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ABSTRACT: Dexamethasone (DEX) has been widely used to treat a variety of
diseases, including autoimmune diseases, allergies, ocular disorders, cancer, and,
more recently, COVID-19. However, DEX usage is often restricted in the clinic
due to its poor water solubility. When administered through a systemic route, it
can elicit severe side effects, such as hypertension, peptic ulcers, hyperglycemia,
and hydro-electrolytic disorders. There is currently much interest in developing
efficient DEX-loaded nanoformulations that ameliorate adverse disease effects
inhibiting advancements in scientific research. Various nanoparticles have been
developed to selectively deliver drugs without destroying healthy cells or organs
in recent years. In the present review, we have summarized some of the most
attractive applications of DEX-loaded delivery systems, including liposomes,
polymers, hydrogels, nanofibers, silica, calcium phosphate, and hydroxyapatite.
This review provides our readers with a broad spectrum of nanomedicine
approaches to deliver DEX safely.
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1. INTRODUCTION

The majority of human cells express glucocorticoid receptors
(GRs) which can act as ligand-dependent transcription factors.
These members of the nuclear receptor superfamily are present
in the free form in the cytosol. The high-affinity state of the
receptors for glucocorticoid (GC) binding occurs following the
interaction of GRs with heat shock proteins (Figure 1).1−3

Various naturally occurring cortisols and their synthetic
counterparts including dexamethasone (DEX) interact with
the cytosolic GRs resulting in the dissociation of heat shock
proteins from the receptors.4 This dissociation leads to
conformational changes in the GRs leading to entry into the
nucleus. In the cell nucleus, GCs bind to the GC response
elements resulting in changes in transcription (Figure 1).5,6

The molecular mechanism of GCs and their influences on the
cells are not limited to the interaction and binding of the
molecules with target sites in the genes but also include
protein−protein interactions between the liganded GRs and
other transcription factors in the cytosol. These interactions
lead to changes in the capacity of other transcription factors
that regulate transcription.7 Other major targets for GCs are
nongenomic in nature, including mitochondrial translocation,
interactions with the plasma membrane, and signaling
pathways.8 The widespread cellular mechanisms involved in
the action of GCs make these molecules suitable candidates for

evaluation of their efficacy in various physiological processes,
such as apoptosis and cell growth, as well as of their role in
pathological conditions including inflammation.8−10 The
immunomodulatory effects of GCs such as DEX come from
their impact on B cells and T cells via different molecular
pathways. Their effect on B cells is through up-regulation of
interleukin-10 (IL-10) as an anti-inflammatory cytokine and
down-regulation of Toll-like receptor 7 signaling. GCs
modulate T cells through regulating their cytokine expression
and T cell receptor signaling. GCs are also able to inhibit the
production of pro-inflammatory cytokines, including IL-1 and
IL-6 as wells as prostaglandin E2 and histamine.11,12 Another
major anti-inflammatory effect of these molecules occurs
through the interaction of GRs and transcription factors such
as NF-κB and AP-1 which act as critical modulators of several
signaling pathways associated with B and T cell recep-
tors.11,13−15
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Drug repurposing makes the process of drug discovery faster
and more affordable. Drug repurposing has been contemplated
through various methods including computational and
experimental approaches. The diverse molecular pathways
and mechanisms associated with the effect of GCs on cells
make these molecules appropriate candidates for drug
repurposing.16 The high costs of drug development along
with the essential needs for therapeutic agents to manage
global health issues such as the novel 2019 coronavirus
(COVID-19) pandemic have led researchers to repurpose
available medications with low cost for widespread global
applications.14,17 Among the repurposed therapeutic molecules
suggested for COVID-19, DEX has attracted considerable
attention due to its low cost, various available formulations,
well-known mechanism of action, and different routes of
administration.18,19 This review summarizes some of the most
attractive repurposed applications of DEX and its delivery
systems, including liposomes, polymers, hydrogels, nanofibers,
silica, calcium phosphate, and hydroxyapatite.

2. DEXAMETHASONE FOR EYE DISEASES’ THERAPY

Anterior and posterior segments of the eye could be affected
by various types of diseases. There are different pathological
conditions associated with the anterior segment, including
allergic conjunctivitis, pain, inflammatory reactions, glaucoma,
Meibomian gland disease, and dry eye. On the other hand,
common illnesses of the posterior segment comprise
proliferative diabetic retinopathy, age-related macular degen-
eration (AMD), and macular edema.20,21 The most convenient
approach for drug delivery to the eye for diseases associated
with the anterior segment is topical formulations such as eye
drops which include approximately 90% of available eye

formulations in the market. Several disadvantages limit the
wide application of such ophthalmic formulations, including
nasolacrimal drainage, tear dilution, and low bioavailability.22

Therefore, substantial attention has been directed to the
intraocular administration systems with the ability to transfer
sufficient concentrations of therapeutic molecules to the target
site for long periods of time. This goal could be achieved by
the application of intravitreal injections and ocular implants.23

The main disadvantages of intravitreal injection that limit this
administration route include patient compliance, retinal
damage, hemorrhages, and endophthalmitis. Therefore, sub-
stantial efforts have been made to develop intraocular implants
to maintain the drug concentration within the therapeutic
levels for long periods of time.23,24

Corticosteroids have been recognized as one of the most
efficient anti-inflammatory therapeutics. Since various diseases
affecting the eye are among the inflammatory diseases,
corticosteroids can be employed to manage the inflammatory
conditions following ocular injuries or surgeries as well as
conjunctivitis, uveitis, scleritis, episcleritis, redness, itching, and
pain.25−27 In addition to their anti-inflammatory effect, these
medications have demonstrated a remarkable effect to inhibit
the formation of new blood vessels. This anti-neovascular
property is important for the treatment of some eye diseases
related to blood vascularization including diabetic retinopathy
(DR) and AMD.28,29 Moreover, corticosteroids have been
proposed as suitable alternative therapeutic agents for anti-
vascular endothelial growth factor (anti-VEGF) medications in
diabetic macular edema (DME) following cataract surgery.28

These applications make corticosteroids a key therapeutic
agent in various eye diseases. Among corticosteroids used for
the treatment of eye diseases, DEX has been considered as the

Figure 1. GCs binding the GR mediate genomic and nongenomic signaling. In the genomic pathways, the GR can affect gene expression via
activation or repression. Reproduced with permission from ref 4. Copyright 2019 Multidisciplinary Digital Publishing Institute.
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most powerful.30 This corticosteroid agent could be applied as
a topical formulation, intravitreal injection, or implant. For
topical formulations of DEX, ophthalmic solutions or
suspensions could be prepared for different purposes.
Ophthalmic solutions could be made by DEX salts with
higher hydrophilicity (e.g., sodium phosphate and hydro-
chloride) while the suspensions are prepared with acetate and
alcohol derivatives. The effectiveness of these formulations in
the reduction of eye inflammation has been proved.31

However, the risk of increase in intraocular pressure along
the infections, uveitis, and cataract formation may lead
researchers to seek novel drug delivery systems that enable
the maintenance of the DEX therapeutic levels in the site of
action.32 Intravitreal injection of DEX (0.4 mg/mL) is
available for the treatment of severe vitreous inflammation.33

However, its short half-life following the intravitreal injection
has led researchers to seek controlled release delivery systems
for DEX. These efforts led to the preparation of Ozurdex as an
intravitreal implant containing DEX (0.7 mg). The implant was
prepared using the Novadur solid drug delivery system. This
solid polymer system comprises poly(lactic-co-glycolic acid)
(PLGA) as a biodegradable drug delivery carrier.34,35

Following the application of such a drug delivery system in
the eye, PLGA degrades to lactic acid and glycolic acid, leading
to the formation of carbon dioxide and water at the end. In
other words, no residue will remain in the eye after the
complete degradation of the drug delivery system. Ozurdex is a
single-use, preservative-free, rod-shaped implant which is
injected to the vitreous cavity through a 22-gauge applicator.
This controlled delivery system leads to the maximum
therapeutic effectiveness 2−3 months post implementation
while the maintenance of therapeutic doses in the target site
has been observed up to six months after the injection (Figure
2).34−36 One of the major advantages of this implant is its

application in vitrectomized eyes where the conventional
intravitreal injections lead to a rapid clearance of the drug due
to the short half-life.37 In order to assess the efficacy and safety
of Ozurdex in eyes with vision loss due to macular edema
(ME) associated with branch retinal vein occlusion (BRVO) or
central retinal vein occlusion (CRVO), a randomized, sham-
controlled trial of the DEX implant was carried out called the
GENEVA study. The global evaluation of implantable DEX in
retinal vein occlusion with macular edema (GENEVA) study
was designed with a total of 1267 patients receiving a single
injection of 0.7 mg of DEX implant, 0.35 mg of DEX implant,

or sham. The results of this study demonstrated that both DEX
implant groups improved the best-corrected visual acuity
(BCVA) in the patients compared with sham at 30−90 days
post implementation.38 There are some contraindications for
Ozurdex, including hypersensitivity to the drug or the delivery
system as well as glaucoma or ocular infections.39 The side
effects of implantation of Ozurdex consist of increased
intraocular pressure, retinal detachment, endophthalmitis,
and vitreous hemorrhages in 2−5% of the patients.35,40 In
summary, DEX could be used to manage various anterior and
posterior ophthalmic diseases with effectively designed drug
delivery systems.

3. DEXAMETHASONE FOR THE TREATMENT OF
JOINT DISORDERS

The global prevalence of rheumatic and musculoskeletal
diseases (RMDs) is rising, with osteoarthritis (OA) and
rheumatoid arthritis (RA) the most frequent joint disorders
worldwide.42,43 OA is primarily associated with aging, obesity,
joint traumas, and genetic disorders, whereas RA is an
autoimmune disease, which may begin at any time in life.44

Both diseases are typically painful, lead to disability with a
significant impact on the quality of life,45,46 and are most
prevalent in women.47,48 Currently, there is no effective
treatment for OA,49 and to reduce the burden of OA, patients
are recommended to have regular exercise and use anti-
inflammatory medications.50,51 In the case of RA, GCs and
disease-modifying anti-rheumatic drugs, mostly methotrexate,
are used to reduce the symptoms.52

Corticosteroids, including DEX, have been considered
potent anti-inflammatory agents for the treatment of RMDs
and have been used for more than 50 years to treat OA and RA
pain.53 A number of preclinical and clinical studies have
demonstrated that DEX inhibits inflammation and joint tissue
damage.17,18,20,21 For instance, a clinical study assessed
patients’ positive functional mobility and pain relief when
DEX was administered by applying phonophoresis with
ultrasound on knee OA.54 Furthermore, low-dose sustained
DEX delivery in combination with an agarose hydrogel carrier
has demonstrated chondroprotection in the presence of IL-1 in
canine chondrocytes in vitro and improved in vivo outcomes in
a canine model.55 Moreover, meta-analyses were performed to
evaluate the effects of injected DEX on pain and recovery after
total knee arthroplasty in patients. According to different
studies, DEX decreased postoperative pain when compared to
placebo groups.56,57 In addition, DEX and growth factors play
a pivotal role in stimulating mesenchymal stem cell (MSC)
differentiation toward chondrogenic, osteogenic, and adipo-
genic lineages.58,59 However, to drive MSC differentiation
toward specific lineages, it has been shown that the amount of
applied DEX is critical. For instance, higher amounts of DEX
(more than 100 nM) might diminish human synovial MSCs’
potential to differentiate into the chondrogenic lineage but
instead promote adipogenesis; however, when used up to 10
nM, chondrogenesis is remarkably promoted by extracellular
matrix protein synthesis.60

However, despite all of the advantageous DEX character-
istics, its usage for RMDs has become controversial due to its
potentially harmful side effects.61,62 A comprehensive review of
biological processes that can be negatively affected by DEX has
been recently published, including clinical data and animal
model studies.61 Even though the precise mechanism of DEX
action on cellular pathways is still not well understood, this

Figure 2. Optical coherence tomography (A) before Ozurdex
injection and (B) two months after Ozurdex injection. (C) Vitreous
hemorrhage after Ozurdex injection. The white arrow points out the
implant. Reproduced with permission from ref 41. Copyright 2019
Medknow Publications.

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Review

https://doi.org/10.1021/acsbiomaterials.2c00026
ACS Biomater. Sci. Eng. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c00026?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c00026?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c00026?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c00026?fig=fig2&ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.2c00026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


review highlights the importance of the dosage and duration of
DEX administration as crucial factors that can lead to either
beneficial or harmful effects. For example, it has been shown
that repeated DEX injections at high clinical doses can lose
their analgesic drug effects but cause a variety of side effects
such as hypertension, psychological disturbance, adrenal gland
depression, osteoporosis, and susceptibility to infections. Also,
it has been reported that even low doses of DEX are cytotoxic,
as they cause chondrocyte death and reduce cell proliferation.
Moreover, it has been reported that repeated intra-articular
corticosteroid injections (every 3 months for over a 2 year
period) are associated with cartilage loss and degradation,
according to radiographic OA progression.63 A cohort of
participants with an intra-articular injection of corticosteroids
was compared with another cohort of mild to moderate knee
OA (684 participants in total). Two parameters were reported
for the evaluation of disease progression: (a) an increase in
Kellgren and Lawrence grade, which is a radiographic OA
scoring system, and (b) a decrease in joint space width. Both
measures revealed worsening of OA symptoms after continued
injections of corticosteroids, which is associated with an
increased risk of OA progression.63

Taken together, the positive role of DEX on joint tissues
remains conflicting and confounded in many studies and,
therefore, worthy of further investigations.64 Considering the
history of DEX use in OA and RA, the beneficial effects of
corticosteroids for intra-articular administration occur at low
doses (around <2−3 mg/dose or 8−12 mg of cumulative total
dose), whereas higher doses are associated with cartilage
degradation.65 Thus, the full understanding of the therapeutic
potential of DEX requires many more controlled studies and
optimizations for further clinical applications.61

4. APPLICATIONS OF DEXAMETHASONE FOR
CANCER THERAPY

Drug repurposing is an emerging research field for the
treatment of different types of cancers.66,67 DEX as a synthetic
GC is widely used for treating severe inflammation and
autoimmune diseases. It exerts this effect by binding to the
ubiquitous intracellular GC steroid receptor in the cytoplasm
of most cells and can particularly affect lymphocytes and
macrophages.68 In the field of cancer therapy, DEX can
decrease the secondary inflammatory response via interfering
with the production of IL-1 and TNF-α.69 Therefore, the anti-
inflammatory nature of DEX can reduce cancer treatments’
side effects, including chemo-, radio-, and immunotherapies.
According to the recent literature, DEX has been used as a
pretreatment coadministration agent to optimize the treatment
of various cancer types, such as breast cancer,70−72 multiple
myeloma,73−76 glioblastoma,77,78 pancreatic cancer, leuke-
mia,79−81 and lung82−84 and gastrointestinal cancer.85,86

One of the most common DEX applications is to improve
the treatment of multiple myeloma (MM), a malignancy of B
cells, to reduce the immunoglobulin levels.87,88 Lenalidomide
(an immunomodulatory derivative of thalidomide) has a
relatively great potential due to its anti-MM activities when
used in association with DEX, for both in vitro and in clinical
studies. This approach has the Food and Drug Admin-
istration’s (FDA) approval for MM relapsing therapy after
prior treatment. Lenalidomide−DEX combination improves
the success of MM treatments due to extending its progression
time and survival rates.89−91 Recently, Garderet et al. also
studied the efficiency and safety of weekly administrated oral

pomalidomide/cyclophosphamide (PCD)/DEX as a second-
line treatment in a MM population cohort. In this study, all
patients received 4 mg of pomalidomide, 300 mg of
cyclophosphamide, and 40 mg of DEX within a spaced-out
schedule. They concluded that this combination was highly
effective and safe to be considered as having a great potential
for MM therapy.92

DEX is often used as a pretreatment drug in breast cancer
patients before chemotherapy to prevent allergic reactions and
chemotherapeutic side effects.93 To prevent stomatitis in
breast cancer patients, DEX-based mouthwash has been
assessed. In this study, 86 patients received 10 mg of
everolimus plus 25 mg of exemestane with 10 mL of an
alcohol-free oral solution of DEX at 0.1 mg/mL per day for 8
weeks. The results showed that prophylactic usage of a DEX
oral solution causes a gradual reduction of stomatitis incidence
and severity.94 In another study, it was shown that pretreat-
ment with DEX also improves the chemotherapeutic functions
and increases the cancer therapy efficacy against breast tumors
and metastases. Martin et al. studied murine breast cancer
treatment by cisplatin-loaded polymeric micelles and reported
that DEX could normalize vessels and increase nanocarriers’
penetration by enhancing the interstitial hydraulic conductiv-
ity.70

In 2018, Ge et al. investigated coadministration of DEX and
pemetrexed, which is used as an antineoplastic agent, in lung
cancer treatment. In the in vitro study on nonsquamous non-
small cell lung cancer (NSCLC), squamous human bronchial
epithelial cells, and pleural mesothelioma cells, there was an
induction in the insensitivity of the senescence associate
secretory phenotype (SASP) to the DEX combination with
pemetrexed. Senescent cells expressed SASPs which are
involved in inflammatory cytokines and chemokine produc-
tion. This expression profile ultimately altered the tumor
microenvironment, suggesting that DEX can the optimize
cellular therapeutic response by changing SASP expression and
the IL-6, IL-8, MCP-1, and IL-1β cascade. This results in
inhibition of pemetrexed-induced cellular senescence and
insensitivity to pemetrexed.83,95 In another study on lung
cancer, it was found that DEX can suppress the growth of
NSCLC xenograft tumors by inducing estrogen sulfotransfer-
ase and reducing the estradiol levels in tumor models. These
results suggest that DEX can be used as an anti-estrogenic
agent for lung cancer therapy.84

5. DEXAMETHASONE FOR TISSUE ENGINEERING
APPLICATIONS

Using drugs in tissue engineering can lead to the development
of bioactive scaffolds that regulate the rate of cellular
proliferation and differentiation.96 One of the drugs used in
tissue engineering applications is DEX, which can affect cellular
behaviors such as proliferation, mitosis, growth, gene
expression, and osteogenic differentiation of MSCs in
vitro.97−99 DEX can bind to the GC inside the cytoplasmic
matrix and act as an osteogenic factor. The controlled release
of DEX can improve osteogenic differentiation and increase
osteocalcin gene expression.100,101 Indeed, DEX incorporated
scaffolds have the ability to increase the concentration of
proteins such as alkaline phosphate (ALP), an important
osteogenic marker, osteocalcin expression, and biomineraliza-
tion.102−104 Qiu et al. created a composite polymeric scaffold
incorporating DEX-loaded carriers as an engineered bone
structure for assessing the osteogenic activity of the construct
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both in vitro and in vivo. They found that DEX nanoparticles
(NPs) were biocompatible and induced osteogenic differ-
entiation in rat bone marrow-derived MSCs compared to NPs
without DEX supplementation. DEX could also improve the
regeneration of calvarial defects in vivo.105 Besides, Panek et al.
investigated the optimal concentration of DEX released under
perfusion force for bone tissue engineering applications and
suggested the concentration of 4 × 10−4 M with a perfusion
rate of 0.1 mL/min was beneficial for bone tissue engineering
and osteogenic differentiation in vitro.106

DEX can also be used in engineered cartilage constructs to
prevent collagen degradation in response to IL-1α and shield
them from the negative impacts of IL-1α. Other benefits
include reduction in degradation of proteoglycan, preservation
of biosynthesis of tumor necrosis factor-α (TNF-α) and
mechanical damage-exposed cartilage constructs, action in pro-
anabolic and anti-catabolic processes,107 assistance of the
functional maturation of MSCs, and protection and preserva-
tion of cellular properties during a long-term culture.108 DEX,
as an anti-inflammatory reagent, can suppress activated
macrophages109 and induce chondrogenic differentiation
through modulating the synthesis of proteoglycan.110 Westin
et al. suggested incorporating DEX, diclofenac sodium, and
gallic acid in polysaccharide-based thermosensitive hydrogels
as a suitable injectable material for the restoration of damaged
osteoarthritic joints.110

In addition to cartilage60,107,111,112 and bone regenera-
tion,113−116 the application of DEX has been considered for
adipose tissue engineering to preserve the stability of adipose
tissue reconstruction. As such, the sustained release of DEX
can improve both adipogenesis and angiogenesis in the
constructs.117 For instance, Jia et al. studied a magnetic
hyaluronic acid (HA) nanosphere system which can control
the release of DEX as an adipogenic factor by an external
magnetic field for adipose tissue engineering.118 The results
demonstrated the potential of this system for adipose
regeneration and viability of human adipose-derived stem
cells. Moreover, DEX has been used as a myogenic
differentiation agent in several investigations. It can improve
the fusion of myogenic cells and increase the expression of
dysferlin and other myogenic transcription factors119 that
regulate myogenesis.120 It has also been shown to regulate the
endogenous expression of insulin-like growth factor (IGF)-II
during muscle differentiation.121 Han et al. investigated the
effects of DEX on myocyte differentiation in two different
stages of development, the myoblast and myotube phases. The
results indicate that at the myotube stage, DEX treatment can
lead to a thinner myotube, induction of the atrogin-1
expression, and inhibition of the amount of myosin heavy
chains. However, DEX has an opposite role at the myoblast
stage by increasing the myotube’s diameter, decreasing the
expression of the atrogin-1, and raising the amount of myosin
heavy chain.122

6. DEXAMETHASONE FOR COVID-19 TREATMENT
On December 8, 2019, the lethal outbreak of a coronavirus
strain named COVID-19 started in the Chinese province of
Hubei.123,124 It spread rapidly worldwide and turned into a
huge pandemic.125,126 Severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) attaches to the two well-known
cell surface receptors ACE2 and CD147 through spike
glycoproteins.127 However, it seems that ACE2 is its main
receptor involved in cytokine storm and pathogenesis there-

of128 while CD147, a transmembrane glycoprotein and
metalloproteinase inducer, is another potent receptor in host
cells involved in SARS-CoV-2 virus invasion.129 Besides,
following cell target entry, the aryl hydrocarbon receptor is
activated and promotes inflammation, fibrosis, and throm-
boembolism.130 It is demonstrated that spike-CD147 blockage
decreases the virus virulence’s pathogenesis. However, CD147
is overexpressed in other pathological conditions such as
tumors, diabetes, and inflammation.131,132 Therefore, it
explains further complicated reactions and comorbidities in
COVID-19 patients who have underlying diseases. Notably,
the moderate effectiveness of the anti-malaria drug chloroquine
in COVID-19 patients is partly due to the involvement of
CD147 in the pathogenesis of both COVID-19 and malaria.
Interestingly, this receptor is responsible for the interaction of
the malaria parasite on red blood cells. Moreover, coadminis-
tration of DEX and hydroxychloroquine decreases the rate of
mortality compared to hydroxychloroquine alone.133

Notably, the effective dose and half-life of DEX are higher
than other corticosteroids such as prednisone, methylpredni-
solone, and hydrocortisone, respectively.134 However, admin-
istration of DEX in hospitalized hypoxic COVID-19 patients
showed less clinical status, longer hospital stay, and more need
for a ventilator compared to methylprednisolone.135 The
superior effect of methylprednisolone points back to higher
lung penetration of methylprednisolone than DEX.136 The
administration of DEX is not recommended at the primary
stage of the disease. In other words, the body needs to combat
the SARS-CoV-2 virus at the first stage, and therefore, the
administration of DEX will suppress the immune system and
decline the body’s defense. However, when the disease
progresses and a cytokine storm is started, corticosteroids
would be promising. The World Health Organization
recommends 6 mg/day of DEX for up to 10 days in
COVID-19 patients.137 However, its adverse reactions such
as psychiatric effects, hyperglycemia, hypokalemia, secondary
infections, mucormycosis, gastrointestinal hemorrhage, and
prolongation of viral clearance should be monitored.138 DEX,
at the 6 mg/daily dose, did not change the incidence of cardiac
arrhythmia compared to conventional therapeutics.139 It
postponed the viral RNA clearance in patients with mild
symptoms compared to patients that did not receive DEX.140

In fact, there are controversial outcomes derived from
clinical trial studies related to the efficacy of corticosteroids in
COVID-19 patients. Although a meta-analysis study in China
shows an increased risk of mortality and multiorgan
dysfunction,141,142 some other studies indicated a decline of
mortality in patients.143−145

It is demonstrated that the mechanism of action of DEX in
COVID-19 patients is partly related to the reversion of histone
deacetylase activation. In fact, it acts through two genomic and
nongenomic mechanisms. In other words, SARS-CoV-2
suppresses the transportation of HDAC2 to the nucleolus by
CREB, AP-1, and NF-κB activation and disturbs cytokine
responses and inflammation.146 Moreover, Wang et al.
reported that DEX decreases CD147 expression through
suppression of the NF-κB signaling pathway. Notwithstanding,
inflammation led to CD147 up-regulation and higher
availability of receptors for the SARS-CoV-2 virus. DEX
treatment also led to down-regulation of CD147 to decrease
virus attachment, virulence, and the expression of TNF-α and
IL-6 as regulated by NF-κB.147 DEX decreases inflammation,
TNF-α, and IL-6 and indirectly reduces the cytokine storm
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derived from the activation of two ACE2 and CD147 receptors
through the anti-inflammatory cytokines of IL-10 and
lipocortin-1.148 It is noteworthy that a bioinformatics study
on transcriptomic data showed that DEX is not involved in IL-
6 signaling.149

There are studies reporting DEX’s ability to down-
regulate150 and up-regulate ACE2 expression.151,152 This has
a double-edge effect on COVID-19 because the body needs
ACE2 at a baseline level to protect lung and other tissues from
damage, whereas the up-regulation of ACE2 makes it ideal for
higher levels of virus attachment and entrance. It is noteworthy
that the SARS-CoV-2 virus decreases the levels of ACE2
availability, and therefore, ACE2 reduction to baseline will
enhance tissue damage protection derived from virus entrance.
This also prevents the signaling pathways involved in a
cytokine storm. Specifically, consideration should be given to
decreasing the C-terminal cleavage site of ACE2 and not the
whole ACE2 expression.153

Findings confirm the efficacy of DEX in decreasing the
mortality and duration of hospitalization among COVID-19
patients receiving respiratory support and not in the mild form
of COVID-19.139 It is noteworthy that there was no significant
difference between two doses of 12 and 6 mg/daily in the alive
day number without life support.154 High doses of DEX
applied through nongenomic mechanisms combine to the
integrin and activate focal adhesion kinas. It, at the high dose,
rapidly decreases inflammation through the alteration in the
movement of the ionic channel of Ca2+ and Na+.155 Moreover,
the effect of DEX is dependent on the stage of the COVID-19.
At the early stage of inflammation, it decreases exudation of
inflammatory cells, vasodilation, and phagocytosis, and in the
severe condition of inflammation, it inhibits fibrosis through
the diminishing of fibroblast proliferation.130 To sum up, it
seems that DEX would be a promising medication to modulate
COVID-19 in the middle and advanced stages of the COVID-
19 infection and not in patients who have mild symptoms and
are in the virus proliferation phase of COVID-19 with low
inflammation. However, the particular lung cells in COVID-19
are glucocorticoids resistant.156

7. DEXAMETHASONE DELIVERY SYSTEMS
7.1. Lipid-Based Nanostructures. Several medicinally

active small molecules are biologically less potent because most
of them are water-insoluble, resulting in severe side
effects.157,158 Recently, lipid-based nanoparticles (LNPs) have
become versatile platforms for drug carriers of biologically
active small molecules.159−161 LNPs have many advantages
over other NPs, such as ease of preparation, high thermal
stability, low production costs, high loading capacity,
preparation from natural sources, and being amenable to
large-scale industrial manufacturing.162−165

For example, recently, scientists have developed modified
LNPs using a positively charged chitosan loaded with DEX.
This nanosystem showed promising ocular bioavailability by
enhancing the retention time and permeation into the cornea.
This strategy improved the status quo strategies for the
treatment of ocular disease.236 DEX has been established as an
effective treatment strategy for a variety of inflammatory
diseases, including arthritis. However, its usage is limited due
to poor water solubility, tissue distribution, and in vivo
bioavailability. To overcome these limitations, researchers
have developed DEX palmitate-loaded lipid-based mixed
micelles containing sodium glycocholate/egg yolk lecithin for

the treatment of RA with effectiveness.237 In summary, LNPs
such as SLNs, liposomes, and niosomes, comprised of DEX,
provide excellent benefits in treating various diseases and may
have the potential to develop future clinical treatment
options.238

7.1.1. Liposomes. Liposomes are well-established lipid-
based drug delivery systems.239,240 Even though liposome
discovery dates back to the 1980s, it has recently become more
attractive following FDA approval of several liposomal-based
therapeutics, and many are in clinical trials.241,242 Among
several types of nanoformulations, the liposomal-based drugs
were approved by the FDA to treat various diseases, including
cancer.241,243,244 Liposomes have a wide diversity of
applications in various disease treatments caused by viruses,
bacteria, or protozoa.245,246 Even though liposomes are the
most widely used LNPs,247 their therapeutic outcomes can be
further improved with several surface modifications.247 Both
hydrophobic and hydrophilic drugs can successfully be loaded
in liposomes, and DEX-loaded liposomes are well-established
in preclinical studies (Table 1).248 Recently, researchers
developed DEX-loaded stealth liposomes for improving the
anti-inflammatory effects of DEX in the treatment of RA. They
report that DEX-loaded liposomes have a preferential
accumulation at inflamed joint sites with extended blood
circulation time with improved results in reducing the swelling
of the inflamed joint tissues by suppressing the levels of the
proinflammatory cytokines TNF-α and IL-1β, in joint tissues
in RA (Figure 3).249

7.1.2. Solid Lipid Nanoparticles. Solid lipid nanoparticles
(SLNs) are a rapidly developing field of nanotechnology with
numerous applications in research and clinical medicine.250,251

In SLNs, the solid lipid core comprises triglycerides, fatty acids
lightened by the interfacial surfactant layer.251 SLNs are low-
toxic sphere-shaped colloidal NPs with average sizes ranging
from 50 to 100 nm. These SLNs offer the development of new,
efficient formulations due to their exceptional size-dependent
properties. Further, SLNs hold remarkable potential for
controlling and site-specific drug delivery and, hence, have
widely fascinated scientists.252 It is important that these SLNs
are also used to develop several anti-inflammatory drugs,
including DEX.253,254 For example, scientists developed SLNs
to deliver DEX and butyrate (DxCb-SLN) to improve anti-
inflammatory activity with low doses to treat inflammatory
bowel disease.167 These SLN formulations showed significance
in inducing in vitro inhibition of cell adhesion and significantly
reducing pro-inflammatory cytokines (IL-1β and TNF-α) in
both in vitro and in vivo settings.167 Another study established
novel DEX-loaded SLN formulations for the lung-targeting
delivery of DEX acetate upon intravenous administration.
They developed dexamethasone acetate (DXM)-SLNs with an
average size of 552 ± 6.5 nm, 8.79 ± 0.04% of drug loading
capacity, 92.1 ± 0.41% entrapment efficiency, and initial burst
in vitro release. A 17.8-fold greater area under the curve of
DXM-SLNs was accomplished in comparison with pristine
DEX.255

7.1.3. Other Lipid-Based Nanoparticles. Similarly, several
other lipid-based NPs, such as nanostructured lipid carriers
(NLCs), lipid nanocapsules (LNCs), polymer lipid NPs, and
lipid-based micelles, were developed to deliver various
drugs.256−260 For instance, Kiss et al. developed DEX-
encapsulated nanostructured lipid carriers for ophthalmic
use.261 Toxicity assessments on human cornea cells showed
favorable ophthalmic tolerability of NLCs.261 Kumari et al.
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performed a similar study, and they developed a DEX-loaded
cholesterol-Labrafac lipophile nanostructured lipid carrier to
treat dry eye disease.262 This NLC formulation showed a 5-
fold reduction of TNF-α production over free DEX.262

Similarly, other lipid-chitosan,263 lipid-hydrogel,264 lipid-
alginate,265 and polymeric-based266,267 lipid NPs were
developed to deliver DEX.
7.2. Polymeric Platforms. Polymeric NPs represent

additional drug delivery systems with a vast potential for
targeted and localized delivery of drugs/genes.268−276 Natural
polymers such as chitosan, arginine, dextrin, poly(glycolic
acid), polysaccharides, poly(lactic acid), and hyaluronic acid
have been used for developing polymeric drug delivery
systems.277 Some synthetic polymers, including poly(2-

hydroxyethyl methacrylate), poly(ethylenimine)s, poly(N-
isopropylacrylamide)s, and dendritic polymers, have also
been used for polymeric-based NPs’ development.278 Poly-
meric NPs are excellent micro-/nanocarriers for drugs/genes
that are loaded through either encapsulation or covalent
bonding for a controlled release of loaded therapeutic cargoes
in in vivo settings in a highly selective manner.279−285 Notably,
polymers can deliver both hydrophilic and hydrophobic drugs
and the convenience of administering to patients through
diverse pathways, such as oral, ocular, nasal, and inhala-
tion.286−289 These maintain the therapeutic dose of drugs in
plasma for more extended periods by controlling their
release.290,291

GCs are extensively used for the treatment of several
diseases, such as RA, systemic lupus erythematosus, asthma,
lymphoid neoplasia, and eye and skin inflammations.292

Additionally, DEX and α-tocopheryl succinate are being used
to avoid chemotherapy-induced ototoxicity. However, they
have low water solubility and present severe systemic side
effects upon prolonged use. Researchers have developed
incorporated polymeric NPs to lower cisplatin-induced toxicity
in both in vitro and in vivo settings.293 A similar study was
performed to assess the possible protective effect of DEX-
loaded PEG-coated polylactic acid NPs against cisplatin-
induced hearing loss.294 In another study, DEX-loaded
polycaprolactone-PEG-polycaprolactone NPs were used to
improve the anti-inflammatory effects of DEX.295

7.2.1. Chitosan Nanoparticles. Chitosan is a cationic
natural polysaccharide consisting of D-glucosamine and N-
acetyl D-glucosamine groups linked by β-(1−4) glycosidic
bonds.296 It is obtained by alkaline deacetylation of chitin, the
second most abundant polysaccharide in nature.297,298 Among
its properties, biocompatibility, biodegradability, and non-
toxicity are the most attractive, while antimicrobial activity and
muco-adhesiveness add additional advantages.299−302 DEX-
loaded chitosan-coated BSA polydopamine-layered NPs
provide the potential to modify adhesive and transferable
free-standing films.303 Additionally, chitosan has functional
groups, such as amino and hydroxyl groups, that allow it to
easily react and functionalize.302,304 Due to all of the above,
chitosan and its derivatives have been used in a wide variety of
biomedical applications, such as tissue engineering, wound
healing, and drug delivery systems.300,305

Chitosan-based systems have also been used for the
controlled release of DEX in recent years.306−308 The release
of DEX using platforms, such as membranes, fibers, and
micro,/nanoparticles of chitosan or its derivatives, has been
one of the most studied applications in ocular disease. In
almost all of the studies, the incorporation of DEX in a
chitosan matrix enhances the effects and favors the
permanence of drug in the ocular regions. Self-assembled
NPs obtained from a series of DEX−chitosan glycol conjugates
turn out to have very good biocompatibility in human colonic
epithelial cells (HCEC), L-929, and RAW 264.7 cells after 24
h, and the controlled release of DEX continues up to 48 h
without the drug losing its anti-inflammatory properties.309

Similarly, other DEX-loaded self-assembled succinyl-cholester-
ol chitosan particles released 50% of DEX in 2 h and 95% after
24 h and were not cytotoxic. The released DEX elicited an
anti-inflammatory activity comparable to that of pure DEX
treatment.310

7.2.2. Polylactic Acid Nanoparticles. Polylactic acid (PLA)
is categorized as an aliphatic polyester because of the ester

Figure 3. (A) Chemical structure of f 1,2-bis(10,12-tricosadiynoyl)-
sn-glycero-3-phosphocholine (DC8,9PC) and 1,2-distearoyl-sn-glyc-
ero3-phospho-ethanolamine-poly(ethylene glycol) (DSPE-
PEG2000). (B) Schematic of nonpolymerized and polymerized
stealth liposomes with loaded DEX due to UV irradiation. (C)
Biodistribution of free 1,1′-dioctadecyl-3,3,3′,3′-Tetramethylindodi-
carbocyanine (DiD) or polymerized stealth liposomes with loaded
DiD in rats at different time points following intravenous injection.
Reproduced with permission from ref 249. Copyright 2020 Royal
Society of Chemistry.
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bonds that connect the monomer units.311 PLA-based NPs
have a key role in the biomedical field with a wide range of
applications.312−315 PLA has been recognized as a multi-
purpose material with high-biodegradability and -biocompat-
ibility properties and approved for use by the FDA.316 PLA has
been used in suture threads, bone fixing screws, medical
devices, and drug delivery vehicles.317 The benefit of PLA is
that it naturally degrades in situ through a hydrolysis
mechanism (water molecules break the ester bonds that
constitute the polymer backbone). This avoids the necessity
for further surgeries to remove medical devices (e.g., sutures),
lowering health system costs and benefiting patient recov-
eries.318

PLA-based NPs are used to deliver several drugs, including
DEX. For example, a single dose of DEX-loaded PEG-
fabricated PLA NPs diminishes cisplatin-induced hearing loss
with its prolonged sustained release property. Importantly,
coumarin 6-loaded NPs entered round window membrane
(RWM) quickly and accumulated on the organ of Corti,
ganglion cells, and stria vascularis in guinea pigs.319

Researchers synthesized DEX bioconjugated poly-
(phenylacetylene) and poly(phenylacetylene-co-acrylic acid)
NPs to induce apoptosis of human tumor cells.320 DEX-loaded
PLA NPs are also used in tissue engineering. Recently,
scientists developed DEX-loaded PLA/PCL nanofibrous
scaffolds with mesoporous silica NPs and used in bone tissue
engineering applications.105 Another group developed a similar
approach for the treatment of tissue engineering applications.
In their study, a DEX-loaded scaffold of PLA and mesoporous
silica was fabricated with chitosan through electrospinning and
used for bone tissue engineering application.101

7.2.3. Poly(lactic-co-glycolic acid) Nanoparticles. Poly-
(lactic-co-glycolic acid) (PLGA) is another biocompatible and
biodegradable polymer used for making polymeric NPs.321 The
US FDA has approved PLGA NPs for use in the delivery of
drugs, proteins, peptides, imaging agents, and small molecules
owing to their sustained and controlled release properties with
negligible toxicity to cells and tissues.322 With the use of PLGA
NPs, the limitations of poor tissue permeability and low
aqueous solubility are resolved.322 Notably, PLGA NPs have
demonstrated no immunogenicity in vivo, which is precarious
for the safety of drug delivery systems. PLGA NPs are tunable
and malleable so that their surfaces can be easily altered with
other polymers, including poly(β-amino esters), PLA, and
chitosan, to improve the drug loading and delivery efficacy.
Additionally, PLGA NPs can be fabricated with targeting
ligands such as small peptides, proteins, small molecules, or
antibodies.323 PLGA NPs mediated delivery of anti-inflamma-
tory drugs is now well-established in various diseases.322,324

Recently, scientists found a simple and efficient method for
loading DEX into the PLGA NPs and evaluated the resulting
characteristic properties. They evaluated the drug loading
efficiency, encapsulation efficiency, and cumulative release and
reported improvement compared to stand-alone drugs
separately.325 Go ́mez-Gaete et al. developed a similar
optimized method for DEX loading of biodegradable PLGA
NPs using a solvent evaporation technique. The size and zeta
potentials of empty and DEX-loaded NPs were not altered, and
a high drug encapsulation was attained using 100 mg of PLGA
in a mixture of 1:1 (v:v) acetone−dichloromethane and 10 mg
of DEX.326 Recently, investigators developed novel biodegrad-
able PLGA NPs containing both ovalbumin and DEX
NP[OVA+DEX] to induce antigen-specific immune tolerance.

Interestingly, in their findings, NP[OVA+DEX] treated
immature dendritic cells did not mature to immunogenic
dendritic cells. Instead, they were converted to tolerogenic
dendritic cells with strongly suppressed OVA-specific cytotoxic
T cells’ generation. Moreover, the production of OVA-specific
IgG was tested in mice vaccinated with NP[OVA+DEX]. The
findings strongly support that NPs loaded with both antigens
(OVA) and DEX are useful in inducing antigen-specific
immune tolerance, key for the treatment of several auto-
immune diseases.327 DEX can also be used to treat age-related
macular degeneration diseases which involve inflammation and
choroidal neovascularization. Liu et al. developed DEX-loaded
NPs using poly(D,L-lactide-co-glycolide) and polyethylenimine
on the surface of human umbilical vein endothelial cells
(HUVEC) cells in combination with bevacizumab for
impending intravitreal applications. These NPs showed an
excellent antiangiogenic outcome and a robust inhibitory effect
on VEGF secretion in HUVEC cells. Moreover, the treatment
significantly reduced the number of blood vessels, and the
leakage area of CNV was lessened in vivo.328 More recently,
PLGA loaded with DEX was used in low doses with a
sustained release via an acellular osteochondral implant. This
treatment resulted in a dual anti-catabolic and pro-anabolic
effect, supportive of the functional integrity of adjacent graft
and host tissue. It also reduced the inflammation caused by the
iatrogenic injury (Figure 4).329 In summary, DEX-loaded
PLGA NPs have potential in therapeutic applications.

7.2.4. Cyclodextrin Nanostructures. Cyclodextrins (CDs)
are cyclic oligosaccharide-based NPs comprised of a lipophilic
central cavity and hydrophilic outer surface.330 CD molecules
do not permeate lipophilic membranes because they contain
quite a large number of hydrogen acceptors and donors.331

CDs were first discovered nearly 100 years ago, and the first

Figure 4. (A) Schematic study showing the autograft donor site (i),
repair site (ii), DEX-loaded poly(lactic-co-glycolic) acid (PLGA)
microspheres (DLMS) implant (iii), and DEX−PLGA microsphere
release (iv). (B) Cartilage autograft (ii) and DLMS implant (iii). (C)
Autograft donor (i) and repair (ii) sites. (D) DLMS implant (iii) and
repair (ii) sites. Reproduced with permission from ref 329. Copyright
2020 Elsevier.
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patent on CD-based drug complexes was recorded in 1953.332

They are increasingly used in the medical field mainly to
increase the solubility of poorly soluble drugs and to increase
their stability and biodegradability.
CDs have been found as one of the potential candidates in

the drug delivery field due to their ability to be physically,
chemically, and biologically modified with small molecules/
drugs through the formation of insertion complexes.333 CDs
form noncovalent complexes between host molecules (hydro-
phobic drugs) and hydrophilic guest molecules and form
intermolecular interactions such as weak van der Waals forces,
electrostatic interactions, hydrogen bonds, and hydrophobic
interactions. Water-soluble CD products have a low propensity
to form aggregates and can naturally interact in water
solutions. Recent developments have ensued in dramatic
improvements in CD-based nanoformulations. For example,
DEX-loaded CD NPs were used as eye drops for the treatment
of noninfectious ophthalmic inflammatory diseases.334 There
are several similar DEX complexed CD nanoformulations that
are established for the treatment of various inflammatory
diseases.335,336

7.2.5. Hydrogels. Hydrogel-based drug delivery systems are
commonly being used in medical treatments.337,338 Hydrogels
have the finest tunable physical properties that offer spatial and
sequential control in the release of several therapeutic agents,
such as small-molecule drugs and genes, protecting them from
degradation.339,340 They are 90% water and vastly porous, to
house large amounts of drugs for delivery.341 Present
conventional treatment methods are plagued by concerns
about systemic toxicity with using repeated dosing.342

Hydrogels offer potential as the best drug delivery systems to
minimize these disadvantages and improve the therapeutic
benefits of drugs.343 Hydrogels help as a platform for various
physiochemical interfaces to encapsulate drugs/genes and
ensure controlled drug release.344 As cross-linked three-
dimensional frameworks of water-soluble polymers, hydrogels
can be prepared from any water-soluble polymer. This allows

packing a varied range of chemical and physical configurations
to form microparticles, slabs, NPs, films, and coatings.345

Hence, hydrogels are used in clinical practice or in
experimental medicine for a vast range of applications, such
as diagnostics, tissue engineering, wound healing, contact
lenses, topical treatments, and regenerative medicine.346 Other
uses include the separation of biomolecules or cells, cellular
immobilization, and barrier materials to regulate biological
adhesions. There are several techniques available for the
preparation of charges and hydrogel structures.347 Hydrogels
are commonly categorized as homopolymer, multipolymer, or
copolymer, depending on the preparation methods. Based on
the ionic charges, hydrogels can be classified into neutral,
cationic, anionic, and ampholytic hydrogels.343 Additionally,
they can be classified into amorphous, hydrogen-bonded, and
semicrystalline hydrogels based on their structure.348 Hydro-
gels can release drugs because of diffusion, chemical and
swelling control release systems, or environment responsive
release systems. Despite numerous applications and advan-
tages, hydrogels have some limitations.349,350 Because of their
low tensile strength, many hydrogels are limited in their use
within load-bearing environments, which can lead to an
untimely dissolution or leak before reaching the target sites.
However, these limitations are circumvented with various drug
delivery applications, such as subcutaneous injection.351 Some
other hydrogels are adequately injectable or are topical
applications and may not demand surgical implantation.352 A
homogeneous drug loading and multipurpose applications of
hydrogels may be limited.
Here we focus on recent developments in the use of

hydrogels for various anti-inflammatory diseases. For example,
DEX-loaded hydrogels are increasingly used as platforms for
local drug delivery to bone tissues. Scientists developed a DEX-
loaded [COCH3]-RADARADARADARADA-[CONH2] pep-
tide comprised of hydrogels and successfully used them in the
application of regenerative orthopedics.106 Recently, inves-
tigators developed a calcium ion cross-linking and DEX
sodium phosphate-containing alginate hybrid hydrogel to

Figure 5. (A) In vivo pharmacokinetics data of (I) Dexp and (II) Dex after subcutaneous injection of 0.5 mL of Ca2+/Dexp hydrogel (S2), Ca2+/
Dexp/alginate hydrogel (S4), and Dexp/alginate aqueous solution (S6). (B) In vivo clearance of the hydrogels after subcutaneous injection of 0.5
mL of Ca2+/Dexp hydrogel (S2) and Ca2+/Dexp/alginate hybrid hydrogel (S4). The red square indicates the remaining hydrogel. Reproduced with
permission from ref 353. Copyright 2019 Elsevier.
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extend drug release. These Ca2+/DEX/alginate hybrid hydro-
gels demonstrated excellent improvements in the drug
bioavailability (Figure 5).353 A similar Ca2+/DEX supra-
molecular hydrogel was used as a therapeutic alternative for
the treatment of noninfectious uveitis.354 Recently, a silk-based
hydrogel was developed by researchers to deliver DEX to the
inner ear using an injectable silk−PEG hydrogel.355 In
summary, DEX-loaded hydrogels have the potential to
translate from preclinical settings to the clinical setting.
7.2.6. Electrospun Nanofibers. Drug delivery systems

applying nanofiber-based materials have been considered as a
potential therapeutic strategy in tissue engineering over the
past decade.356,357 Various technological approaches using
electrospun nanofibers in combination with DEX have been
proposed for treating various diseases, such as cancer, ocular,
bone, and skin diseases.358−361 Nanofibers, fabricated from
different types of synthetic polymers, such as PCL, PLGA,

PLA, and poly(ether sulfone),282 and natural components
(gelatin, chitosan, and collagen) are biocompatible in
physiological conditions and possess potential characteristics
for sustained drug release.360,362 The advantage of electrospun
nanofibers as a carrier for DEX, as compared to other
materials, is, first of all, their high surface-to-volume ratio,
which increases the solubility of DEX and improves its efficacy.
Furthermore, they possess tunable porosity and, most
importantly, similarity to a natural extracellular matrix
structure.

7.2.6.1. Combination of DEX with Other Stimulating
Factors. DEX was applied in different kinds of nanofiber
scaffolds as a single active molecule or in a combination with
other stimulating factors. For instance, a dual delivery of BMP-
2 and DEX electrospun nanofiber (PCL + PEG) has been
proposed for treating critical-sized calvarial defects. The
sequential release of both compounds has offered an efficient

Figure 6. Schematic illustration of (A) the fabrication of BMP-2-loaded BSA NPs stabilized with chitosan and (B) electrospinning of NP-
embedded PCE copolymer nanofibers. (C) Radiograms of the X-ray detection after implantation in vivo for 4, 8, and 12 weeks. The rightmost disk
is a calvarial defect template with a diameter of 8 mm. The statistical evaluations of (D) apparent repair area, (E) mean gray value, (F) and bone
repair level were calculated from the radiograms (n = 3) for (a) the control group without material, (b) PCE, (c) NPs/PCE, (d) BNPs/PCE, (e)
DEX/PCE, and (f) BNPs/DEX/PCE. Reproduced with permission from ref 359. Copyright 2015 Elsevier.
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way of delivery and maintaining both compounds for at least
35 days, which results in strong osteogenesis responses in both
in vitro and in vivo models (Figure 6).359

7.2.6.2. Controlled Release of DEX. An extended and
sustained release of DEX from nanofiber scaffolds is one of the
most desired options for tissue repair studies; however,
sometimes, the embedded drugs may show undesired burst
releases. To overcome these issues, the osteogenic properties
of cells were analyzed on multilayer PLA pluronic P123
scaffolds loaded with DEX. DEX was included in the middle of
a multilayered scaffold, which controlled its release and
resulted in improved MSCs osteogenesis compared to single-
layer scaffolds.97 Other studies suggest the use of nanofiber
matrices loaded with DEX to stimulate the odontogenic
differentiation of human dental pulp cells (HDPCs). The
HDPCs are cultured on designed electrospun nanofiber
matrices with bioactive glass NPs loaded with DEX for 14
days. This promotes odontogenesis of cells, including bone
morphogenetic protein (BMPs), integrins, mTOR, and alkaline
phosphatase, by stimulating molecular signaling pathways.363

For an extended release of DEX, it has been shown that
hybrid electrospun PCL nanofiber mats are made up of
microbeads for the treatment of ocular diseases.364 It has been
reported that controlling electrospinning parameters modifies
the duration of drug releases from nanofibers. Another option
developed for ocular disease management is using self-
assembled succinate DEX (DEX-SA) supramolecular hydrogel
to extend precorneal retention.365 This method introduces the
gelling system with DEX-SA and lowers the cytotoxicity of
DEX, maintains long-term stability, and shows excellent
biocompatibility with intraocular tissues in rabbit eyes.
7.2.6.3. Inflammation Modulating Release of DEX.

Inflammatory responses have also been modulated by DEX
release from nanofibers. A study has developed a peptide
amphiphile covalently conjugated to DEX through a labile
hydrazone bond. Injection of this compound in vivo reduced
the acute inflammatory response without systemic immune
suppression. This technique is proposed to be used for treating
different types of diseases, such as myocardial infarction.366

Furthermore, silk fibroin nanofibers with embedded DEX,
prepared by “green” electrospinning without any toxic agents,
are considered one of the safest and most environment-friendly
nanofibers. They have also been proposed as inflammatory
modulating agents in vitro. The sustained release of DEX from
these nanofibers has been shown to protect porcine endothelial
cells from damage and apoptosis caused by lipopolysaccharide
(LPS).367

Furthermore, DEX is known to bind to astrocyte GRs and
inhibit astrocyte proliferation.368 A controlled release of DEX
sodium phosphate loaded on chitosan NPs with gelatin
electrospun nanofibers (PCL) was introduced as a promising
therapy for the treatment of the nervous system during spinal
cord injuries.369 The developed scaffolds were mechanically
stable with a controlled release of DEX and are proposed to be
used as a bridging material to allow axons to grow through
them, avoiding glial scar formation.
Therefore, electrospun nanofibers incorporated with drugs

are promising alternative drug delivery systems for biomedical
and nanotechnological applications with therapeutic potential.
This technology is cost-effective, versatile, easy to fabricate,
and easy to use in any kind of research facility.
7.3. Calcium Phosphate and Hydroxyapatite Struc-

tures. Bone-related diseases and injuries caused by trauma or

congenital disorders pose a significant burden on health
systems at both social and economic levels. Self-healing of the
bones depends mainly on the size of the injury, the stability of
the fracture site, and bone quality.370 Many common diseases,
such as diabetes, can significantly affect the quality and self-
healing potential of bones. Thus, there is an amassed need for
the development of effective therapies for bone regeneration.
Calcium phosphate-based bioceramics are the most prevalent
bone substituents that closely resemble natural human bone.371

However, these compositional similarities make it challenging
to distinguish calcium phosphate fragments from native bone
under imaging such as X-ray, magnetic resonance imaging, and
computed tomography when screening the healing process.372

Currently, radiologists use external contrast agents to improve
the imaging contrast of calcium phosphate fragments, but these
can affect their physicochemical properties and produce
artifacts. Hence, improving calcium phosphate-based NPs
and loading with anti-inflammatory drugs can enhance the
quality of healing. Researchers have developed DEX-encapsu-
lated calcium phosphate NPs along with collagen spongy
complex frameworks for bone tissue engineering applications.
These NPs presented virtuous biocompatibility and encour-
aged osteogenic differentiation of hMSCs when used for 3D
culture of human bone marrow-derived MSCs. Further, in vivo
implantation experiments demonstrate the synergistic effects of
NPs for both osteogenic differentiation of hMSCs and bone
regeneration.114 A similar study was performed using bibasic-
calcium phosphate NPs encapsulated with DEX for osteogenic
differentiation of human MSCs.373 DEX-encapsulated porous
calcium phosphate/laponite cement significantly improved the
proliferation of MG63 cells used for bone grafts.374

Additionally, hydroxyapatite microspheres are recognized as
excellent drug packing delivery vehicles.375,376 These NPs have
biocompatibility for specific biomedical applications and can
be prepared using an emulsion cross-link technique such as
calcium ions as cross-linking agent.377,378 These provide an
excellent application for pH-responsive drug delivery in bone
tissue. For instance, DEX-encapsulated hollow hydroxyapatites
were used to treat the odontogenic differentiation of human
dental pulp cells.379 In another study, a surface-fabricated
hydroxyapatite framework was used for delivery of DEX and
stromal cell-derived factor-1 for osteogenesis. In vitro cell
culture experiments show that initial release of SDF-1
stimulated the migration of MSCs to the deep interior of the
scaffold. Additionally, in vivo experiments show that cell-guided
systems efficiently enhance the early cell recruitment and
vascularization for cell-free bone tissue engineering applica-
tions.98

7.4. Silica Nanoparticles. Silica NPs, especially meso-
porous silica NPs, have modernized the field of drug delivery
systems.380,381 Due to their porous configuration, huge surface
area, large pore volume, and selective surface functionality,
silica NPs enable a high therapeutic drug loading especially
with hydrophobic water-insoluble drugs.380,382 The silica
matrix framework protects loaded drugs from degradation by
enzymes. Additionally, silica NPs help in prolonged sustained
drug release by stopping burst releases using pore-gating
approaches.383,384 Furthermore, silica NPs can be modified
with stimuli-responsive groups, polymers, protein, or targeting
ligands that can further selectively direct them to diseased sites.
Silica-based NPs can easily be administered intravenously to
resolve the side effects associated with other routes of delivery.
Mesoporous silica-based NPs were first manufactured by

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Review

https://doi.org/10.1021/acsbiomaterials.2c00026
ACS Biomater. Sci. Eng. XXXX, XXX, XXX−XXX

N

pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.2c00026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Mobil corporation scientists in 1992385 and are being used for
a variety of anti-inflammatory diseases. For example,
researchers developed covalently grafted DEX into the pore
walls of fully oxidized mesoporous silicon particles (pSiO2-
COO-Dex) and evaluated their pharmacological effects in
ARPE19 cells. Further, in vivo efficacy was evaluated in both
rabbit eyes and human VEGF-induced retinal models for
vascular permeability.386 In another study, DEX-loaded silica
NPs significantly enhanced the in vitro proliferation and
osteogenic differentiation of rat bone marrow-derived MSCs.
Additionally, in vivo experiments report significant new bone
formation abilities.387 Furthermore, BMP-2 peptide decorated
DEX-loaded mesoporous silica NPs improved osteogenic
differentiation of bone MSCs (Figure 7).388 In summary,
silica-based DEX NPs show improved potential for the
treatment of several inflammatory diseases.

8. CONCLUSION

Nanomedicine is revolutionizing advances in the diagnosis and
treatment of several diseases. Numerous nanoparticle-based
formulations have already been industrialized and play an
imperative role in the management of diseases. Nano-
formulations that combine therapeutic agents, molecular
targeting, and imaging capabilities act as the next generation
of disease treatment options. There are numerous advantages
in using nanomaterials for drug delivery: (i) they increase the
concentration of drug in the disease site; (ii) they allow a
sustained and slow release of the drug, which improves its
efficacy; (iii) they solve issues related to the poor solubility and
bioavailability of drugs; and (iv) they are small, nontoxic,
biodegradable, and biocompatible. DEX is a glucocorticoid
family of steroids used as an anti-inflammatory, immunosup-
pressive, and anticancer drug in the clinic. One of the major
complications with this drug is its low solubility in water,

Figure 7. (A) Schematic illustration of the preparation of DEX@MSNs-pep. (B and C) TEM images of (B) Mesoporous silica nanoparticles
(MSN) (inset is the enlarged image) and (C) MSNs-pep. (D) Size distribution of MSNs and MSNs-pep. (E) CT images of rats implanted with
different implants for 3 weeks. Images of (left) plain CT scanning, (upper right) three-dimensional CT reconstruction, and (bottom right)
transverse section for MSNs, MSNs-pep, and DEX@MSNs-pep. MSNs-pep also includes BMP-2 peptide functionalized mesoporous silica NPs.
Reproduced with permission from ref 388. Copyright 2015 American Chemical Society.
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resulting in poor bioavailability and numerous side effects after
oral administration. A single optimal postoperative drug
delivery system that minimizes systemic side effects remains
to be developed. In the present review, we have summarized
the main nanobased DEX formulations and their applications
in several diseases. We report that several DEX nano-
formulations significantly improve the survival of mice with
minimal side effects compared to the free forms of drugs.
Translation of this technology into the clinic may decrease
treatment-related side effects for patients who have no other
effective treatment options currently in the clinic.
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