti-

cles was also tested using an MTT assay; compared to the free drug, it was less toxic to 

NIH/3T3 normal cells (a fibroblast cell line), but more cytotoxic to H-Ras 5RP7 (an onco-

gene-transformed fibroblast cell line), thus appearing promising for the treatment of clin-

ical tumours [87]. 

Šebestík and co-workers prepared bifunctional choline esters of caffeic acid deriva-

tives, combining, in the same molecular entity, the antioxidant properties of phenolic acid 

with the inhibitory activity of acetylcholinesterase (AChE); the resulting protection 

against 1-methyl-4-phenylpyridinium ion (MPP+)- or Aβ peptide-induced neuroblastoma 

SH-SY5Y cell death suggested the neuroprotective properties of these derivatives in PD 

and AD, respectively [88]. 

The AChE inhibitory effect was also proved in rats in the study of Akomolafe, 

wherein a combination of caffeine and caffeic acid was tested in vivo. This result could be 

of pharmacological and therapeutic interest, especially in the treatment of those neuro-

degenerative diseases, such as AD, which are characterised by impaired cholinergic func-

tion and elevated AChE activity [89]. 

Mishra and co-authors developed budesonide (BUD)-loaded micelles for the man-

agement of ulcerative colitis (UC) in a mouse model [90]. UC is an inflammatory bowel 

disease (IBD) causing chronic inflammation in a specific portion of the large intestine. 

BUD is a corticosteroid drug with potent localised anti-inflammatory activity, but its ther-

apeutic efficacy was limited by its low bioavailability due to an extensive first pass metab-

olism after oral administration. The drug delivery system project involved the preparation 

of nanosized micelles based on an amphiphilic compound obtained through conjugation 

of caffeic acid to stearic acid by means of ethylenediamine as a linker, which encapsulated 

BUD. The use of caffeic acid allowed the enhancement of the aqueous dispersibility of 

micelles for convenient rectal administration; an in vivo study in a mouse model of UC 

showed the significant therapeutic efficacy of this formulation. This result is promising 

considering the importance of the gut microbiota–brain axis and the relevant role of intes-

tinal well-being in neurodegenerative diseases such as PD and AD [91]. 
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4.1.3. Gallic Acid in the Design of New Formulations against Brain Diseases 

Gallic acid (3,4,5-trihydroxybenzoic acid) is a natural phenolic acid found in many 

fruits and medicinal plants such as grapes, berries, wine, and tea, in which it occurs in the 

form of free acids and as esters, catechin derivatives, and hydrolyzable tannins [92]. In 

recent years, this phytochemical compound has attracted increasing interest owing to its 

different pharmacological properties such as antibacterial, antioxidant, anticancer, cardi-

oprotective, gastroprotective, and anti-inflammatory properties [93,94]. For these reasons, 

gallic acid is applied in the pharmaceutical, cosmetic, food, and dyeing industries [95]. In 

particular, in the food and cosmetic industry, gallic acid is used as an additive, due to its 

capacity to inhibit the oxidation and rancidity of oils and fats [96]. 

Besides these properties, gallic acid has demonstrated important activity in prevent-

ing proteins’ misfolding, as well as in reducing the cell toxicity induced by fibrillar protein 

aggregates; therefore, it has been tested in the inhibition of fibrillar protein deposits that 

lead to CNS disorders such as AD and PD [92]. In particular, gallic acid inhibits α-synu-

clein aggregation, preventing the loss of dopaminergic neurons and consequently exhib-

iting great neuroprotective effects. 

Despite this pharmacological activity, gallic acid, due to its high hydrophilicity (LogP 

≈ 0.42), is not able to cross the BBB. In the attempt to ameliorate the lipophilicity and, 

consequently, to permeate the BBB of this phenolic acid, Li Chen and co-authors synthe-

sised a series of derivatives, particularly amide derivatives, with a sheet-like conjugated 

structure. These derivatives showed in vitro anti- α-synuclein aggregation properties, 

with an IC50 value as low as 0.98 μM, thereby representing good candidates for the treat-

ment of neurodegenerative disease [97]. 

The antioxidant activity of gallic acid was also exploited by Dan Zhang and co-au-

thors to develop an injectable hydrogel for the treatment of traumatic brain injuries mainly 

caused by ROS overexpression [98]. Hydrogels were an efficient drug delivery system for 

in situ CNS applications, with good biocompatibility due to their capacity to mimic the 

extracellular matrix in the brain [99]. To improve its antioxidant activity, in this research, 

gallic acid was conjugated with gelatine, a degradation product of collagen characterised 

by good biocompatibility and low immunogenicity [100]. The conjugation product (GGA) 

was subsequently linked to oxidised dextran (Odex) to obtain the GGA6Odex hydrogel 

with excellent injectable, self-healing, antioxidant, and biocompatible properties. The gel 

has also demonstrated in vitro the ability to protect cells from oxidative damage and, in 

an in vivo mouse model, the ability to facilitate neurogenesis and promote motor, learning 

and memory abilities, thus representing a promising biomaterial for tissue regenerative 

medicine, including the treatment of traumatic brain injury. 

4.1.4. Resveratrol in the Design of New Formulations against Brain Diseases 

The literature reports extensive evidence of applications of resveratrol, a non-flavonoid 

polyphenolic molecule, as a cardioprotective [101] or anticancer agent [102]. However, recent 

interest in its neuroprotective activity and employment in neurological diseases, such as AD, 

PD, glioblastoma and other brain tumours, multiple sclerosis, depression and anxiety, and 

epilepsy, is growing [103–106]. The molecule has largely been studied for its efficacy against 

oxidation and inflammation, both phenomena largely involved in the occurrence of neurolog-

ical disease. In the case of AD, resveratrol interrupts the mechanism by which ROS promote 

Aβ production, which in turn induces the occurrence of ROS. Resveratrol inhibits the accu-

mulation of ROS [107], stimulates HO-1 activity, and activates SIRT1-mediated inhibition of 

hydrogen peroxide production. In PD, resveratrol inhibits ROS produced by hippocampal 

cells by activating AMPK, suppresses COX-2 and lipid peroxidation and increases the produc-

tion of antioxidant enzymes [104,108]. The interest in this molecule is also related to its large 

availability in the diet, as it is a component of red grapes and wine, chocolate, blueberries, 

cranberries, and peanuts. It is classified as a Biopharmaceutics Classification System (BCS) 

class II drug, with good permeation but low bioavailability due to low solubility, and also fast 
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metabolism. However, its permeation of the BBB is modest, as the Papp was found to be lower 

than 10 × 10−6 cm/s, about ten times lower than for caffeine [109]. Nanocarriers have therefore 

been developed to improve its BBB permeation thanks to nanoparticles coating the surface, 

especially with polysorbate 80, or decoration with targeting ligands. Among these, resveratrol 

delivery to the CNS has been improved by loading into poly(lactic-co-glycolide) (PLGA) na-

noparticles (NPs) decorated with lactoferrin (Lf), a cation iron-binding glycoprotein of the 

transferrin (Tf) family, whose receptors are highly expressed in the brain in the case of PD 

[110]. Intracellular ROS production was assessed in SH-SY5Y cells, and a significant reduction 

in ROS after H2O2 treatment was observed in the presence of Lf-resveratrol-PLGA-NPs in com-

parison to the cells pretreated with free resveratrol or with resveratrol-PLGA-NPs. Signifi-

cantly higher levels of neuroprotection were also observed in vivo after intravenous injection 

in an MPTP-induced PD mice model. Similarly, a ligand peptide of low-density lipoprotein 

receptor (LDLR) was conjugated with polylactic acid (PLA)-coated mesoporous silica nano-

particles. The authors demonstrated that these systems were useful for improving the BBB 

passage of resveratrol and its selective release to reduce inflammation caused by ROS over-

production. This selective effect was due to the higher degradation rate of PLA, which is re-

sponsible for the control of drug release, in the presence of ROS [111]. 

As it has been reported in a complete and recent review [112], the proposed modifi-

cations of the phenolic hydroxyls of resveratrol to obtain prodrugs are quite numerous. 

These modifications aimed either to increase the bioavailability of resveratrol by improv-

ing its chemical stability, stability in blood, and solubility in water, or to modulate its 

pharmacological activity. In this last case, conjugations result in increased antioxidant ac-

tivity or in higher cytotoxicity, which is useful for better anticancer efficacy [112]. 

Natural resveratrol derivatives such as the monomethylated pinostilbene and di-

methylated pterostilbene have higher neuroprotective efficacy than resveratrol [113–116]. 

Besides them, piceid, a naturally occurring glycoside precursor of resveratrol has been 

found to be endowed with higher scavenging activity than resveratrol and higher stability 

towards enzymatic oxidation. It is active as an antioxidant agent in SH-SY5Y cells and can 

protect them from DA-induced apoptosis [117]. These findings inspired the design of the 

alkylated resveratrol derivatives, prodrugs and metabolites described in the paper of 

Penalver et al. [118]. At 1–10 μM concentration, all the several methylated and butylated 

derivatives tested showed positive antioxidant activity, better than that of resveratrol, in 

SH-SY5Y neuroblastoma cells treated with H2O2. Some prodrugs (3,5-diglucosyl-resvera-

trol, piceid octanoate and three butylated resveratrol glucosylated prodrugs) were studied 

in a zebrafish model of pentylentetrazole-induced epilepsy, displaying anticonvulsant 

properties, particularly relevant for piceid octanoate. In line with the anti-inflammatory 

activity of short- and medium-chain fatty acids, octanoyl piceid derivative showed higher 

anti-inflammation and neuroprotection than resveratrol. Moreover, the derivative glyco-

sylation meant it was necessary to reduce the toxicity in zebrafish model, as demonstrated 

by the higher toxicity was of non-glycosylated alkyl derivatives [118]. 

Silyl derivatives of resveratrol were more recently evaluated by the same research 

group, with further preparation of their prodrugs with acyl-, glucosyl- and carbamoyl- 

functions [119]. In particular, disilyl derivatives containing triethylsilyl (TES) and tri-iso-

propylsilyl (TIPS) groups showed better neuroprotective capacity and anti-inflammatory 

activity than resveratrol. Among the prodrugs, the 3,5-triethylsilyl-4′-(6″-octanoylgluco-

pyranosyl) derivatization resulted in a reduced motor deficit in mice models of HD. A 

study on mice with an induced chronic experimental autoimmune encephalomyelitis 

(EAE) model of multiple sclerosis showed the positive therapeutic effect of the studied 

derivative; it was able to reduce the clinical progression of the disease in contrast with 

resveratrol. 

An even more recent study on resveratrol derivatives, based on resveratrol cyclic an-

alogues, focused especially on the anticancer effects of the new structures; however, it 

demonstrated their ability to inhibit tau protein phosphorylation, which is commonly in-

volved in neurodegenerative disorders [120]. 
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A different approach to improve the biopharmaceutic and efficacy aspects of resveratrol 

involves the association with piperine [121]. Piperine is an alkaloid present in black pepper, 

with many biological effects such as antioxidant, anti-inflammatory, and immunomodulatory 

activity. Piperine is known for its ability to improve the bioavailability of polyphenols such as 

epigallocatechin-gallate, curcumin and resveratrol, through inactivation of cytochrome P450 

and other enzymes involved in their metabolism [121,122]. Piperin and resveratrol co-supple-

mentation (10 mg/kg), when compared to resveratrol administration, induced more than ten 

times the enhancement of maximum serum resveratrol levels and an AUC increase of 229% in 

mice [123]. The study of Wightman and coworkers [121] demonstrated that the effect of co-

supplementation of piperine with resveratrol could affect not only the polyphenol bioavaila-

bility but also its efficacy, measured as cerebral blood flow (CBF) and cognitive function. The 

study enrolled 23 healthy adults and demonstrated that although CBF was improved by the 

combined treatment, no effect on cognition, mood, blood pressure or heart rate was observed. 

The results obtained were explained by the potentiating activity of piperine on the vasorelax-

ant properties of resveratrol, possibly through its thermogenic properties, specifically in neu-

ral tissues. 

4.1.5. Curcumin in the Design of New Formulations against Brain Diseases 

The ability to induce anti-Aβ and anti-tau hyperphosphorylation properties, together 

with antioxidant and anti-inflammatory activities, indicates that curcumin is a promising 

compound for the treatment of AD. On the other hand, the potential therapeutic applica-

tions of this compound are limited by its water insolubility, its very poor oral bioavaila-

bility, and its rapid systemic elimination, with consequent limited presence in the brain 

[124]. For these reasons, curcumin has been proposed not only for its encapsulation in 

nanocarriers that are able to permeate into the brain, but also as an Aβ-targeting agent 

decorating the nanocarriers’ surfaces [125,126]. Moreover, insoluble prodrugs were pro-

posed for the formulation of nanosuspensions suitable for intramuscular injectability to 

obtain a systemic sustained delivery of curcumin. For example, this strategy was achieved 

with the prodrug of curcumin, obtained by its ester conjugation with decanoic acid (cur-

cumin didecanoate, Figure 4) [127]. 

Concerning curcumin’s encapsulation in nanocarriers, its loading was proposed in 

PLGA nanoparticles decorated on their surface with a targeting peptide (Tet-1 peptide, a 

12-amino acid peptide, HLNILSTLWKYR) able to specifically interact with motor neurons 

and induce retrograde delivery in neuronal cells [125]. These nanoparticles appeared able 

to maintain the antioxidant and the anti-amyloid activities of curcumin without evidenc-

ing significant toxicity on LAG cell lines (mouse fibroblast like connective tissue). Moreo-

ver, the decorated nanoparticles efficiently increased their uptake in GI-1 glioma cells, in 

comparison to the non-targeted nanocarriers. These preliminary data suggest that curcu-

min loaded in the polymeric nanoparticles decorated on their surface with the Tet-1 pep-

tide may be used for the treatment of AD [125]. 

 

Figure 4. Chemical structures of decanoic acid, curcumin and the prodrug curcumin didecanoate, 

obtained by their ester conjugation. 



Pharmaceutics 2023, 15, 1578 15 of 43 
 

 

The ability of curcumin to bind Aβ deposits in vivo stimulated the design of nanolip-

osomes characterised by high amyloid affinity and related targeting properties [126]. In 

particular, the liposomes were obtained with 1,2-dipalmitoyl-sn-glycerol-3-phosphatidyl-

choline and cholesterol, in the presence of 1,2-dipalmitoyl-sn-glycero-3-phosphothioetha-

nol (DPSH) conjugated to curcumin (DPS-curcumin, Figure 5), allowing us to obtain small 

unilamellar vescicles (SUV) with curcumin exposed at their surface [126]. These liposomes 

did not induce toxicity in HEK cells (from human embryonic kidney), control SH-SY5Y 

cells and hAPP SH-SY5Y cells, instead stably overexpressing the human APP gene causing 

familial AD. Moreover, the liposomes were able to partially prevent Aβ-induced cell death 

and down-regulate the secretion of Aβ peptide in hAPP SH-SY5Y cells, as performed by 

free curcumin [126]. Finally, the decorated liposomes evidenced a high affinity for Aβ de-

posits in the post-mortem brain tissue of a transgenic mouse AD model (APPxPS1 mice), 

and also the ability to specifically stain Aβ deposits in vivo [126]. 

 

Figure 5. Chemical structures of curcumin, dipalmitoyl-sn-glycero-3-phosphothioethanol (DPSH) 

and their conjugate DPS-curcumin. 

Considering these aspects, further developments were designed to obtain multifunc-

tional nanoliposomes able to target Aβ deposits after BBB permeation. The following re-

quirements were therefore considered: (i) the blood circulation time suitable for BBB per-

meation; (ii) decoration of their surface with a BBB transport mediator; and (iii) absence 

of interferences between amyloid-targeting and BBB transport efficiencies [128]. 

A polyethylene glycol (PEG) coating was provided for the stealth properties of the 

nanoliposomes, and also used as an anchoring point for the anti-Transferrin (anti-Tf) anti-

body, designed as BBB-targeting ligand. Moreover, the curcumin decoration on the nanolipo-

some surface was placed at a distance from the vesicle bilayer to avoid masking phenomena 

caused by the PEG coating. In this aim, a new curcumin–lipid derivative (DPS-PEG2000-cur-

cumin) was synthesised, where a PEG spacer was inserted between the lipid and curcumin, 

conjugated in the presence of a maleimide (MAL) moiety (Figure 6) [128]. 

High affinity for the amyloid deposits, on post-mortem brain samples of AD patients, 

was evidenced for these multifunctional nanoliposomes that induce curcumin brain in-

take, as suggested by a BBB in vitro model (hCMEC/D3 cells). These nanocarriers were 

therefore proposed as both therapeutic formulations for AD and imaging agents for amy-

loid deposits in the brain [128]. 
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Figure 6. Chemical structures of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-maleimide 

(polyethylene glycol)—2000 (ammonium salt) (DSPE-PEG2000-MAL), and its thiol derivative 

(DSPE-PEG2000-SH), which was used for the synthesis of DPS-PEG2000-curcumin. 

Multifunctional liposomes were also designed for the co-delivery of curcumin to-

gether with the nerve growth factor (NGF) that is known to improve the survival and 

differentiation of neurons in the hippocampus [129]. In this case, the multifunctional lip-

osomes incorporated cardiolipin in their bilayer structure to induce Aβ targeting proper-

ties; furthermore, their surfaces were decorated with wheat germ agglutinin (WGA) an-

chored to a PEG spacer, to confer the ability to cross the BBB [130]. The liposomes demon-

strated reasonable biocompatibility with normal BBB cells, represented by human brain-

microvascular endothelial cells (HBMECs), human astrocytes (HAs) and human brain 

vascular pericytes (HBVPs). The presence of WGA in the liposomes allowed the permea-

tion of the curcumin and NGF across an in vitro BBB model to increase (HBMEC/HA co-

cultured cells); moreover, the multifunctional liposomes were able to improve the survival 

of Aβ-treated SK-N-MC cells (human neuroblastoma cell line) [130]. 

Loaded curcumin PLGA nanoparticles were provided with GSH (glutathione) func-

tionalization on their surface to increase the neuronal internalization of the formulation. 

A PEG spacer was inserted between the PLGA polymer and a GSH that was conjugated 

in the presence of a MAL moiety. The ability of these polymeric decorated nanoparticles 

to enhance curcumin neuronal internalization was proved in SK-N-SH cells, a human neu-

roblastoma cell line [131]. 

The design of a new formulation for the co-delivery of curcumin and the Aβ generation 

inhibitor S1 (PQVGHL peptide) in the brain was proposed in the form of PLGA nanoparticles 

loaded with these two compounds and decorated on their surface with the brain-targeting 

peptide CRT (cyclic CRTIGPSVC peptide) through conjugation to a PEG spacer. The CRT pep-

tide is an iron-mimicking peptide that targets the transferrin receptor (TfR), allowing us to 

improve BBB’s penetration of the polymeric nanocarrier [132]. These nanoparticles did not 

demonstrate a significant cytotoxic effect on neuroblastoma SH-SY5Y cells; moreover, the CRT 

peptide increased their permeation across an in vitro BBB model constituted by brain micro-

vascular bEnd.3 cells, and after its intravenous administration to mice, the distribution of the 

functionalised nanoparticles in the brain was higher than that of the PLGA nanocarriers with-

out CRT [132]. Accordingly, the CRT-decorated nanoparticles significantly improved the spa-

tial memory and recognition in transgenic AD mice, causing the Aβ and inflammatory factor 

levels in their brains to reduce [132]. 
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Other functionalised nanocarriers for curcumin were obtained using PLGA-PEG pol-

ymeric blocks conjugated with B6 peptide. These blocks were formulated as curcumin-

loaded nanoparticles using the emulsion–solvent evaporation method [133]. The B6 pep-

tide (CGHKAKGPRK) decorating the surface of the nanoparticles was designed to en-

hance drug delivery into the CNS, it being able to target the TfR as a substitute for the Tf 

protein [134]. In comparison to free curcumin, these functionalised polymeric nanoparti-

cles sensibly increased the cellular uptake in HT22 cells (an immortalised mouse hippo-

campal cell line); moreover, the functionalised nanoparticles intraperitoneally injected 

into APP/PS1 transgenic mice (chosen as an in vivo AD model) were significantly more 

efficacious than native curcumin in improving the animals’ spatial learning and memory 

capability. Moreover, ex vivo assays demonstrated that these nanocarriers can reduce hip-

pocampal Aβ formation and deposit and tau hyperphosphorylation [133]. 

Pepe and collaborators studied micellar nanoparticles based on an amphiphilic con-

jugate of hyaluronic acid with palmitic acid for the delivery of curcumin proposed for the 

treatment of HD [135]. The micelles increased curcumin’s permeability in vitro on a stria-

tal-derived immortalised cell line expressing mutant huntingtin (STHdh111/111), reducing 

their susceptibility to apoptosis without showing any cytotoxicity effects [135]. 

Barzegarzadeh and co-workers prepared and characterised in vivo the conjugate of 

curcumin with linoleic acid [136]. The conjugate was intracerebroventricularly injected for 

5 days in male Wistar rats pretreated with ethidium bromide for multiple sclerosis induc-

tion. The results demonstrated that the system improved spatial memory in a rat model 

of multiple sclerosis due to the strong antioxidant effects [136]. 

As a drug delivery system to enhance solubility, permeability through biological 

membranes, and the bioavailability of lipophilic drugs, microemulsions (ME) have at-

tracted interest as suitable carriers for several routes of administration, including intrana-

sal administration. Surface-modified ME encapsulating curcumin were synthetized based 

on a modified Pluronic F127® as surfactant and oleic acid as the oil phase. Firstly, the ter-

minal hydroxyl groups of the surfactant were carboxylated, and subsequently, the carbox-

ylic group on modified Pluronic was conjugated by a carbodiimide reaction to the amino 

groups of KLVFF (KLVFF-Cur-ME), a peptide for specific binding to Aβ fibrils. It has been 

hypothesised that bifunctional ME act as an inhibitor of Aβ aggregation, due to the pres-

ence of curcumin and KLVFF, and as a targeting agent thanks to the KLVFF peptide. The 

encapsulation into the ME improved the solubility and the release profile of curcumin. 

The results from the ex vivo permeation study suggested the successful diffusion of 

KLVFF-Cur-ME through the porcine nasal mucosa, and did not show nasal ciliotoxicity, 

suggesting the potential use of this system for nose-to-brain delivery of curcumin [137]. 

4.1.6. Dihydroxyflavone in the Design of New Formulations against Brain Diseases 

The brain-derived neurotrophic factor (BDNF) is a neurotrophin that contributes to 

regulating neuronal development, differentiation, and survival via Trk receptors [138]. In 

brains affected by AD, BDNF expression is poor [139], and its administration appears pro-

tective against this pathology [140]. 7,8-dihydroxyflavone (DHF) was identified as a BDNF 

mimetic compound, being able to specifically interact as an agonist with the TrkB receptor, 

mimicking the physiological actions of BDNF [141]. DHF is able to cross the BBB [142] 

and, therefore, it is considered efficacious and safe for chronic and oral treatment of AD. 

On the other hand, similarly to BDNF, DHF is characterised by poor oral bioavailability 

and a modest pharmacokinetic profile, showing short half-life values [138]. A prodrug 

approach was proposed to overcome these problems, and a new DHF derivative, named 

R13 (Figure 7), was identified as able to significantly increase the oral bioavailability of 

DHF and its half-life. R13 was indeed related to a DHF prolonged release in the blood-

stream of 5XFAD transgenic mice, chosen as in vivo model of neurodegeneration induced 

by intraneuronal Aβ and the formation of amyloid plaque, which is typical of AD [138]. 

The 5XFAD mice chronically treated with R13 evidenced activation of TrkB signalling, 
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which prevented Aβ deposition, prevented the loss of hippocampal synapses, and re-

duced memory deficits in a dose-dependent manner [138]. Very recently, oral administra-

tion of R13 to mice affected by peripheral nerve injury was found to induce axon regener-

ation via TrkB signalling [143]. 

 

Figure 7. Chemical structures 7,8-dihydroxyflavone (DHF) and its prodrug R-13. 

4.1.7. Epigallocatechin-Gallate in the Design of New Formulations against Brain Diseases 

(-)-Epigallocatechin gallate (EGCG) is an ester of (-)-epigallocatechin and gallic acid, 

constituting one of the main catechins in green and black tea. EGCG is known for its ben-

eficial effects on cognitive functions and against oxidative damage [144], so it appears 

promising as a potential drug for the treatment and prevention of neurodegenerative dis-

eases. This compound is indeed able to permeate the brain across the BBB, producing, 

together with its metabolites, antioxidant effects and the prevention of cognitive dysfunc-

tion [144]. Moreover, EGCG seems able to promote the regeneration of neurons in animal 

models of PD, in a manner similar to resveratrol [145]. Despite these interesting proper-

ties, EGCG suffers from very poor oral bioavailability and a relatively short half-life in 

vivo; moreover, in view of its potential important activity in the CNS, its ability to cross 

the BBB needs to be enhanced [146,147]. The possibility that the co-administration of vit-

amin E and quercetin or EGCG can favour the accumulation of the two last compounds 

in the brain has been evaluated [146]. The results of this study suggested that vitamin E 

does not affect the permeation of EGCG across the BBB, whereas it is able to promote 

quercetin’s accumulation in the CNS [146]. 

Recently, liposomes were proposed as carriers for the co-delivery of resveratrol and 

EGCG in the CNS. In particular, the liposomes were designed to cross the BBB by deco-

rating their surface with leptin (Lep), able to induce transcytosis processes via Lep recep-

tor (LepR) interaction [148]. Moreover, considering that LepR are expressed by neurons 

[149], the Lep-decorated liposomes were considered potentially useful in facilitating the 

diffusion of the drugs into degenerated neurons, such as those related to PD [147]. An in 

vitro model of the BBB based on human astrocytes (HAs), human brain vascular pericytes 

(HBVPs), and human brain microvascular endothelial cells (HBMECs) was used to 

demonstrate that the permeation of Lep-decorated liposomes was higher than that of non-

decorated liposomes [147]. Moreover, an in vitro neurodegenerative model was obtained 

with SH-SY5Y cells injured with MPP+ [6], and used to demonstrate that decorated lipo-

somes loaded with resveratrol and EGCG induced their cellular uptake via LepR ex-

pressed on SH-SY5Y cells, with consequent cell viability enhancement [147]. The Lep-dec-

orated liposomes loaded with resveratrol and EGCG were therefore proposed as a prom-

ising formulation for the therapy of PD [147]. 

4.1.8. Baicalein Involved in the Design of New Formulations against Brain Diseases 

Baicalein and baicalin are natural flavones present in the dried roots of Scutellaria 

baicalensis Georgi. This flowering plant is indigenous to Asia and East Europe and it is 

widely used in Chinese traditional medicine. Baicalein and its glucuronide, baicalin, pos-
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sess many pharmacological activities, such as antioxidant, anti-inflammatory, antibacte-

rial, antiviral, antitumour, and neuroprotective effects [150]. The beneficial effects on the 

CNS are attributed to baicalein, since after oral administration, baicalin is hydrolysed in 

the gastrointestinal tract by β-D-glucosidases into baicalein. Furthermore, baicalin does 

not cross the BBB. For these reasons, baicalin is considered a hydrophilic prodrug of bai-

calein [151]. 

Baicalein inhibits the activity of protease prolyl oligopeptidases expressed in the CNS 

in a concentration-dependent manner, and is involved in neuropsychiatric (e.g., schizo-

phrenia and bipolar affective disorder) and neurodegenerative diseases [152]. 

Baicalein can act as a neuroprotective agent in PD, because it slowed the progression 

of the disease in an animal model of the pathology (i.e., acrolein-induced neurodegenera-

tion) by inhibiting oxidative stress, protein conjugation, and neuroinflammation [4]. Its 

anti-neuroinflammatory properties have been associated with the inhibition of the expres-

sion of inducible nitric oxide synthase, the production of NO and the nuclear factor-ḳ B-

signalling pathways in glial cells [150]. The involvement of baicalein in the treatment of 

PD has been also linked to its ability to restore DA content, neurons, mitochondrial mem-

brane potential, and mitochondrial autophagy protein levels [153]. 

Baicalein and its oxidised form, baicalein quinone, could also be useful for the treat-

ment of AD; they have been demonstrated to inhibit the aggregation of Aβ and α-synu-

clein through the formation of a Schiff base [150]. In mice, baicalein reversed the pathways 

involved in Aβ-induced cognitive impairment and dementia [154]. Baicalein can chelate 

iron and block the neurodegenerative mechanism linked to ferroptosis, which is common 

to PD and AD. Baicalein may promote neurogenesis and neural cell differentiation, and 

has also displayed anti-apoptotic effects [150]. 

Baicalein also displayed an anti-depressant effects in vitro and in vivo due to its abil-

ity to inhibit apoptosis and decrease the release of lactate dehydrogenase; this effect is 

strongly increased by encapsulation of baicalein in solid lipid nanoparticles, targeted for 

their high affinity to brain neutrophils [155]. In addition to these nanosystems, new bai-

calein derivatives were synthesised by binding with amino acids to improve their neuro-

protective action [156]. Instead, no conjugates and prodrugs of baicalein were developed. 

4.1.9. Quercetin Involved in the Design of New Formulations against Brain Diseases 

Quercetin is among the most prevalent flavonoids in the human diet because it is 

present in many fruits (cranberry, blueberry, cherry, and apple) and vegetables (onion, 

chili pepper, fennel leaves, lettuce, and spinach) [157,158]. Several in vitro and in vivo 

studies have suggested the potential pharmacological effects of quercetin such as antioxi-

dant, anti-inflammatory, anti-obesity, antidiabetic, antihypertensive, anticancer, antimi-

crobial, antiviral, and immunostimulant activities [158]. Quercetin is also a neuroprotec-

tive molecule against neurodegenerative and cerebrovascular diseases [159], thanks to (i) 

its direct (ROS scavenging and metal chelation) or indirect (modulation of antioxidant 

enzyme activity) antioxidant capacity; and (ii) its ability to inhibit different protein and 

lipid kinases and to modulate the intracellular signalling, transcription factors and 

sirtuins [159]. Nevertheless, the therapeutic use of quercetin is limited and debated: it is 

difficult to attribute the neurological properties to quercetin or its metabolites [159,160]. 

In fact, quercetin has low and fluctuating oral bioavailability, which is linked to the kind 

of food or supplement eaten, its low water solubility, and the fact that it undergoes signif-

icant intestinal and hepatic metabolism [2,3]. Quercetin metabolites (isorhamnetin, quer-

cetin-3-O-glucuronide and tamarixetin) appear quickly in the blood [160]. In addition to 

its short blood half-life, the brain’s quercetin concentration is low in vivo due to its limited 

BBB permeability [159]. For this reason, the development of pharmaceutical formulations 

is required to exploit the therapeutic potential of quercetin. Different strategies were eval-

uated for this purpose: (i) the cyclodextrin inclusion complex [161] and injectable solid 

dispersions [160] for increasing the water solubility and stability; (ii) different solid lipid 

nanoparticles [162,163]; (iii) liposomes conjugated with phosphatidic acid and targeted 
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with apolipoprotein E [25]; (iv) exosomes targeted with a monoclonal antibodies [164]; (v) 

co-administration with α-tocopherol [146]; (vi) water-soluble conjugates with hyaluronic 

acid, targeted with a penetrating polypeptide [165]; (vii) quercetin-conjugated superpar-

amagnetic iron oxide nanoparticles [166–169]; and quercetin-conjugated iron oxide –β-cy-

clodextrin nanoparticles [170] for improving the oral and/or brain bioavailability of quer-

cetin. 

In particular, when orally co-administered in combination with quercetin to rats, α-

tocopherol (Vitamin E) resulted in an increase in the brain’s concentration of quercetin, 

without any pro-oxidant or cytotoxic effects. It was assumed that α-tocopherol promoted 

quercetin transport across the BBB by modulating the flux and efflux mechanisms [146]. 

Cen and co-workers found that quercetin, conjugated with hyaluronic acid and tar-

geted with SS31, a penetrating polypeptide, displayed an increased water solubility and 

BBB permeability, as well as good neuroprotective activity. Hyaluronic acid was im-

portant for targeting quercetin release in the area of the ischemic lesion, wherein the hya-

luronidases and CD44 receptors were highly expressed. Thanks to SS31, quercetin was 

able to reduce oxidative stress in vitro and in vivo by acting on the mitochondria of dam-

aged neurons [165]. 

Ebrahimpour and collaborators studied the effects of quercetin conjugated with dex-

tran-coated superparamagnetic iron oxide nanoparticles (QDSPIONs) on memory impair-

ment in diabetic rats [166]. After 35 days of treatment by gavage, the conjugated quercetin 

showed higher efficacy in improving learning and memory than free quercetin, due to the 

reduction in hyperglycemia as well as increased blood stability and brain bioavailability. 

Both free and conjugated quercetin were also able to maintain the stability of the body 

weight of diabetic rats [166]. More recently, the neuroprotective effect of QDSPIONs was 

attributed to the modulation of the miRNAs/NF-κB pathway in the hippocampus of dia-

betic rats, and in particular to their activity on the NF-κB-dependent neuroinflammatory 

pathway [167]. 

The ability of superparamagnetic iron oxide nanoparticles to enhance the brain con-

centration of quercetin in vivo was also demonstrated by Enteshari Najafabadi and col-

leagues [168]. They found higher levels of quercetin both in the brain and plasma, after 

oral administration of QDSPIONs by gavage, than after free quercetin administration us-

ing the same method. These results were related to the prolonged blood circulation of 

quercetin thanks to QDSPIONs, and not to the ability of iron nanoparticles to cross the 

BBB [168]. 

Yarjanli and co-authors evaluated the in vitro activity of quercetin conjugated in 

QDSPIONs on PC12 cells as a neuronal cellular model [169]. Although the conjugation 

reduced the anti-radical activity of quercetin, QDSPIONs protected PC12 cells against 

H2O2 cytotoxicity, showing similar antioxidant, anti-inflammatory, and antiapoptotic ef-

fects, but less toxicity than free quercetin [169]. Moreover, quercetin as metal chelator may 

reduce the neurotoxicity of superparamagnetic iron oxide nanoparticles in vivo, and con-

tribute to the treatment of diseases characterised by brain iron dysregulation, such as AD, 

PD and stroke [171]. 

Hashemian and co-workers studied the antiepileptogenic effects of quercetin loaded 

into superparamagnetic iron oxide nanoparticles coated with β-cyclodextrin and Pluronic 

F68 [170]. In vivo experiments in an animal model of seizure demonstrated that after in-

traperitoneal injection, quercetin-loaded nanoparticles reduced seizure behavioural signs 

and the loss of neurons in the hippocampus, thereby ameliorating hippocampal astrocyte 

activation [170]. This anticonvulsant effect was better than that of free quercetin, presum-

ably because of the small size of the nanoparticles (<50 nm) and the enhancement of the 

brain bioavailability of quercetin [170]. 
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4.1.10. Genistein in the Design of New Formulations against Brain Diseases 

Genistein is obtained from soy beans. In addition to antioxidant, anti-inflammatory 

and anticancer properties [172,173], this compound has also oestrogen-like activity, and 

for this reason, it is used in the treatment of the symptoms of menopause, particularly to 

contrast osteoporosis [174,175]. Alongside these therapeutic activities, genistein is also ef-

ficient as a neuroprotective molecule, as demonstrated in a study on animal models of AD, 

in which dietary intake of genistein improved mice’s spatial learning and memory [176]. 

To ameliorate the delivery of this isoflavone to the CNS, Duro-Castano et al. demon-

strated the feasibility of loading genistein onto targeted multimodal polypeptide-based 

nanoconjugates as nanocarriers, in order to obtain neuroprotection and neurotrophic ef-

fects. In particular, genistein was loaded with high efficacy onto polyglutamic acid (PGA)-

based globular structures, able to form sphere-like cross-linked self-assembled star-

shaped (St-Cl) structures, which were revealed to be nanocarriers with low toxicity and 

prolonged blood circulation times to maximise passive targeting [177]. To enhance the 

ability of genistein to cross the BBB, this nanocarrier was modified after polymerization 

with neuroprotective propargylamine (Pr) residues, together with Angiopep-2 (ANG), a 

peptide ligand specific to lipoprotein receptor-related protein 1, thus obtaining a 

genistein-carrying polypeptide (St-Cl-Pr-ANG) nanoconjugate, which is a promising can-

didate for the treatment of early stage AD [178]. 

4.1.11. Geraniol in the Design of New Formulations against Brain Diseases 

Geraniol is known to promote dopaminergic neuron survival by increasing neurotrophic 

factors, reducing apoptotic marker expression, and leading to the production of antioxidant 

enzymes. These properties indicate geraniol as a potential candidate for the treatment of PD 

[11,12]. Geraniol can penetrate the CNS from the bloodstream, but its short half-life limits its 

use in long term therapies through conventional administration routes [11,21]. Geraniol can 

be encapsulated in polymeric or solid lipid nanoparticles, but freeze-drying processes induce 

their loss from nanoparticulate systems, due to a relatively high volatility [33]. Considering 

that ursodeoxycholic acid (UDCA) is effective in rescuing mitochondrial function in PD pa-

tients [179], an ester conjugate of geraniol and UDCA (GER-UDCA) was synthesised and 

demonstrated to be a prodrug of both these compounds [33]. GER-UDCA was efficiently 

loaded in solid lipid nanoparticles, allowing a sensible increase in its dissolution rate in aque-

ous environments. Nasal administration of GER-UDCA-loaded nanoparticles allowed direct 

nose-to-brain delivery of the prodrug [33]. 

As an alternative to prodrug synthesis, in order to increase the bioavailability of ge-

raniol in the CNS, an emulsified formulation of geraniol was designed by using the am-

phiphilic polymer chitosan oleate (CS-OA) as a surfactant to combine the mucoadhesive 

and absorptive enhancer properties of chitosan with stabilization effects on the oil disper-

sion [180]. The oral administration of this formulation allowed a sensible increase in the 

bioavailability of geraniol, and in its aptitude for permeating the CNS from the blood-

stream. Moreover, nasal administration of the emulsified formulation induced the uptake 

of relevant amounts of geraniol to the CNS [180]. 

Finally, nasal administration of geraniol complexed to cyclodextrins allowed its se-

lective nose-to-brain delivery [181]. 
The innovative formulations described in Section 4.1 are summarised in Table 1. 
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Table 1. Design of an innovative formulation involving phytochemicals in order to enhance the 

therapeutic effects against neuronal diseases. 

Design Formulation 
In Vitro Cellular or Tis-

sue Models 
In Vivo Evaluation Ref. 

Ferulic Acid 

Use of inflammatory cells as carri-

ers of ferulic acid-loaded lipo-

somes decorated with peptide sub-

strates of integrin receptors ex-

pressed by cells taken up by the 

brain in response to neural inflam-

mation 

Ferulic acid-loaded liposomes 

decorated with RGD peptide 

using conjugation to cholesterol 

via a succinic spacer 

Pro-monocytic U937 cell 

line for binding and anti-

oxidant studies 

Intravenous administra-

tion to rat models of brain 

inflammation (intra-stria-

tal micro-injections of hu-

man recombinant IL-1β) 

[77,78] 

Ferulic acid and glycol chitosan 

conjugates self-assembled as nano-

particles for a co-delivery strategy 

of injured spinal cord restoration 

Self-assembled nanoparticles 

obtained using amidic conju-

gates of ferulic acid with glycol–

chitosan 

Rat primary neurons for 

protection studies against 

glutamate-induced exci-

totoxicity 

Model rats of spinal cord 

contusion 
[26] 

Synthesis of prodrugs recognised 

by L-type amino acid transporters 

(LAT1) 

Prodrug of ferulic acid obtained 

using amidic or ester conjuga-

tion with amino acids recog-

nised by LAT1 

Retinal pigment epithelia 

ARPE-19 cells; mice pri-

mary astrocytes from cor-

tex and 

hippocampi 

Intraperitoneal admin-

istration to mice 
[80,81] 

Conjugation of ferulic acid with 

memantine, which is able to limit 

the overactivation of N-methyl-D-

aspartate receptors  

Conjugates of ferulic acid with 

memantine via a hexameth-

ylene spacer 

SH-SY5Y cells as neuronal 

model 

Conjugate proposed for 

potential use against AD 
[82] 

Methyl ester derivative of ferulic 

acid as a prodrug able to increase 

loading in solid lipid microparti-

cles  

Methyl-ferulate-loaded solid li-

pid microparticles (SLMs) based 

on tristearin or stearic acid  

PC12 cells chosen as a 

model for neural differen-

tiation 

SLMs proposed for po-

tential use as a nasal for-

mulation for methyl-feru-

late brain-targeting 

[71] 

Caffeic acid 

Ionic complex between caffeic acid 

and chitosan carboxymethyl dex-

tran-b-poly(ethylene glycol) for 

anticancer drug delivery  

Nanoparticles of caffeic acid 

conjugated with chitosan and 

carboxymethyl dextran-b-

poly(ethylene glycol) loading 

doxorubicin 

CT26 cells (murine colo-

rectal carcinoma cell line) 
 [86] 

Caffeic acid conjugated to stearic 

acid by means of ethylenediamine 

as a linker to enhance the aqueous 

dispersibility of micelles 

Nanosized-micelles encapsulat-

ing budesonide for rectal ad-

ministration 

hTERT-BJ cells (fibroblast 

cells) 
Colitic mouse model [90] 

Gallic acid 

Conjugation of gallic acid with gel-

atine to improve antioxidant prop-

erties 

Conjugates of gallic acid linked 

to oxidised dextran to obtain an 

injectable hydrogel 

HT22 cells (neuronal cell 

line) 

Traumatic brain injury 

mouse model 
[98] 

Resveratrol 

PLGA nanoparticles able to induce 

the brain’s uptake of resveratrol in 

cases of PD, due to the presence on 

the surface of lactoferrin 

Resveratrol-loaded PLGA nano-

particles decorated with lac-

toferrin for intravenous injec-

tion 

SH-SY5Y cells (neuroblas-

toma cells) 

MPTP-induced PD mice 

model. 
[110] 

PLA nanoparticles loaded with 

resveratrol conjugated with lig-

ands for low-density lipoprotein 

receptors to cross the BBB via re-

ceptor-mediated transcytosis  

PLA-coated mesoporous silica 

nanoparticles 

HAPI cells (brain-derived 

microglial cell line) 
 [111] 

Curcumin 
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Nanosuspension based on a curcu-

min prodrug for intramuscular ad-

ministration with consequent sys-

temic curcumin’s prolonged re-

lease 

Nanosuspension based on a 

curcumin prodrug obtained us-

ing ester conjugation with deca-

noic acid 

 

Intramuscular admin-

istration to male Wistar 

rats 

[127] 

PLGA nanoparticles able to induce 

curcumin uptake in neurons via 

the presence of the targeting moi-

ety-Tet-1 peptide on their surface 

Curcumin-loaded nanoparticles 

decorated on their surface with 

the Tet-1 peptide 

(HLNILSTLWKYR) 

LAG cell lines (mouse fi-

broblast-like connective 

tissue) for toxicity studies; 

GI-1 glioma cells for up-

take studies 

Nanocarriers are pro-

posed as a potential for-

mulation for the treat-

ment of AD 

[125] 

Nanoliposomes with high amyloid 

affinity using surface decoration 

with curcumin for the AD treat-

ment 

SUV obtained in the presence 

1,2-dipalmitoyl-sn-glycero-3-

phosphothioethanol conjugated 

to curcumin 

HEK cells, control SH-

SY5Y cells and hAPP SH-

SY5Y cells stably overex-

pressing the human APP 

gene causing familial AD 

Transgenic mouse AD 

model (APPxPS1 mice) 

for injection into the brain 

of the nanocarrier 

[126] 

Previous nanoliposomes further 

implemented with anti-transferrin 

antibody decoration for BBB tar-

geting 

SUV obtained in the presence of 

phospholipids conjugated with 

PEG2000 as anchoring points 

for curcumin or anti-transferrin 

antibodies  

Human brain capillary en-

dothelial cells 

(hCMEC/D3) as an in vitro 

model for BBB permeation 

studies 

Proposed as potential for-

mulations for the treat-

ment of AD 

[128] 

Multifunctional liposomes for co-

delivery of curcumin and NGF to 

the brain 

Curcumin-loaded and NGF lip-

osomes obtained in the presence 

of cardiolipin in their bilayer 

structure, and decorated with 

WGA anchored to a PEG spacer 

Human brain microvascu-

lar endothelial cells 

(HBMECs) and astrocytes 

(HAs) for BBB permeation 

studies; SK-N-MC cells for 

the Aβ toxicity model 

Proposed as potential 

pharmacotherapy vehi-

cles for AD therapy 

[130] 

PLGA nanoparticles provided 

with GSH functionalization to in-

crease the neuronal internalization 

of curcumin. 

Curcumin-loaded PLGA nano-

particles decorated with PEG 

spacers inserted between poly-

mer and GSH, which was conju-

gated in the presence of a malei-

mide moiety 

SK-N-SH cells, a human 

neuroblastoma cell line, as 

a neuronal internalization 

model  

 [131] 

PLGA nanoparticles functionalised 

with the brain-targeting peptide 

CRT for the co-delivery of curcu-

min and the Aβ generation inhibi-

tor S1 to the brain 

Curcumin and S1-loaded PLGA 

nanoparticles functionalised 

with the CRT peptide by conju-

gation to a PEG spacer 

Neuroblastoma SH-SY5Y 

cells for cytotoxicity stud-

ies; brain microvascular 

bEnd.3 cells as a model for 

BBB permeation studies 

Intravenous administra-

tion to male BALB/c nude 

mice; intraperitoneal in-

jection to AD model 

(APP/PS1dE9) mice 

[132] 

PLGA nanoparticles functionalised 

with B6 peptide for curcumin drug 

delivery to the CNS 

Curcumin-loaded PLGA nano-

particles functionalised with the 

B6 peptide by conjugation to a 

PEG spacer 

Immortalised mouse hip-

pocampal HT-22 cell line 

for intracellular studies 

Intraperitoneal admin-

istration to APP/PS1 

transgenic mice for spa-

tial learning and memory 

capability studies 

[133] 

Evaluation the uptake of nanopar-

ticles in an in vitro model of Hun-

tington’s disease and cell suscepti-

bility to apoptosis 

Nanoparticles based on an am-

phiphilic conjugate of hyalu-

ronic acid and palmitic acid 

loaded with curcumin 

Striatal-derived immortal-

ised cell line expressing 

Huntington’s mutation 

(STHdh111/111) 

 [135] 

Effects of curcumin conjugate on 

spatial memory and oxidative 

stress in a rat model of multiple 

sclerosis 

Conjugate of curcumin with lin-

oleic acid 
 

Intracerebroventricular 

injection into male Wistar 

rats after ethidium bro-

mide treatment as an ani-

mal model of multiple 

sclerosis 

[136] 

Curcumin encapsulated in bifunc-

tional microemulsions as a target-

ing agent for Aβ and an inhibitor 

of fibrils aggregation  

Microemulsions based on a 

modified Pluronic conjugated to 

the peptide KLVFF for specific 

binding to Aβ fibrils 

 

 

Ex vivo permeation study 

on porcine nasal mucosa; 

[137] 
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proposed as a potential 

nasal formulation 

7,8-dihydroxyflavone 

Synthesis of a prodrug able to in-

crease the poor oral bioavailability 

and half-life of dihydroxyflavone 

for AD treatment 

R-13 prodrug 

Caco-2 cell line as intesti-

nal model for permeability 

studies  

5XFAD mice as an in vivo 

model of AD 
[138] 

Use of R13 prodrug for the oral 

treatment of peripheral nerve in-

jury 

R-13 prodrug  C57B6 wild-type mice [143] 

Epigallocatechin gallate 

Formulation of liposomes with the 

ability to cross the BBB for the co-

delivery of EGCG and resveratrol 

against PD  

Resveratrol and EGCG-loaded 

liposomes decorated on their 

surface with leptin 

Human astrocytes, brain 

vascular pericytes and 

brain microvascular endo-

thelial cells for an in vitro 

model of BBB; SH-SY5Y 

cells insulted with MPP as 

an in vitro neurodegenera-

tive model  

 [147] 

Quercetin 

Evaluation the ability of α-tocoph-

erol to promote the transport of 

quercetin across the BBB 

Co-administration of quercetin 

and α-tocopherol 
 

Oral administration to 

male Sprague Dawley 

rats 

[146] 

Water-soluble quercetin conjugate 

to increase the BBB permeability 

and to potentially treat cerebral is-

chemia 

Conjugate of quercetin with hy-

aluronic acid targeted with a 

penetrating polypeptide, SS31 

Human neural cell lines 

(PC12 and SH-SY5Y cells) 

and primary cortical neu-

rons 

Intraperitoneal injection 

or through tail vein to 

male Sprague Dawley 

rats after middle cerebral 

artery occlusion as a 

model of permanent cere-

bral ischemia 

[165] 

Quercetin conjugate for improving 

diabetes-related memory impair-

ment 

Conjugate of quercetin with 

dextran-coated superparamag-

netic iron oxide nanoparticles 

 

Oral administration by 

gavage to male Wistar 

rats treated with strepto-

zotocin to induce Type 1 

diabetes 

[166,167] 

Quercetin conjugate to enhance 

the its bioavailability in the brain 

for the potential treatment of neu-

rodegenerative disorders 

Conjugate of quercetin with 

dextran-coated superparamag-

netic iron oxide nanoparticles 

 

Oral administration by 

gavage to male Wistar 

rats 

[168] 

In vitro evaluation of antitoxic 

properties of free quercetin and 

quercetin conjugate 

Conjugate of quercetin with 

dextran-coated superparamag-

netic iron oxide nanoparticles 

Human neural cell lines 

(PC12 cells) 
 [169] 

In vivo evaluation of anticonvul-

sant activity of quercetin conjugate 

Conjugate of quercetin with su-

perparamagnetic iron oxide na-

noparticles coated with β-cy-

clodextrin and pluronic F68 

 

Intraperitoneal injection 

to male NMRI mice 

treated with pentylene-

tetrazole as a kindling 

model 

[170] 

Genistein 

Genistein-carrying polypeptide 

conjugate with propargylamine 

and Angiopep-2 to enhance the 

ability to cross the BBB 

Genistein-loaded PGA- 

nanocarrier modified with neu-

roprotective propargylamine 

residues together with Angio-

pep-2 

Neuroblastoma SH-SY5Y 

cell line 
Mouse model of AD mice [178] 

Geraniol 



Pharmaceutics 2023, 15, 1578 25 of 43 
 

 

Nasal formulation as solid lipid 

nanoparticles loaded with a pro-

drug obtained via the conjugation 

of geraniol with ursodeoxycholic 

acid 

Solid lipid nanoparticles based 

on compritol loaded with an es-

ter conjugate of geraniol and ur-

sodeoxycholic acid 

Rat liver and brain ho-

mogenates 

Intravenous and nasal ad-

ministration to rats 
[33] 

Geraniol encapsulated in chitosan 

oleate as oral and nasal nanofor-

mulations 

Geraniol nanoemulsion ob-

tained in the presence of chi-

tosan oleate as surfactant 

 
Oral and nasal admin-

istration to rats 
[180] 

4.2. Innovative Phytochemical Formulations Designed to Treat Glioma 

Among the most common brain cancers, glioma is characterised by the highest mor-

tality [182]. Gliomas can be treated by surgical resection followed by concomitant chemo-

therapy; however, unfortunately, this strategy appears unable to efficaciously combat dis-

ease progression [183]. Indeed, it is very difficult to completely remove this tumour by 

resection, because its infiltration and specific growth locations do not allow us to easily 

distinguish tumour tissue from healthy brain tissue [184]. Moreover, the chemotherapeutic 

agents can induce serious side effects on healthy cells of the body, showing, on the other 

hand, poor aptitude for crossing the BBB and penetrating the brain [185]. 

4.2.1. Curcumin Involved in the Design of New Formulations for Glioma Treatment 

In Section 2.2, we reported that the ability of curcumin to recognise and kill the CSCs 

may be very useful in countering the growth, invasiveness and metastasis of tumours. For 

this reason, curcumin has been studied as a chemosensitizer, able to increase the thera-

peutic efficacy of chemotherapeutic agents [186,187]. On the other hand, the ability of cur-

cumin to reach therapeutic amounts in the CNS is compromised by its instability in phys-

iologic fluids, its capacity to be rapidly metabolised in the body, and by its poor solubility, 

which is related to very low bioavailability [20,188]. 

Considering these aspects, several strategies were proposed to increase the potential 

anticancer activity of curcumin in the CNS, both as a therapeutic agent by itself and as a 

co-administered chemosensitizer. A first example constitutes the chemical conjugation of 

curcumin into the biocompatible and biodegradable polymer poly(glycerol–sebacate) to 

obtain polymers based on poly(glycerol–sebacate–curcumin) unities (Figure 8). In vitro, 

this system induced a constant long-term release of curcumin, and killed the glioblastoma 

U-87 and neuroblastoma T-98 cells. Thus, the use of this type of polymer has been pro-

posed for the local treatment of brain tumours [189]. 

Alternatively, innovative nanoparticles have been designed in order to target and in-

duce curcumin delivery in glioma cancer cells. The strategy to target the glioma cells was 

based on the recognition of overexpressed integrins, such as αvβ3, on the cell surface. 

Such overexpression seems to contribute to the proliferation, migration and survival of 

cancer cells [190]. In particular, the targeting ability of the nanoparticles was designed 

considering a derivative of cilengitide, c(RGDf(N-me)V), a small peptide able to target 

αvβ3 integrin [191]. To decorate the surface of the PLGA nanoparticles, cilengitide was 

modified by introducing lysine and cysteine, thereby obtaining the esapeptide c(RGDf(N-

me)VK)-C (cHP) and yielding the presence of active sulfhydryl to allow the peptide to 

couple with a polymer carrier composed of maleimide-poly(ethylene glycol)-poly(lactic-

co-glycolide) (m-PEG-PLGA). The uncoupled and coupled polymers were used to formu-

late, through nanoprecipitation, loaded curcumin nanoparticles decorated with cHP 

(cHP/Cur-NPs) [192] (Figure 9). The efficacy of this system was evaluated on a C6 rat gli-

oma cell line, cell spheres and glioma tissues, showing that the decorated cHP/Cur-NPs 

exhibited improved binding, uptake and penetration abilities, in comparison to non-tar-

geting NPs. Moreover, the cHP-decorated nanoparticles appeared able to cross the BBB in 

vivo, and accumulate in a targeted manner in glioma tumour tissues of rats undergoing 

C6 cell transplantation [192]. The presence of PEG chains on the surface of nanoparticles 
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was designed to confer them “stealth” properties in vivo, allowing them to increase their 

circulation time [193]. 

 

Figure 8. Poly(glycerol–sebacate–curcumin) polymer and the monomers used for its synthesis. 

The use of hyaluronic acid as a substrate of the CD44 receptor, which is overex-

pressed on the surface of gliomas and CSCs (Section 2.2), was proposed as an alternative 

strategy to achieve the glioma-targeting of nanocarriers conjugated with curcumin [28]. 

Hyaluronic acid is a polymeric backbone that is biocompatible, biodegradable and non-

immunogenic; thus, it is considered suitable for coupling with therapeutic agents or fur-

ther targeting molecules [28,194]. The ester conjugation of curcumin with the backbone of 

hyaluronic acid allowed us to obtain amphiphilic conjugates without affecting the phar-

macological properties of curcumin [195]. Very recently, a conjugation of hyaluronic acid 

with curcumin was proposed in the presence of cystamine, via a disulphide bond (Figure 

10) [28], which can be broken by glutathione (GSH). In the tumour intracellular microen-

vironment, GSH appears three orders of magnitude more concentrated than in the extra-

cellular microenvironment. Consequently, the entry of disulphide conjugates into tumour 

cells can quickly induce the release of conjugated drugs, allowing a prompt and selective 

bio-responsiveness [196,197]. The hyaluronic acid–curcumin conjugates (HSC) were able 

to self-assemble as nanomicelles in aqueous environments, with a concomitant increase in 

the solubility and stability of curcumin. The HSC micelles composed of conjugates of low 

and medium molecular weight (ranging from 50 to 500 kDa) appeared sensitive to GSH, 

allowing the curcumin to release, in contrast to the nanomicelles composed of conjugates 

of high molecular weight (higher than 1000 kDa). Moreover, the low and medium molec-

ular weight HSC conjugates evidenced higher uptake and toxicity towards the G422 gli-

oma cell line, in comparison to the high molecular weight HSC conjugates and plain cur-

cumin [28]. 
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Figure 9. (A) Chemical structures of maleimide-poly(ethylene glycol)-poly(lactic-co-glycolide) (m-PEG-

PLGA) and cyclic hexapeptide c(RGDf(N-me)VK)-C (cHP). (B) These molecules can be easily coupled in 

order to obtain the cHP-PEG-PLGA structures. (C) m-PEG-PLGA and cHP-PEG-PLGA in the presence 

of curcumin allow to obtain by nanoprecipitation loaded curcumin nanoparticles decorated at their sur-

face with cyclic hexapeptide cHP, able to confer glioma targeting properties to NPs. 

Curcumin was further loaded into the hydrophobic core of HSC micelles. To confer 

the ability to cross the BBB, the HSC micelles were coated with polysorbate 80 (Tween 80) 

[198] (Figure 10), which is known to induce the absorption of apolipoprotein E (apoE). 

Consequently, this favours the transport of nanocarriers into the brain via endocytosis, 

mediated by the low-density lipoprotein (LDL) receptors expressed on the BBB [199,200]. 

The HSC micelles loaded with curcumin and coated with Tween 80 evidenced good 

plasma stability and did not induce haemolysis in erythrocytes; moreover, their uptake 

and high cytotoxicity towards G422 cells were preserved [28,198]. After intravenous ad-

ministration to rats, these micelles allowed a plasmatic area under the curve about five 

folds higher in comparison to the free curcumin to be obtained [198]. Moreover, the Tween 

80-coated HSC micelles loaded with Dir, a hydrophobic near-infrared dye, appeared able 
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to effectively accumulate in the brain after intravenous administration to glioma-bearing 

mice [198]. 

 

Figure 10. Schematic design of hyaluronic acid–curcumin conjugate via disulphide bond (HSC). In 

aqueous medium HSC self-assemble as nanomicelles that can be further loaded with curcumin and 

coated with Tween 80 to induce their ability to cross the BBB. The ability to target and to be inter-

nalised by glioma cells is obtained by the presence of hyaluronic acid, a substrate of CD44 markers 

overexpressed on the surface of cancer cells. 

As reported in Section 2.2, therapies based on curcumin combined with conventional 

chemotherapeutic agents appear to be promising strategies for cancer eradication, in view 

of the complementary anti-tumour mechanism of action of these molecules. It is indeed 

known that curcumin together with conventional anticancer therapies can induce high 

efficiency in simultaneous inhibition of tumour growth, associated with a reduced treat-

ment-induced toxicity and treatment resistance. The design of appropriate nanocarriers 

appears of great utility for increasing the bioavailability and bioaccumulation of drugs in 

a co-delivery strategy with curcumin [201]. Accordingly, a co-delivery design of atorvas-

tatin (ATO) and curcumin was proposed for glioma therapy [194]. This strategy was de-

veloped with the formulation of ultra-small nanostructured lipid carriers, bio-conjugated 

via electrostatic binding with hyaluronic acid, itself conjugated with folic acid or specific 
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peptides (cRGDfK and H7K(R2)2) able to induce targeting and internalization in glioma 

cells. Folic acid and cRGDfK proteins are the substrates of folate receptors and integrins 

(αvβ3), respectively, both overexpressed in glioma tumour vasculature and cells; the 

H7K(R2)2 peptide is characterised by cell penetrating characteristics and behaviour that 

is responsive to the acidic microenvironment of glioblastoma [202–205]. Ultra-small 

nanostructured lipid carriers are constituted by biocompatible and biodegradable materi-

als, resulting in a interaction between solid and liquid lipids, thereby allowing high load-

ing capacities of lipophilic drugs such as ATO and curcumin. The decoration of the surface 

of these carriers, as above described, appeared appropriate for achieving delivery of the 

drugs to the targeted glioma cells. Indeed, in vitro, these carriers were able to target and 

induce cytotoxicity in glioblastoma U-87 cells, showing negligible haemolytic behaviour 

[194]. After intraperitoneal administration to mice that underwent intracranial injection of 

U87 glioblastoma, the carriers demonstrated selective targeting to the brain, allowing the 

prevention of tumour growth and development, in contrast with the treatment using non-

encapsulated drugs [194]. 

A co-delivery curcumin/conventional chemotherapeutic agent strategy against gli-

oma was further proposed by formulating liposomes loaded with temozolomide, curcu-

min, and doxorubicin. The liposome surface was decorated with the pentapeptide 

RERMS, then able to allow permeation of the BBB [206]. As expected, an in vitro model of 

the BBB based on porcine brain-derived capillary endothelial cells suggested the higher 

ability of the decorated liposomes to cross the BBB, in comparison with non-targeted lip-

osomes. Moreover, the injection of the targeted liposomes (loaded with the three anti-can-

cer agents) into mice that underwent intracranial injection of human U87 glioblastoma 

delayed the tumour growth more efficiently than treatment with free compounds [206]. 

Again, a co-delivery curcumin/docetaxel (DTX) system was based on curcumin cou-

pling, via a disulphide bond, with chitosan oligosaccharide (CSO) [29]. CSO is obtained 

as a degradation product of chitosan; it is known to retain the advantages of chitosan, 

including non-toxicity and biodegradability. Moreover, it is characterised by good BBB 

penetration ability [207]. As described in Figure 11, the hydrophilic CSO and the hydro-

phobic drug curcumin were coupled by disulphide bonds, via ester conjugation with 3,3′-

dithiodipropionic acid (DTDP), to obtain a polymeric carrier (CSO-ss-curcumin) charac-

terised by amphiphilic properties. CSO-ss-curcumin was able to self-assemble as nanomi-

celles in aqueous environments, meaning it could be loaded in the presence of docetaxel. 

Interestingly, curcumin became part of the nanocarrier, constituting the hydrophobic cav-

ity in which DTX is loaded; moreover, it has been demonstrated that in a reductive me-

dium (such as the intracellular environment of glioma), curcumin is rapidly released to-

gether with DTX, allowing the two to have their anticancer synergic effects. The efficiency 

of these nanomicelles as anticancer agents against the glioma C6 cell line was higher than 

that obtained by the combined free drugs; the intravenous administration of the micelles 

to C6 tumour-bearing mouse model evidenced their excellent brain-targeting properties 

in comparison to free drugs [29]. 

4.2.2. Resveratrol Involved in the Design of New Formulations for Glioma Treatment 

Similarly to curcumin, resveratrol has been recognised as an efficient anticancer agent 

against glioma cells [208,209], showing slight to no harmful side effects in vivo [210]. On 

the other hand, the therapeutic applications of resveratrol are limited by its poor solubility 

and inefficient systemic delivery, resulting in very poor bioavailability [211]. Moreover, 

the presence of the BBB restricts its penetration into the brain and glioma cells, when di-

rectly administered in the bloodstream [212]. 
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Figure 11. (A) Chemical structures of 3,3′-dithiodipropionic acid (DTDP), curcumin (CUR) and chi-

tosan oligosaccharide (CSO). (B) The hydrophilic CSO and the hydrophobic drug CUR were cou-

pled by disulphide bonds, via ester conjugation with DTDP, to obtain a polymeric carrier character-

ised by amphiphilic properties, able to self-assemble as nanomicelles. In particular, docetaxel (DTX) 

was encapsulated into nanomicelles via self-assembly of the amphiphilic polymer in water. 

To increase the BBB penetration of resveratrol, its encapsulation in PEG-PLA nano-

particles (whose surface is decorated with Tf) has been proposed. Tf is indeed known to 

induce the brain’s uptake via endocytosis [213] by interacting with the TfR, which is se-

lectively expressed on the surface of the brain capillary and overexpressed by glioblas-

toma cells [214]. The resveratrol-loaded Tf-PEG-PLA nanoparticles evidenced higher up-

take and cytotoxicity against the glioma C6 and glioblastoma U-87 cell lines, in compari-

son to the undecorated resveratrol-loaded PEG-PLA nanoparticles. Moreover, after intra-

peritoneal administration to glioma-bearing rats, the resveratrol-loaded Tf-PEG-PLA na-

noparticles significantly accumulated in brain tumour and decreased its volume, in con-

trast to free resveratrol [215]. 

As for other phytochemicals, the co-administration of resveratrol and conventional 

chemotherapeutics is considered a high-efficacy strategy against glioma. Therefore, a lip-

osome-based approach was very recently proposed for the co-delivery of resveratrol and 

epirubicin to target glioma cells [30]. Resveratrol was incorporated into the bilayer of lip-

osomes, based on cholesterol and polyethylene glycol distearoylphosphosphatidylethan-

olamine (PEG-DSPE), whereas epirubicin was loaded in the aqueous compartment. The 

external liposome PEG chains were coupled via ester and amide conjugation, respectively, 

to p-aminophenyl-α-D-manno-pyranoside (MAN), to increase BBB penetration, and to 

germ agglutinin (WGA), in order to target glioma cells [30]. In an in vitro BBB model based 

on mouse brain microvascular endothelial bEnd.3 cells, the presence of MAN and WGA 

allow the liposomes to sensibly increase the transport of epirubicin and resveratrol. More-

over, MAN and WGA contributed to enhancing the uptake of these drugs in glioma C6 

cell lines, as well as to increasing their ability to induce apoptosis. The same liposomal 

system showed the highest efficacy in inhibiting the growth of the C6 glioma spheroids. 

The intravenous administration of MAN-WGA-decorated liposomes to glioma-bearing 

rats allowed a sensible reduction in tumour growth, and enhanced rat survival [30]. 

4.2.3. Cinnamaldehyde Involved in the Design of New Formulations for Glioma Treatment 

The anticancer synergic effect of cinnamaldehyde and tryptamine has been exploited 

to create a co-delivery strategy [31]. It is known that cinnamaldehyde can promote tu-

moral ROS-mediated apoptosis, without inducing toxicity to healthy cells [216]. On the 

other hand, the chemical instability and water solubility of cinnamaldehyde restrict its 

potential therapeutic applications [217]. Tryptamine induces specific gliomas’ cytotoxicity 



Pharmaceutics 2023, 15, 1578 31 of 43 
 

 

via multiple effects [31], and it can be selectively internalised by glioma cells via overex-

pressed 5-HT receptors on their cell membrane [218]. 

A system for cinnamaldehyde and tryptamine’s co-delivery was proposed according 

to the following steps [31]: (i) cinnamaldehyde and tryptamine were conjugated via al-

dimine condensation, thus obtaining a prodrug (CA-TRY) of both these compounds (Fig-

ure 12). The conjugate can indeed release cinnamaldehyde and tryptamine via intracellu-

lar endosomal acidolysis of Schiff bases and protonation of tryptamine imidazole rings; 

and (ii) the hydrophobic CA-TRY prodrug was then auto-assembled as nanospheres using 

the O/W emulsion solvent evaporation method. The authors hypothesised that the CA-

TRY nanospheres can selectively target glioma cells via the overexpressed 5-HT receptors, 

inducing their intracellular uptake; the following release of cinnamaldehyde and trypta-

mine allows the drugs to synergically function as anticancer compounds. As the nanopar-

ticles are mainly composed of CA-TRY prodrug, this strategy allowed them to overcome 

the typical problems related to polymeric characteristics of lipidic nanoparticles, such as 

low loading, complex formulation and purification methods, and accumulation in the 

body site of the nanoparticle excipients. 

 

Figure 12. Chemical structures tryptamine, cinnamaldehyde and their prodrug CA-TRY, obtained 

using conjugation via aldimine condensation. 

CA-TRY nanoparticles can be selectively internalised in SH-SY5Y neuroblastoma 

cells, among several tumour cell lines, exhibiting selective apoptotic ability and inducing 

the growth inhibition of SH-SY5Y multicellular spheroids, which appeared completely 

destroyed by the synergistic effect of cinnamaldehyde and tryptamine. Moreover, upon 

intravenous administration to mice, the nanoparticles increased the half-life of the free 

compounds in the bloodstream and their ability to permeate across the BBB, thus leading 

to a high compound brain concentration [31]. 

Table 2 summarises the innovative formulations described Section 4.2. 

Table 2. Design of innovative formulation involving phytochemicals in order to enhance the thera-

peutic effects against glioma. 

Design Formulation In Vitro Cellular Models In Vivo Evaluation Ref. 

Curcumin 

Conjugation of curcumin into 

biocompatible and biodegrada-

ble polymers for local treatment 

of tumours 

Polymers based on poly(glyc-

erol–sebacate–curcumin) unities 

Glioblastoma U-87 and 

neuroblastoma T-98 cell 

lines 

Proposed for potential use 

in the local treatment of 

glioma 

[189] 

Polymeric nanoparticles deco-

rated with the esapeptide 

c(RGDf(N-me)VK)-C (cHP) for 

Curcumin-loaded PEG-PLGA 

nanoparticles decorated with 

cHP 

C6 rat glioma cell line, C6 

cell spheres 

Intravenous administra-

tion to rats undergoing C6 

cell transplantation 

[192] 
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the targeting of integrins over-

expressed by glioma 

Self-assembled nanoparticles 

obtained via conjugates of cur-

cumin and hyaluronic acid via a 

GSH-sensitive disulphide bond. 

Hyaluronic acid can target gli-

oma cells via CD44 markers. 

Tween 80 coating induces the 

BBB permeation. 

Curcumin-loaded and Tween 80-

coated nanoparticles obtained by 

self-assembling curcumin–hyalu-

ronic acid conjugates. 

Glioblastoma G422 cell line 

Intravenous administra-

tion to glioma-bearing 

mice 

[28,198] 

Co-delivery of curcumin- and 

atorvastatin-loaded ultra-small 

nanostructured lipid carriers 

decorated with folic acid and 

peptides able to induce target-

ing and internalization in gli-

oma cells 

Curcumin- and atorvastatin-

loaded ultra-small nanostruc-

tured lipid carriers bio-conju-

gated via electrostatic binding 

with hyaluronic acid conjugated 

with folic acid or specific pep-

tides cRGDfK and H7K(R2)2 

Glioblastoma U-87 cells 

Intraperitoneal admin-

istration to mice that un-

derwent intracranial injec-

tion of U87 glioblastoma 

[194] 

Co-delivery of temozolomide-, 

curcumin-, and doxorubicin-

loaded liposomes decorated 

with a peptide able to induce 

the BBB crossing 

Temozolomide-, curcumin- and 

doxorubicin-loaded liposomes 

decorated with the pentapeptide 

RERMS 

In vitro model of BBB, 

based on porcine brain-de-

rived capillary endothelial 

cells 

Injection to mice under-

wenting intracranial injec-

tion of human U87 glio-

blastoma to mice. 

[206] 

Curcumin coupling via a disul-

phide bond with chitosan oligo-

saccharide (CSO) in order to ob-

tain self- assembled nanomi-

celles loaded with docetaxel for 

co-delivery to glioma cells 

Loaded docetaxel self-assembled 

nanomicelles based on conju-

gates of curcumin to CSO by a 

disulphide bond 

Glioma C6 cell line 

Intravenous administra-

tion to C6 tumour-bearing 

mouse model 

[29] 

Resveratrol 

Polymeric nanoparticles deco-

rated with transferrin to in-

crease BBB penetration 

Resveratrol-loaded PEG-PLGA 

nanoparticles decorated with 

transferrin 

Glioma C6 and glioblas-

toma U-87 cell lines 

Intraperitoneal admin-

istration to glioma-bearing 

rats 

[215] 

Co-delivery of resveratrol and 

epirubicin-loaded polyfunc-

tional liposomes able to cross 

the BBB and target glioma cells 

Resveratrol- and epirubicin-

loaded liposomes decorated with 

p-aminophenyl-α-D-manno-py-

ranoside (MAN) and germ ag-

glutinin (WGA) 

Mouse brain microvascular 

endothelial (bEnd.3) cells; 

glioma C6 cell lines; C6 gli-

oma spheroids 

Intravenous administra-

tion to glioma bearing rats 
[30] 

Cinnamaldehyde 

Co-delivery of cinnamldehyde 

and tryptamine conjugated to 

each other via aldimine conden-

sation and self-assembled as 

nanospheres 

Self-assembled nanospheres of a 

prodrug of cinnamldehyde and 

tryptamine, obtained using their 

aldimine condensation 

SH-SY5Y neuroblastoma 

cells; SH-SY5Y multicellu-

lar spheroids 

Intravenous administra-

tion to mice 
[31] 

5. Conclusions and Future Directions 

Several phytochemicals produced by vegetables for their own protection induce ben-

eficial effects to the human health. These compounds are indeed characterised by a broad 

spectrum of antioxidant and anti-inflammatory properties exploitable for the prevention 

and therapy of neurodegenerative diseases and psychotic disorders. Numerous phyto-

chemicals are indeed able to permeate the BBB, appearing to be promising drugs for the 

treatment of CNS disorders. Moreover, other phytochemical properties contribute to their 

therapeutic abilities to counteract neurodegeneration. For example, due to their ability to 

interfere with Aβ accumulation or to induce neuronal protection, curcumin and resvera-

trol have been proposed as potential agents against AD and PD. Anti-PD properties have 

also been attributed to geraniol, which is known to promote the survival of dopaminergic 
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neurons by increasing the production of neurotrophic factors. The effects of phytochemi-

cals are not limited to the neuronal disorder, but can also involve interesting therapeutic 

aspects to counteract tumours. In particular, some phytochemicals appear able to recog-

nise and kill the CSCs involved in chemoresistance, cancer relapse, invasiveness and the 

development of metastasis. This property was attributed, in particular, to curcumin, but 

resveratrol and cinnamaldehyde also displayed these features. Accordingly, these com-

pounds appear efficacious against glioma. 

Based on their broad beneficial aspects in the brain or against tumours, phytochemi-

cals are proposed as alternative to the current monotherapy approaches, and interesting 

results are attributed to a co-administration regimen. On the other hand, their poor oral 

bioavailability and rapid metabolic processes not only reduce their beneficial effects, but 

also compromise their use for acute or long-term therapies. Several strategies have been 

proposed to overcome these drawbacks, especially exploiting innovative strategies that 

are able to promote phytochemicals’ CNS activity. This review summarises these strate-

gies, focusing on those in which phytochemicals, their prodrugs or conjugates are admin-

istered or co-administered using nanotechnology-based formulations, themselves sup-

ported by conjugation designs. Leptine, wheat germ agglutinin, and TfR represent useful 

targeting molecules to decorate the surface of phytochemical-loaded nanocarriers to in-

duce permeation of the BBB; alternatively, the Tet-1 peptide can be used to induce uptake 

in motoneurons, while curcumin can be used to target Aβ deposits. The conjugation of 

ferulic acid with glycol–chitosan allowed us to obtain a prodrug of these compounds 

which was able to self-assemble as nanoparticles characterised by prolonged circulation 

time and neuroprotective effects against spinal cord injury. Geraniol and ursodesoxy-

cholic acid, both neuroactive against PD, conjugated as a prodrug, allowed the encapsu-

lation of solid lipid nanocarriers that upon nasal administration induced prodrug brain-

targeting, allowing the co-delivery of the two neuroactive agents to the CNS. Hyaluronic 

acid has been proposed for the targeting of CD44, which is overexpressed on the surface 

of gliomas and CSCs. The conjugation of hyaluronic acid with curcumin allowed us to 

obtain self-assembled nanomicelles with increased stability of curcumin; these were effi-

caciously taken up in glioma cells. These nanomicelles further loaded with curcumin and 

coated with Tween 80 (for BBB-crossing ability) displayed effective activity against glioma 

upon intravenous administration. Again, self-assembled nanomicelles can be obtained via 

the conjugation of curcumin with chitosan oligosaccharide. In this case, curcumin be-

comes a part of the nanocarrier, constituting the hydrophobic cavity into which docetaxel 

can be loaded, in order to achieve co-delivery of the two compounds to glioma cells, re-

sulting in anticancer synergic effects. 

The optimization of innovative formulations for the brain-targeting of the phyto-

chemicals can be obtained by means of in vitro models, based on cell lines able to simulate 

the BBB or the action site of the drugs. The results derived from these in vitro studies can 

often predict of the in vivo behaviour of these innovative formulations, thus reducing the 

amount of animal testing required, which is beneficial from an ethical perspective. 

Tu summarise, interesting formulations can be obtained through the conjugation of 

phytochemicals with conventional drugs, allowing us to obtain prodrugs that are able to 

induce loading increases in nanocarriers designed for nasal administration. These systems 

appear suitable for ensuring brain-targeting and synergic effects against neurodegenera-

tive diseases. Again, self-assembled nanocarriers can be obtained by producing appropri-

ate conjugations of phytochemicals with biocompatible polymers. The phytochemicals 

can be used to target the brain, as the part of the self-assembled nanocarriers that can be 

loaded with conventional drugs, thus allowing us to obtain synergic therapeutic effects to 

counteract neurodegenerative diseases or glioma. The data reported herein show that 

these formulations can potentially be designed for either intravenous or oral administra-

tion routes. 

The formulations described in this review appear potentially efficacious in vivo for 

the targeting of the brain by agents able to counteract neurodegenerative diseases and 
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tumours; however, poor information is currently available about their effects on the body 

after long-term treatments. Especially in the latter case, the distribution and accumulation 

of these nanocarriers at both the central and peripheral level need to be investigated, and 

the mechanisms of their potential elimination from the body should be elucidated. 

Knowledge of these aspects may contribute to highlighting interesting perspectives in the 

battle to treat brain diseases. 
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