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Over the last decades, nutraceuticals and natural products have been the focus of intense research. Ferulic acid, an active 

phenolic constituent of many plant species with a wide-spectrum of pharmacological properties (e.g. effects against the 

oxidative stress, thrombosis, diabetes, aging, and neurotoxicity) has attracted a growing interest in the area of biomedical 

research and clinical practice. Ferulic acid is able to affect a variety of signaling pathways including those of the brain 

-

ciency of this ubiquitous nutraceutical. In recent years, tremendous research efforts in nanotechnology have provided highly 

research progress regarding the development of ferulic acid-based nanoformulations. Biomed Rev 2017; 28: 22-30.
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The therapeutic potentials of the naturally occurring phenolic 

compounds against a variety of disorders have been the focus 

of intense research (1). 

most abundant phenolic compounds in plants and foods, has 
attracted a growing interest due to its wide spectrum of phar-

-
mation, oxidative stress, aging, diabetes, and neurological 

disorders. 

This multifunctional nutraceutical exhibits free radical 
scavenging, antimicrobial, and hepatoprotective activities, 

and protective effects against the UV and ionizing radiation, 
and reduces triglycerides and cholesterol (2-8). Because of 

the stimulation of cytoprotective enzymes, scavenging of 

reactive oxygen species (ROS), and inactivation of certain 
proteins, FA may be used as an anticancer agent. It has also 

been suggested that FA reduces the side effects of radio- or 

Figure 1. The chemical structure of ferulic acid.
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chemotherapy through the enhancement of the innate im-
mune defense (9, 10). Moreover, FA prevents atherogenesis, 
platelet aggregation, and thrombus formation (11), hence, it 
might be useful against the ischemic disorders. Ferulic acid 
has also been used as an ingredient in a variety of drugs, nu-
traceuticals, and cosmetics (12, 13). This ubiquitous phenolic 
compound through the stimulation of platelet-derived growth 
factor and vascular endothelial growth factor has shown an-
giogenic effects both in vitro and in vivo. It appears that mito-
gen-activated protein kinase (MAPK) and phosphatidylinosi-
tol 3-kinase (PI3K) pathways are involved in the angiogenic 
activity of FA (14). Recently, implication of PI3K signaling 
pathway in the protective effects of FA against the ischemic 

FA results in the antidepressant-like effects by modulation of 
the nitrosative/oxidative stress and activities of MAPK/extra-
cellular signal-regulated kinase, Ca /calmodulin-dependent 
protein kinase II, protein kinase C, protein kinase A, and 
PI3K pathway (16, 17). Based on the neuroprotective ef-
fects of neurotrophins against the neuropsychiatric disorders 
(18-20), the effect of FA on the production of nerve growth 

Montalcini (21), which regulates the cognitive function and 
stress (22) and is involved in the mechanisms of action of a 
wide variety of psychotropic agents (19, 20, 23-28) has been 
investigated. It has been shown that FA is able to stimulate 
the production of NGF in the brain regions implicated in 
the modulation of emotions (29). In the frontal cortex, FA-
induced enhancement of NGF (29) might be of therapeutic 

(29) may be involved in the hippocampal neurogenesis and 
improved cognitive function as NGF is critically implicated 
in the hippocampal neurogenesis and plasticity (31). Accord-
ing to the facilitatory role of NGF on the cholinergic neuro-
transmission between the amygdala and nucleus basalis (32), 
FA-induced enhancement of NGF protein level in the amyg-
dala (29) may result in the improved cognitive performance. 
Based on the important role of NGF in the development of the 
olfactory system (33), FA by increasing NGF content in the 
olfactory bulbs (29), may affect the function of this system. In 
an attempt to identify a mechanism by which FA affects brain 

NGF protein levels, the implication of the endocannabinoid 

system (eCBs) which its interaction with neurotrophic fac-

tors, regulatory role in the emotional states, and treatment of 

neuropsychiatric diseases are well-documented (34-38), has 

been shown (29). Noteworthy, endocannabinoids and NGF 

were increased in the same brain regions after treatment with 

FA (29) suggesting the existence of a balance between the 

-

peutic effects, poor solubility and bioavailability and the 

physiochemical instability of FA (39) may negatively affect 

of FA including its cellular uptake, a variety of FA-loaded na-

noformulations have been developed which will be described 

as follows.

Over the last decades, outstanding breakthroughs in nano-

technology have led to the development of more innovative 

therapeutic agents. Nanoparticulate delivery systems have 

been designed for targeted delivery of pharmaceuticals with 

-

able polymer-based nanoparticles, nanoliposome, and den-

drimers have attracted increasing interests for delivery of hy-

drophilic or hydrophobic drugs, genes, and macromolecules 

bioactive molecules with biocompatible and biodegradable 

polymeric matrix has been shown to provide sustained drug 

release along with the improved pharmacokinetics properties, 

may provide an optimal drug concentration for a longer pe-

order to overcome the challenging issues associated with the 

earlier developed nanomaterials, research efforts have been 

attracted towards the development of the optimized nanocar-

riers including the lipid nanoparticles which protect the thera-

peutic agents against the enzymatic degradation and provide 

the controlled drug release from the lipid matrix and targeted 

delivery (43) leading to the improved pharmacological pro-

lipid carriers (NLCs), the promising carriers for poorly water-

soluble drugs, have shown suitable characteristics including 

the long-term stability, biocompatibility, high drug loading 

capacity, and controlled drug release that may result in the 

reduced dosage frequency and side effects (44), hence, a bet-

ter patient compliance in the case of the translation of basic 

research into the clinical practice. NLCs with large-scale pro-

duction capability, may be loaded with a variety of therapeu-

tic agents including those against the neurological disorders 
(6, 45, 46).

Regarding the nanoformulations of FA, FA-loaded Poly-
D

,
L

-
lactide-co-glycolide (FA-PLGA) nanoparticles have been 

Nanoencapsulation of ferulic acid

Biomed Rev 28, 2017



24

prepared by double emulsion method followed by the evalu-

nanoparticles in NCI-H460 cells. FA-PLGA nanoparticles 
-

cies (ROS) levels, and apoptotic morphological alterations in 
cancer cells. Furthermore, mitochondrial transmembrane po-
tential was changed indicating the improved stability and bio-
availability of FA at tumor site and enhanced cytotoxic activ-
ity of FA-PLGA (47). Electrospinning approach has also been 

-
ers have been represented as the promising therapeutic can-
didate against the liver cancer (48). Besides providing a high 
local drug concentration that might result in the enhanced 

-
ers may also reduce the chemotherapeutic side effects (49). 

candidates for tumor-targeted delivery of chemotherapeutic 
agents. Nanohybrids of FA and layered double hydroxide na-
nomaterials which have been prepared via the reconstruction 
and exfoliation-reassembly methods, have shown promising 
physicochemical properties for cellular uptake and enhances 
anticancer activity (50).

Using the ionotropic gelation method, FA-encapsulated 
chitosan nanoparticles have been synthesized followed by as-
sessment of the stability and encapsulation of FA by thermal 
analyses, Fourier transform infrared spectrum, and nuclear 
magnetic resonance. Cytocompatiblity of the nanoparticles at 
effective concentrations has been shown in the human em-
bryonic kidney (HEK-293) cell line indicating their suitable 
safety. These spherically-shaped and stable nanoparticles 
with positive zeta potential, a critical factor which facilitates 
the binding of nanoparticles to the negatively charged cell 
membrane leading to the disruption of their integrity and 

-
duced the cell metabolic activity of Candida albicans, an op-
portunistic fungal pathogen. In this context, FA-encapsulated 
chitosan nanoparticles have been represented as the effective 
alternative to the conventional antifungal therapeutics (51). 
For functional restoration following the traumatic spinal cord 

glycol chitosan (FA-GC) have been developed. Using these 
nanoparticles, the challenging issues regarding the phar-
macokinetics and tissue distribution of free FA or GC have 
been overcome (52). Chitosan is mainly produced from the 
exoskeleton of crustaceans (e.g. shrimps and crabs) and simi-

excitotoxicity, and neuroprotective effects (53). Because of 
the poor solubility of chitosan, water-soluble glycol chitosan 
(GC) may be employed in which the neuroprotective effect of 
chitosan is preserved (54). 

self-assembled nanoparticles composed of the hydrophobic 
FA core and hydrophilic GC shell with prolonged circulation 
time and distribution in white and gray matters (which are vul-

cord barriers and ruptured blood capillaries. In rats exposed 

nanoparticles has led to a remarkable recovery in the locomo-
-
-

tion of glial cells and neurons against the secondary degen-
eration is of critical importance. Indeed, targeted delivery of 

cord, prevents the progression of the pathological damages of 
glial cells and neurons at an early stage leading to protec-
tion of axons in the white matter and remarkable locomotor 
functional recovery. Treatment with methylprednisolone has 
been ineffective in this regard, hence, FA-GC nanoparticles 

including the 
volume, and astrogliosis were also observed after treatment 
with FA-GC nanoparticles. These nanoparticles have also 
protected the primary neurons against the glutamate-induced 
excitotoxicity in vitro. Because of the restorative effects, FA-
GC nanoparticles have been represented as promising neuro-
protective nanomedicine which may be applied in the clinical 
settings (55).

For oral administration of FA, microemulsion-based 
method has been used to prepare FA-loaded NLCs with 

-

transport of the lipid nanoparticles from the stomach into the 
intestinal tract indicating the increased drug bioavailability. 
Furthermore, nanosized particles provided improved phar-

solubility and absorption, and plasma concentrations (56).

range of nanometer or submicron may be fabricated (57), 
third generation solid dispersions of FA in composite na-

In vitro permeation and disso-
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with much faster dissolution rate are able to rapidly release 
FA content and the permeation rate across the sublingual mu-
cosa has been 13-fold higher than the control group (58). 
In this respect, development of the third generation solid 
dispersions by electrospinning appears as a promising ap-

-
ly water-soluble drugs. Indeed, electrospinning due to its 
unique properties, cost effectiveness, and ease of implemen-
tation is a popular nanotechnology approach for producing 

well as the multiple coaxial electrospinning are the promis-

-
trospinning process has been employed for fabrication of 

shown high-quality in terms of the distribution, diameter, 

coaxial electrospinning process has been suggested as a use-
-

proved functional performance (60).
Pancreatic cancer is associated with a heterogeneous 

molecular pathogenesis including the genetic mutations and 
-

tion, and oxidative stress (61). Unfortunately, the current 
treatment options against the pancreatic carcinoma are usu-
ally ineffective (62). This has provoked increasing research 
efforts for development of the novel chemopreventive agents 
in order to delay or reverse the disease onset. For synergis-
tic chemoprevention of the pancreatic cancer, combination 

encapsulated in a novel chitosan-coated solid lipid nanopar-
ticles drug delivery system has shown therapeutic potential 
against the disease as revealed by the reduced cell viabil-
ity and increased apoptosis in the human pancreatic cancer 
cells (63). Noteworthy, chitosan facilitates the paracellular 
transport of drug molecules and mediates the opening of 

might result in the improved drug bioavailability (64). In 
pancreatic tumor xenograft mice model, application of FA 
and aspirin-loaded solid lipid nanoparticles with biodegrada-
bility, bioadhesivity, enhanced permeability properties, and 
prolonged residence time has led to the increased drug con-

the expression of proliferation proteins MKI67 and PCNA 

and increased the expression of apoptotic proteins including 
the p-ERK1/2, p-RB, and p21 indicating the pro-apoptotic 
effects of the nanoformulation. The anti-cancer effects might 
be due to the high antioxidant effect and free radical scav-
enging activity of FA and the modulatory effect of aspirin on 

participates in the induction of several genes for cytokines 
and is involved in a variety of physiological and pathological 
processes (65). Since the cloning of NF-kB genes and iden-

has shown the critical role of NF-kB signaling pathways in 
the development and progression of various human cancers. 
In this respect, NF-kB signaling has been recognized as a 
target of cancer therapy (66, 67).

Application of the solid and liquid lipids as matrices for 
the preparation of nanoscaled lipid drug delivery systems 
has shown several advantages including the optimized drug 
properties such as the solubility, stability, and biocompatibil-

scalability (68). Nanoscaled lipid drug delivery systems may 
be used for systemic administration of the lipophilic drugs 
in a variety of diseases such as the central nervous system 

-
tivity in Alzheimer’s disease, FA has been entrapped into the 
lipid nanoparticles using the microemulsion technique. FA-
loaded nanoparticles with suitable physicochemical charac-

higher protective activity against the oxidative stress in neu-
rons as compared to free FA (70). Using the same technique, 

oxidative effects has been encapsulated into the lipid nano-

overcome the poor bioavailability of the compound. The pre-

-
cokinetic parameters including the oral bioavailability (56).

Based on the protective effects of FA against the oxida-
tive and nitrosative stress via up-regulating the key enhanc-
ers of the cell stress response such as the heme oxygenase/
biliverdin reductase pathway (71), FA has been loaded into 
the solid lipid nanoparticles in order to improve FA bioavail-

ability (72). These spherically-shaped and biodegradable na-

noparticles may be easily taken up by the brain due to their 

lipid nature, meanwhile, the size of nanoparticles should 

not exceed 200 nm (73). In order to bypass the blood-brain 

barrier, intranasal route may be applied which provides the 

possibility to deliver the drugs directly to the brain (74). In-
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tranasal administration of FA-loaded lipid nanoparticles has 

prevented the brain damage induced by free radicals (72) 

suggesting the therapeutic potential of this nanoformulation 

against the neurodegenerative disorders.

In human glioblastoma cancer U87MG cells, FA-NLCs 

with small particle size and high homogeneity have shown 

(75). -

ties is able to activate the apoptotic pathways in different 

types of cancers (76-78). Ferulic acid-NLC by inducing the 

cytotoxic effects via activating of the apoptotic pathway, 

appears as a promising therapeutic candidate against the 

glioblastoma, the most aggressive and common form of the 

brain tumor (79). 

Application of the aerosolized FA-NLCs with con-

trolled release pattern, slower clearance, improved pulmo-

 FA, and reduced dos-

ing frequency represents this inhalable nanoformulation as a 

promising therapeutic agent against the lung disorders (80). 

Application of the computational models for simulation of 

the fate of nanoparticles and evaluation of their interactions 

with the biological systems as well as predicting the side 

effects of drugs (81, 82) might result in the development of 

-

cation of this phytochemical in the clinical settings has re-

mained challenging that might be due to its poor pharmacoki-

in nanotechnology have led to the development of biomate-

rials capable to interact with the biological systems as well 

as the highly-advanced nanovectors for targeted delivery of 

the novel therapeutic agents with improved pharmacological 

-

ter prospects for treatment of a variety of disorders. Success-

may facilitate obtaining the regulatory approvals and com-

mercialization of products.

-

est.
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