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Tere is an increased trend of drug delivery via skin due to its convenience and afordability. To accomplish this task in a better
way and more successfully, nanotechnology has opened the door to transport drugs for the treatment of acute diseases in unique
ways. For partially solvable drugs especially, designing new drug transportation systems is always challenging. However, it has
been fxed by utilizing nanomaterials as efective carriers for drugs.Tese carriers allow the controlled and continuous drug release
at the specifc spotted site and have been successfully manipulated for the creation of innovative drug-delivery systems. Tese
innovative systems are applied to overcome the challenge of reduced water solubility that may improve the drug accessibility,
sustained release, and high metabolic stability. Te prime emphasis of this review is particularly on the universal routes of drug
administration through the skin, limitations of conventional drug delivery systems (DDS), and types and properties of
nanomaterials (NMs) used. Recent advancements in NMs such as carbon-based NMs, inorganic-/metal-based NMs, polymeric
NMs, and hybrid NMs for drug delivery and their mode of action have been summarized. Tis review further discusses existing
constraints and difculties that impede the integration of nanomaterials from research to practice, as well as recommendations for
more efcient use of nanomaterials in a number of diseases.

1. Introduction

Skin is regarded as the principal organ that enables the
human body to be defensive against external stimuli such as
ultraviolet radiations, infectious pathogens, and mechano-
chemical stress [1]. Over the past few decades, human health
has been severely afected due to rapid urbanization, in-
creased pollution, and climatic changes. Te prevailing
environmental deteriorating conditions have caused several
infectious diseases and skin cancer [2]. It is reported that in
the United States, skin cancer afects approximately 3 mil-
lion individuals each year. Tat is why, skin cancer (mela-
noma) is 5th most commonly afecting type of cancer in the
United States of America (USA). Certain skin treatment

protocols cause harm to the unafected cells.Terefore, some
efcient therapeutic methods with fewer side efects are high
in demand [3]. Skin typically includes 200–250 sweat ducts
cm−2 and 10–70 hair follicles that allows for medication
distribution through the skin [4]. But at the same time, the
excellent insulating feature of the skin is a fundamental
impediment to successful medication delivery via this
channel.Te outer covering of the skin (stratum corneum) is
mechanical, anatomical, and chemical in nature and causes
resistance due to tightness in this regard [5]. Terefore,
innovation is highly needed in drug delivery systems
through the skin.

Nanotechnology has opened new horizons due to the
unique properties of nanoscale materials. An appropriate
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drug delivery system is necessary for attaining the benefts of
pharmaceutically active compounds at targeted sites with
reduced side efects. Tere are several problems such as poor
solubility, less absorption of the drug by intestinal mecha-
nism, and inefcient delivery of drug at the diseased site,
which has been associated with conventional drug delivery
systems. Tese problems have been overcome by
nanotechnology-based drug delivery systems [6]. Generally,
a drug delivery system consists of a drug, its carrier, targeting
agents to target cells [7]. Materials whose diameter is in the
range of 1–100 nm are nanomaterials [8] and are being used
in promoting ftness and illness prevention. Tese nano-
materials have been well recognized as having the capability
to be used in the treatment of long-term disorders such as
cancer and cardiovascular diseases (CVDs) [9]. Te phar-
macokinetics of medication administration through nano-
materials ofers the transportation of drugs with fewer side
efects due to controlled release at specifc sites only [10].
Moreover, it also increases the bioavailability of the drug and
protects it from degradation before reaching the site of
action [11]. Pharmaceutical drug can be delivered to any part
of the body by dissolving, entrapping, encapsulating, or
absorbing it with nanomaterials [12]. It is established in
literature that nanomaterials have been successfully used to
deliver various drugs (hydrophobic/hydrophilic), bio-
polymers, and even vaccines [13].

Nanomaterials are defned as materials that possess one
or more external dimensions or internal structures at the
nanoscale. Materials with nanoscale structures often have
distinct optical, thermal conductivity, mechanical, or elec-
tronic properties compared to their bulk counterparts [14].
Nanomaterials have distinctive properties, for example,
a great number of surface atoms that confer outstanding
surface chemistry, permitting numerous biomolecules/drug
inhibitor molecules to be involved, while demonstrating
quantum-size efects and distinctive electronic structures
[15]. Nanomaterials (NMs) have enticed extreme research
benefts due to their application potential in several felds of
science and technology for instance health care, food, textile,
and electronics [16].

Herein, in this article, we discuss the routes of drug
delivery through the skin along with drawbacks associated
with the conventional DDS.Te principal importance of this
review is based on various types of updated nanomaterials
employed for drug delivery and their mode of action to treat
various skin diseases. Furthermore, challenges related to
their practical applications are mentioned and future rec-
ommendations are also given for further research.

2. General Routes of Drug
Delivery through Skin

From a biopharmaceutical point of view, the skin is reported
to be an interesting route for drug delivery. Nanoparticles
being smaller in size have been employed to improve the
penetration of drug through the skin and to broaden the
variety of compounds available for therapeutic use [17].
Some of the generally used drug delivery routes are as
follows.

2.1.TopicalDrugDelivery. Topical administration of drugs is
a strategy of localized drug delivery that utilizes ophthalmic,
rectal, vaginal, and cutaneous channels as topical routes.
Topically applied antiseptic, antifungal, anti-infammatory,
and skin emollients provide protective properties [18]. Te
pilosebaceous unit is the site of unique biochemical, met-
abolical, and immunological events and is comprised of hair
follicles, hair shafts, and sebaceous glands.Te drugs applied
topically may difuse through this pilosebaceous unit by
permeation [19]. Tis drug system is advantageous because
of greater patient concordance, wider interface area for drug
administration, rapid completion of treatment, and avoid-
ance of frst-pass metabolism. Tese remarkable features
allure the drug industries to manufacture topical thera-
peutics for the cure of epidermis disorders [20, 21]. Solid
nanomaterials containing lipids such as solid lipid nano-
materials (SLNs) have already been described as a new lipid-
based medication procurement route for the topical ad-
ministration of a variety of medicinal drugs [22]. Te
fundamental difculty in constructing a pharmacotherapy
method is achieving an optimum concentration of a given
medicine at its action site during certain intervals of
time [23].

2.2. Dermal Drug Delivery. Dermal drug administration
includes delivery of the drug through the dermal skin layer
for targeted medication action [24] and is noninvasive [25].
Tis type of delivery also entails the administration of
medicines to diseased spots inside the skin with little sys-
temic absorption [26]. It is reported that dermal drug de-
livery through nanoemulsions is promising for chronic and
autoimmune diseases [27, 28]. With lipid nanoparticles, this
delivery of drug is of particular interest in hair follicle
diseases due to enhanced bioavailability of active pharma-
ceutical ingredients (API) at their drug target [29].

2.3. Transdermal Drug Delivery. Transdermal drug distri-
bution methods sometimes referred to as “patches” dis-
tribute drugs via the skin in a regulated manner.
Transdermal drug delivery system (TDDS) has attained
signifcant attention because of its inherent benefts, such as
extended therapeutic efcacy, prevention with the frst
metabolism, or ease of treatment completion [30]. Tis
administration strategy recently has been investigated ex-
tensively over the previous few centuries because of greater
patient adherence, the better release of drugs, tissue tar-
geting, and prevention of presystemic breakdown in the liver
[31]. Tis technique releases pharmaceuticals at a predefned
and regulated pace, hence, enhancing treatment efective-
ness and pharmacovigilance [32, 33]. TDDS has enhanced
bioavailability and extended the number of medicines, in
which transdermal and topical distribution is employed
[34–36].

Te transdermal method has several benefts over tra-
ditional medication delivery systems, for example, pre-
vention of frst-pass consequence, simplicity of
implementation, biodistribution, minimally invasive pro-
cedures, comfortable drug administration, stable plasma
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drug concentration, and convenience of patch replacement if
toxicity occurs [4]. Figure 1 illustrates the pathways for the
delivery of drug via the transdermal route and dermal route.

Te natural function of the skin is to protect the body from
unwanted infuences from the environment. Te main barrier
of the skin is located in the outermost layer of the skin, the
stratum corneum. Since the lipid regions in the stratum cor-
neum form the only continuous structure, substances applied
onto the skin always have to pass these regions [38]. Trans-
dermal drug delivery has many potential advantages, but the
skin’s poorly permeable stratum corneumblocks the delivery of
most drugs at therapeutic levels [39]. Skin is an intact barrier
that serves as a primary defense mechanism to preclude any
foreign particle’s entry into the body. Owing to the unique
anatomical framework, i.e., compact packing of stratum cor-
neumwith tight junction and fast anti-infammatory responses,
it emerged as a critical physiological barrier for TDDS. Fusion
with other novel approaches, such as nanocarriers, specially
designed transdermal delivery devices, and permeation en-
hancers, can overcome the limitations [40].

2.4. Limitations of Conventional Drug Delivery Systems
(DDS). Various methodologies, such as salting out (salt-
ing-out agent requisite), supercritical liquid technique (capil-
lary injector as well as a supercritical liquid needed), dialysis
(capillary impeller or a supercritical liquid demanded), solvent
vaporization (surfactant desired), and nanoscale precipitate
formation (nonsolvent for the polymer required), have been
used in traditional medication techniques. Tis approach has
now been linked to a number of faws, including decreased
patient adherence and reduced medicine half-lives among
others [41]. Similarly, getting medicinal compounds to the
appropriate spot is a critical issue for the cure of various ill-
nesses. Consequently, traditional medication application re-
sults in inappropriate bio-distribution, inadequate efcacy, and
insufcient selectivity [42]. Traditional dosage formulations
also have numerous limitations, including a smaller half-life of
repeated drugs, poorer therapeutic response, a sharp peak, and
characteristic maximum plasma concentration-time pattern
[43]. Often, this system requires multiple administrations
leading to irregular systemic drug distribution [44].

Te advancement in medical sciences and the aforemen-
tioned limitations of conventional drug delivery systems have
attracted the attention of researchers towards nanomedicine
[42, 45]. In this context, scientists have created a variety of
multipurpose nanocarrier structures that might deliver med-
ications in a directed, regulated, and sustainable manner [46].
Te therapeutic efciencies of these drugs are increased while
unfavorable side efects are reduced because of the nanocarriers
ability to deliver the active drug component to the target site
[47, 48]. Nanotherapeutics is quickly progressing to overcome
the limitations of conventional drug delivery systems [49].

3. Types andProperties ofNanomaterials (NMs)
Used in DDS

Materials produced having sizes in the range of 1–100 nm in
one dimension (1D) are known as nanomaterials (NMs).Te
physical characteristics of NMs are directly related to their

diameters, morphology, and composition. Similar to this,
the extraordinary qualities of NMs are because of their larger
ratio of surface area to volume. Tese NMs also have en-
hanced catalytic efciency for chemical reactions because of
their extremely large surface area [50]. Tese materials also
show unique electronic properties, good mechanical
strength, high chemical stability, wide electrochemical
window, and excellent support substrate [8, 51]. By virtue of
these properties and many other properties, nanomaterials
(NMs) have drawn the extreme interest of researchers
having versatile applications in various felds such as
pharmaceuticals, food and nutrition, fabric, and electronics
[16, 52]. Te usage of nanomaterials in both pharmaceutical
felds especially in drug delivery systems (DDS) receives
enormous attention nowadays and are being utilized ex-
tensively in biomedical applications such as antibiotic ef-
cacy, cancer diagnostics, bio-imaging, target-specifc, drug
administration, diagnostic devices (sensors), tissue re-
generation, oral treatment, and skin treatments [6, 53]. Some
notable examples of nanocarriers for drug delivery through
skin as depicted in Figure 2 are solid lipid nanoparticles
(SLNs) [55], which are at the forefront of the rapidly de-
veloping feld of nanotechnology with several potential
applications in drug delivery, in clinical medicine and re-
search, and in other varied sciences. Due to their unique
size-dependent properties, lipid nanoparticles ofer the
possibility to develop new therapeutics. Te ability to in-
corporate drugs into nanocarriers ofers a new prototype in
drug delivery that could be used for secondary and tertiary
levels of drug targeting. Hence, solid lipid nanoparticles hold
great promise for reaching the goal of controlled and site-
specifc drug delivery and hence have attracted wide at-
tention from researchers [56]. Nanostructured lipid carriers
(NLCs) [57], consisting of solid lipid and liquid lipid, are
a new type of colloidal drug delivery system, which ofer the
advantage of improved drug loading capacity and release
properties [58], such as nanospheres [59], nanocapsules [60],
micelles [61], dendrimers [62], microemulsion [63], etho-
somes [64], nanoemulsion [65], and liposomes [66, 67].
Tese nanoparticles show numerous capabilities in treat-
ment and diagnosis of stubborn diseases such as cancer and
neurodegenerative diseases, emerging as novel drug carriers
or therapeutic agents in future [68].

4. Recent Advancements in Nanomaterials for
the Drug Delivery

For simplifcation and demonstration of their role in drug
delivery, NMs are classifed and discussed as follows:

(i) Carbon-based nanomaterials
(ii) Inorganic-/metal-based nanomaterials
(iii) Polymeric nanomaterials
(iv) Hybrid nanomaterials

Recently, it has been reported that transdermal drug
delivery systems (TDDS) through these nanomaterials as
narrated above exhibit high drug discharge and deeper
medicine difusion. In addition, unlike nanocarriers, these
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Figure 2: Diferent types of nanocarriers (nanoparticle) for drug delivery via skin, reproduced from [54]; this is an open access article under
the creative commons attribution license (CC-BY-4.0), https://creativecommons.org/licenses/by/4.0/.
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Figure 1: Schematic illustration diferentiating the dermal drug delivery system (DDDS) and transdermal drug delivery system (TDDS),
reproduced from [37]; this article is an open access article distributed under the terms and conditions of the creative commons attribution
(CC-BY) license (https://creativecommons.org/licenses/by/4.0/).
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materials encapsulate hydrophobic as well as hydrophilic
parts of medicinal moieties [31]. In order to target deadly
malignancies, nanotechnology is a revolutionary drug-
delivery technique that holds signifcant promise for efec-
tiveness and precision. For tailored administration of drugs
in this scenario, nanoparticles (NPs) are derivatized with
various biological macromolecules, proteins, and antibody
ligands, including protein-binding sites [69]. Tese systems
comprise a target-focused biocompatible external mem-
brane, a center hydrophobic base, and a center hydrophilic
core [70].

4.1. Carbon-Based NMs. Carbon nanomaterials are quite
emerging porous materials with great applications [71] and
include zero-dimensional carbonaceous materials fullerenes,
one-dimensional carbon nanotubes, two-dimensional
nanodiamonds, graphene oxide, and derivatives of gra-
phene [72]. Tese materials have been recognized for ex-
ceptional mechanical, electrochemical, thermodynamic,
optical, or chemical capabilities, as well as their distinctive
structural dimensions [73]. Low toxicity and anti-
infammatory have been reported when these carbon
nanomaterials (CNMs) have been combined with diferent
drugs, proteins, nucleic acids, and bioactive peptides [74].
Novel functionalized CNMs are characterized by bio-
compatibility, efective drug loading, and the absence of
immunogenicity [75]. CNMs carry drugs via π-π (Pi)
stacking interaction which does not change the structural/
functional characteristics of medicines, a dynamic factor in
stacking medications into supply systems [74]. Summarily,
because of their physiochemical characteristics and large
surface area to be used in biomedical activities such as
antibacterial activities, tumor diagnosis, bio-imaging, target-
specifc, therapeutic agents, biosensing materials, tissue
engineering, oral treatment, and skin care products, carbon-
based nanostructured materials have drawn research at-
tention from all over the world [53]. For a further and better
overview, we have tabulated various carbon-based nano-
materials with comparative parameters for targeted drug
delivery as shown in Table 1.

4.1.1. Carbon Nanotubes (CNTs). Carbon nanotubes (CNTs)
have gained prominent interest in the biological feld during
recent decades. For example, site-specifc medication ad-
ministration and targeted are made possible by surface
modifcation of CNTs by covalent and noncovalent ad-
justments [103]. CNTs have unique physicochemical
properties and make it easier for medications to enter the
brain through the olfactory pathway, which helps to restore
appropriate autophagy and stop the clearance of autophagic
substances [104, 105]. Te two diferent kinds of carbon
nanotubes (CNTs) include single-walled carbon nanotubes
(SWCNT) and multiwalled carbon nanotubes (MWCNT).
CNTs are represented as tubular cylinders made of graphene
sheets [106]. Tese CNTs exhibit improved chemical,
physical, electrical characteristics, remarkable cell mem-
brane penetration, higher drug loading capability, and pH-
dependent medicinal unloading capabilities, thermal

characteristics, a wide surface area, and ease of molecular
manipulation. Te CNTs have now been discovered to ofer
tremendous potency in a number of biological sectors be-
cause of these characteristics, notably in nanodrug admin-
istration and therapeutic targeted applications [107]. As an
example, to point out the use of CNTs, doxorubicin (DOX)-
loaded SWCNTs coupled with folic acid plus polyethylene
glycol biofunctionalized was used in a site-specifc DDS to
specifcally destroy breast carcinoma cells. Because of the
tumor’s acidic pH, it was discovered that doxorubicin
(DOX) was discharged at the location in a regulated manner.
Te combined action of site-specifc drug-loaded DOX-FA-
PEG-SWCNTs resulted in the rapid death of about 95% of
tumor cells [108]. More examples can be evaluated from
Table 1.

4.1.2. Graphene and Graphene Oxides. Graphene is based on
the sp2 hybridized layered carbon atoms packed into a planar
structure, and it has a long history owing to its unique
intrinsic properties [109, 110]. Surface-enhanced Raman
scattering (SERS), superior ease of processing, amphiphi-
licity, and surface functional capacity make graphene oxide
a potential product for biomedical application [111, 112].
For example, a unique nanomedicine based on GE11 pep-
tide-functionalized GO (Ori@GE11-GO) was designed for
site-specifc administration of oridonin for the recognition
of cancer cells and enhanced anticancer efciency [113].
Similarly, dopamine (DA) active receptor-positive in human
breast cancer cell line methotrexate (MTX) administration
using a dopamine-associated nanographene oxide (DA-
nGO) has already been described [114]. For integrated
photothermal treatment (PTT) and photodynamic treat-
ment (PDT) of the tumor, one more nanohybrid (rGO-Ru-
PEG; where rGO� reduced nanographene oxide sheet and
Ru-PEG� a phosphorescent polyethylene glycol-modifed
Ru (II) complex) is used. It has been demonstrated that
exposure to radiations can accelerate the discharge of Ru-
PEG out of the surface of rGO, which is pH-dependent [115].
An innovative medication administration method based on
arginine-glycine-aspartic acid RGD-conjugated graphene
quantum dots (GQDs) has been described to load the an-
ticancer medicine doxorubicin (DOX) for site-specifc tu-
mor fuorescence imaging. Te fuorescence spectroscopic
technique was used to investigate the emission of DOX from
GQDs-RGD in bufer solution with diferent pH values (i.e.,
5.0, 6.0, and 7.4) [116]. A nice pictorial representation to
demonstrate the role of graphene oxide as a drug carrier is
shown in Figure 3. Some more examples illustrating the
importance of graphene-based nanomaterials in drug de-
livery have been added in Table 1.

4.1.3. Nanodiamonds. Nanodiamonds (NDs) were acci-
dentally produced as a result of nuclear blasts utilizing
carbon-based activated explosives in 1963 [55]. Te di-
mension, form, and confguration of NDs are dependent
upon the nature of production procedures, generally ex-
plosion as well as extraordinary high pressure/high tem-
perature (HPHT) method [118]. Nanodiamonds are
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considered to be superior to any other nanomaterials in
biomedical applications due to the characteristics small size,
scalable manufacturing, less side efects, high stability of the
diamond interior, and surface chemistry [119]. NDs have
also been reported as biocomposites with biopolymers
having a lot of usage in the administration of chemotherapy
drugs, injury recovery, and bone tissue regeneration [120].
Cetuximab-NDs-cisplatinbio-conjugated material was
manufactured which improved the inhibition of human liver
hepatocellular carcinoma (HepG2) cells [97]. Another
composite, i.e., doxorubicin hydrochloride (DOX)-loaded
ND, was produced with the help of a hydrophilic polymer
called CHO-PEG and had excellent targeted and sustained
release properties for the transport of DOX to HepG2 cells
[95]. Some more examples of nanodiamonds used for drug-
loading system have been given in Table 1.

4.1.4. Mesoporous Carbon. Various initiatives to in-
vestigate composites with mesostructures (2–50 nm) were
conducted in 1990s. Mesoporous carbon compounds have
been designed to provide innovative materials with ex-
ceptional functionality in a diverse range of applications.
A class of porous materials having consistent pore
channels as well as large surface area is known as ordered
mesoporous carbons (OMCs) [121]. Due to the certain
physical and chemical properties possessed by meso-
porous carbon materials such as exceptional access to
binding sites, a very well-arranged porous architecture,
outstanding particular surface areas, electrical or chemical

conductivity, and improved mass transfer and difusion
make them versatile and eligible for numerous applica-
tions. Mesoporous carbon nanocomposites (MCNs) stand
out between them because of their lower density, a greater
number of pores, and better adsorption potential, giving
them a better drug-loading potency that is crucial for
chemical therapies that acquire signifcant dosages to
fulfll therapeutic demands [122]. For instance, an in-
organic/organic medication administration method cen-
tered on regular mesoporous carbon spheres (MCS) was
created to enhance its existing good capabilities through
the synergistic advantageous interaction of uniform
mesoporous carbon spheres (UMCS) and hyaluronic acid
(HA). Te physiological distribution consistency of
UMCS is enhanced by HA, enhancing its suitability for
intravascular infusion. Verapamil (VER) and doxorubicin
(DOX) were incorporated for co-treatment at high dose
concentrations (25% for each medication) in the meso-
pores core of MCS. To obtain in vivo anticancer activity,
human intestinal carcinoma HCT-116 cells were injected
into BALB/c nude mice, and these turned out to be
successful [76]. A unique mesoporous carbon synthesized
hydrothermally was used as a carrier for doxorubicin
anticancer drug that released through cleavage of the pH-
sensitive coordination bonding. Hence, results showed
that nanocarrier is less toxic than doxorubicin molecules
and is efective to carry and release DOX and calcium ions
in cancer cells [77]. Mesoporous carbons are becoming an
increasingly popular multidisciplinary issue in the felds
of analytical chemistry, inorganic chemistry, catalysis,

GO

rGO

Targeting molecule

Drug

Multifunctionalization

Figure 3: Graphene oxide as a drug carrier to deliver the drug molecule at the targeted site, reproduced from [117]; this is an open access
article licensed under the creative commons attribution 3.0 unported license (CC BY 3.0), https://creativecommons.org/licenses/by/3.0/.
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adsorption, membrane science, physical chemistry, and
material science [123].

4.1.5. Fullerenes. Fullerenes are segmental structures of
porous carbon frameworks with multiple orifces and are
synthetic targets of interest [124]. Tese nanomaterials have
remarkable applications that are useful in the realm of
bioscience. Fullerene C60 is well recognized and promising
therapeutic mediator because of its antioxidant, anti-
infammatory, and other characteristics [125]. Some mag-
netic composites of fullerenes have been reported by
attaching iron oxide nanocomposites on the outer layer of
fullerene followed by polyethylene glycation resulting C60-
IONP-PEG nanocomposite, and the resulting nano-
composites have high photothermal treatment capability
and superparamagnetism ability. For instance, a novel
photodynamic antitumor medication called hematopor-
phyrin monomethyl ether (HMME) was coupled to C60-
IONP-PEG to create a medicine administration method
called C60-IONP-PEG/HMME that showed exceptional
magnetic focusing capabilities in the carcinoma treatment
[126]. Doxorubicin used in cardiomyopathy has also been
conjugated with fullerene.Te result showed 100%medicine
discharge at pH 5.25, and this conjugation was used to
decrease side efects and provide targeted drug delivery. Due
to the fact that fullerene proved hydrophobic (water in-
soluble) but doxorubicin was water soluble, in this situation,
ethylene glycol (EG) intermediates were utilized to increase
the dissolution rate of this coupling [127]. Hexamethonium
was administered as a fullerene complex which blocked the
40 times efects of nicotine upon intraperitoneal adminis-
tration compared to hexamethonium alone. Te hexame-
thonium alone has partial penetration into the central
nervous system thus causing nicotine efect [128]. Some
more examples of fullerene used in DDS have been pre-
sented in Table 1.

4.2. Inorganic-/Metal-Based NMs. Inorganic nanomaterials
when contrasted with organic substances are thought to be
harmless and biocompatible [129]. Teir increased ability to
carry drugs with minimal adverse impacts has been iden-
tifed for imaging and therapy [130]. Among various in-
organic materials, nanoparticles have special features due to
their simplicity in manufacturing, intrinsic functionaliza-
tion, and capacity to carry a variety of biological compo-
nents, including tiny pharmacological compounds, peptides,
proteins, nucleic acids, and nanomaterials [131]. Tey are
versatile representatives for prospective biological uses,
notably in the therapy of tumors since their surface area can
be altered with various aiming and functional substances. In
cutting-edge treatments, bifunctional gold nanomaterials
have high biocompatibility and controlled bioavailability
tendencies [132, 133]. According to reports, their inherent
properties—including electro-optic, physicochemical, and
surface plasmon resonance (SPR)—may be changed
depending on a material’s confguration, magnitude, aspect
ratio, or surroundings. Tese properties can then be used in
a variety of biomedical applications, including sensors, site-

specifc medicine administration, tomography, photody-
namic treatment, and phototherapy [134, 135]. Methotrexate
is an anticancer drug, whose carboxylic groups can combine
to the surface of gold nano-particles (AuNPs) upon over-
night incubation. In Lewis lung cancer mice concepts, the
conjugated confguration showed 7 times greater destruction
of cells more efectively than free methotrexate [136]. An-
other case involved spherical nanomaterials coupled to
many antibacterial drugs, including streptomycin, ampi-
cillin, and kanamycin, which demonstrated better consis-
tency and bacteria growth suppression than the
unconjugated versions of the particles [137]. Iron oxide NPs
have “superparamagnetic” properties and have been proved
in abundant applications. For example, in site-specifc
medication administration methods, with the use of an
externally applied magnetic feld, drug-loaded iron oxide
NPs can gather in the tumor area where they can be dis-
charged to destroy cancerous cells without afecting normal
cells [138]. Due to their extraordinary biological and
magnetic characteristics, they might attain signifcant
medicine loading and have targeting qualities [139]. A
multifunctional Mn3O4@PAA/MTX NPs composite con-
taining manganese oxide (Mn3O4) nanoparticles (NPs) in
combination with polyacrylic acid (PAA) has been reported
for the target drug delivery of methotrexate (MTX). Te
drug release capacity of the Mn3O4@PAA/MTX NPs at
specifc pH values of 5.4 and 7.4 was studied and exhibited
efective controlled release [140]. Many metal oxides, in
particular titanium dioxide, are known to be highly bio-
compatible, at least when photochemical oxidation pro-
cesses are prevented [141]. Figure 4 indicates the in vivo
delivery of doxorubicin at the targeted site using magnetic
gold nanoparticles. Some more examples of inorganic/metal
drug-loaded nanocarriers are given in Table 2 for
comparison.

4.3. Polymeric NMs. Polymer nanomaterials have several
attractive properties such as the simplicity of administration,
the capacity to functionalize and modify the surface using
various ligands, biocompatible, and biodegradable and are
viable competitors in drug administration system [179].
Tese nanoparticles play a key role to improve drug bio-
availability or specifc delivery at the site of action. Polymers
are particularly appropriate for satisfying the demands of
each unique medication distribution strategy because of
their inherent plasticity (Figure 5).

Nanofllers assist polymers and ofer improved prop-
erties in polymeric nanoparticles, which are made up of both
polymers and nanofllers. Tese polymeric nanoparticles
may be divided into two categories based on their nano-
fllers: CNTs and layered silicates [181]. Te distinctive
properties of polymeric nanomaterials include their notable
consistency in body fuids, easily accessible, and selectively
release the encapsulated constituents in response to par-
ticular stimuli [182, 183]. Te polymeric nanorevolution in
the feld of medicine is an exciting project which is efciently
replacing the existing difculties of the therapeutic/di-
agnostic remedies. Some updated and recent examples of
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polymeric nanomaterials used in DDS have been tabulated
in Table 2 to get an idea about polymeric nanorevolution in
the feld of medicine.

4.4. Hybrid Nanomaterials. Te construction of organic-
inorganic mixed nanostructures is of tremendous signifcance
in the domain of nanobioengineering. Te composites de-
veloped from the blending of organic and inorganic compo-
nents at the molecular or nanoscale stage provide a vast array of
adaptability [184]. In order to create supramolecular architects
of hybrid inorganic nanomaterials, which are thought of as
blazing hybrid nanostructures, macrocyclic organic compounds
and the supramolecules are anchored to inorganic nano-
scafolds [185]. Due to the high surface-area-to-volume ratio as
well as intricate surface characteristics, the varied alteration of
hybrid nanomaterials may be readily accomplished [186].Tese
hybrid composites can exhibit superior qualities to their re-
spective equivalents, resulting in the contribution of specialized
electromagnetic, oxidation-reduction, electrochemical, or
chemical capabilities or the creation of approachable and
interlinked porosity architecture for catalysts or sensors [187].
Tese materials due to increased surface area permit more
reactions to take place on their interface [188].Trough a simple
one-pot technique, Zhou et al. synthesized disulfde-bridged
silsesquioxane (SSQ) with an organic-inorganic mixed porous
architecture. After polyethylene glycol treatment, the resultant
hybrid composites showed increased durability and bio-
compatibility. Tese SSQ-based hybrid composites revealed the
release of doxorubicin triggered by characteristic pH and
glutathione and had a signifcant potential for the packing of
doxorubicin. Hybrid nanostructures with SSQ have been shown
to ofer an excellent role as nanocarriers for DDS and

therapeutic/diagnostic applications [173]. Spherical cellulose
nanocrystal-based hybrids grafted with titania nanoparticles
were successfully produced for topical drug delivery. Triclosan
was selected as a model drug for complexation with titania and
further introduction into the nanocellulose-based composite.
Tus, the developed hybrid patches are highly promising
candidates for potential application as antibacterial agents [174].
New efcient drug delivery systems based on cellulose nano-
fber–titania nanocomposites grafted with three diferent types
ofmodel drugs such as diclofenac sodium, penicillamine-D, and
phosphomycin were successfully synthesized and displayed
distinctly diferent controlled long-term release profles. Te
drug release kinetics was studied in vitro for diclofenac sodium
and penicillamine-D spectrophotometrically and for phos-
phomycin using a radio-labeling analysis with 33P-marked ATP
as a model phosphate-anchored biomolecule. Te obtained
nanocomposites could potentially be applied in transdermal
drug delivery for anesthetics, analgesics, and antibiotics [175].
Two new nanocomposites of cellulose nanofbers grafted with
titania nanoparticles loaded with antibiotic tetracycline (TC)
and phosphomycin (Phos) were successfully synthesized which
exhibits antimicrobial properties against Escherichia coli and
Staphylococcus aureus [176, 189].

5. Mode of Action of NMs for Drug Delivery

Te chief purpose of nanomaterials in the medication ad-
ministration is to assure that the drug has been carried to
their specifc action sites. Moreover, these materials are used
to enhance the pharmacological impact of therapies to cope
their side efects which may obstruct the efciency of drug
[190]. Recently, it has been reported that TDD involves the
use of nanomaterials (NMs) having a fantastic opportunity

FeCl3
+

FeCl2

MNPs
MGNPs

HAuCl4

PEG

DOX

MGNPs-DOX

tumor

Magnetic Targeting Drug Delivery
Passive Targeting Drug Delivery

NPs were injected
intravenously

Magnetic Disc

Figure 4: Schematic representation of the targeted drug delivery via magnetic gold nanoparticles loaded with doxorubicin drug, reproduced
from [142] with permission from Elsevier, license no. 5398260598801.
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to improve medication absorption via the skin and also give
regulated release [191]. Te beneft of avoiding medication
frst-pass degradation is the delivery of drugs through the
skin via the stratum corneum (SC). Te medicine passes
through the layers of the skin before entering systemic blood
fow and fnally arriving at the specifc organ. Among the
several techniques used to deliver drugs via the skin,

nanoscale systems have drawn interest as pharmacological
carriers for transdermal medication administration [192].

Te skin is the body’s biggest organ and can serve as
a painless and accommodating medication administration
interface [193]. Te action of drug administration mecha-
nism utilized by these systems has diferent steps such as
disturbing the Stratum Corneum, rupture the tight
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connections, disturbing the cell membrane assembly, and
thus assisting drug penetration (Figure 6).

6. Future Challenges and Recommendations

Apparently, the innovative collection of biocompatible and
biodegradable nanomaterials appears as promising candidates
for the drug delivery applications. Keeping in view the ad-
vancement in nano-based drug delivery till now and their
shortcomings opens the new perspectives for future research.
Because of the covalent bonding, the drug-loaded CNT is
persistent, and the cellular atmosphere does not support
persistent drug release in cancerous cells. Contrarily, non-
covalent association lacks stability at ambient pH levels while
facilitating the medication’s sustained release in the acidic
environment of tumor sites.Te prime challenges in the feld of
nanodiamonds are associated with their commercial-scale
applications. Generally, nanomaterial-based targeted drug
delivery systems ofer good avenues to develop diagnostic and
personalized administration methods with promising roles in
the future. Nanomaterials are at the forefront of the rapidly
developing feld of nanotechnology with several potential
applications in drug delivery, in clinical medicine and research,
and in other varied sciences. Although huge amount of eforts
and resources have been utilized in research and development
of drug delivery nanoparticles, there is still a long way to the
clinical use of these novel-designed nanoparticles, with many
impedances in the way. For instance, multiple kinds of
nanomaterials used in the administration of diseases and
various biological disorders are rather constrained due to
concerns of the hazardous residues of solvents as well as legal
concerns about its cellular distribution and biodegradability.
Terefore, future studies should focus on the materials having
more uniform consistency, drug loading, or targeted/controlled
drug release capability.

7. Conclusions

Nanomaterial-mediated drug delivery is a great innovation
in the feld of science, particularly to cope with the challenges
of conventional drug delivery. Te nanocomposites and
nanoarchitectures are fabricated in such a way that the
response and interaction with the targeted cells or tissues
take place under controlled conditions. It is concluded that
the promising biological efcacy can be achieved by
nanodrug delivery with a number of novel approaches. Te
targeted medication is incorporated into the nanocomposite
matrices by dissolving, encasing, adsorbing, attaching, or
encapsulating it. Due to their tiny size, nanomaterials can
efciently accumulate drugs at the target areas by being
absorbed by cells and passing via smaller capillaries. Te
utilization of biodegradable composites for the synthesis of
nanomaterials allows controlled drug discharge within
specifc sites over a specifed time period. In the future,
nanotechnology is expected to grow at a much faster pace
with promising and fruitful outcomes. Te continuous
technological developments in the nano-based drug delivery
system can be benefcial to treat lethal diseases whose
treatments are difcult.

Data Availability

All related data are mentioned in the manuscript with
references.

Conflicts of Interest

Te authors declare that they have no conficts of interest
regarding the publications of this paper.

Authors’ Contributions

All listed authors have made a signifcant scientifc contri-
bution to the manuscript.

Acknowledgments

Te University of the Punjab, Lahore, is acknowledged for
providing the necessary facilities for carrying out this work.

References

[1] A. Dattola, M. Silvestri, L. Bennardo et al., “Role of vitamins
in skin health: a systematic review,” Current Nutrition Re-
ports, vol. 9, no. 3, pp. 226–235, 2020.

[2] V. H. Junior, A. L. Mendes, C. C. Talhari, and H. A. Miot,
“Impact of environmental changes on Dermatology,” Anais
Brasileiros de Dermatologia, vol. 96, no. 2, pp. 210–223, 2021.

[3] S. Kumari, P. K. Choudhary, R. Shukla, A. Sahebkar, and
P. Kesharwani, “Recent advances in nanotechnology based
combination drug therapy for skin cancer,” Journal of Bio-
materials Science, Polymer Edition, vol. 33, no. 11,
pp. 1435–1468, 2022.

[4] V. C. Jhawat, V. Saini, S. Kamboj, and N. Maggon,
“Transdermal drug delivery systems: approaches and ad-
vancements in drug absorption through skin,” International
Journal of Pharmaceutical Sciences Review and Research,
vol. 20, pp. 47–56, 2013.

[5] A. Zeb, S. T. Arif, M. Malik et al., “Potential of nano-
particulate carriers for improved drug delivery via skin,”
Journal of pharmaceutical investigation, vol. 49, no. 5,
pp. 485–517, 2019.

[6] J. Jacob, J. T. Haponiuk, S. Tomas, and S. Gopi, “Bio-
polymer based nanomaterials in drug delivery systems:
a review,”Materials Today Chemistry, vol. 9, pp. 43–55, 2018.

[7] H. T. Trinh, S. Mohanan, D. Radhakrishnan et al., “Silica-
based nanomaterials as drug delivery tools for skin cancer
(melanoma) treatment,” Emergent Materials, vol. 4, no. 5,
pp. 1067–1092, 2021.

[8] Q. Wu, W. S. Miao, Y. D. Zhang, H. J. Gao, and D. Hui,
“Mechanical properties of nanomaterials: a review,” Nano-
technology Reviews, vol. 9, no. 1, pp. 259–273, 2020.

[9] N. A. Mohamed, I. Marei, S. Crovella, and H. Abou-Saleh,
“Recent developments in nanomaterials-based drug delivery
and upgrading treatment of cardiovascular diseases,” In-
ternational Journal of Molecular Sciences, vol. 23, no. 3,
p. 1404, 2022.

[10] F. Man, T. Lammers, and R. Tm de Rosales, “Imaging
nanomedicine-based drug delivery: a review of clinical
studies,” Molecular Imaging and Biology, vol. 20, no. 5,
pp. 683–695, 2018.

[11] A. Kumar, F. Chen, A. Mozhi et al., “Innovative pharma-
ceutical development based on unique properties of

Journal of Chemistry 15



nanoscale delivery formulation,” Nanoscale, vol. 5, no. 18,
pp. 8307–8325, 2013.

[12] D. M. Teleanu, I. Negut, V. Grumezescu, A. M. Grumezescu,
and R. I. Teleanu, “Nanomaterials for drug delivery to the
central nervous system,” Nanomaterials, vol. 9, no. 3, p. 371,
2019.

[13] F. U. Din, W. Aman, I. Ullah et al., “Efective use of
nanocarriers as drug delivery systems for the treatment of
selected tumors,” International Journal of Nanomedicine,
vol. 12, pp. 7291–7309, 2017.

[14] Z. Li, L. Wang, Y. Li, Y. Feng, and W. Feng, “Carbon-based
functional nanomaterials: preparation, properties and ap-
plications,” Composites Science and Technology, vol. 179,
pp. 10–40, 2019.

[15] A. Orza, D. Casciano, and A. Biris, “Nanomaterials for
targeted drug delivery to cancer stem cells,”DrugMetabolism
Reviews, vol. 46, no. 2, pp. 191–206, 2014.

[16] S. Begum, A. N. Karim, M. N. Ansari, and M. S. Hashmi,
“Nanomaterials,” Encyclopedia of Renewable and Sustainable
Materials, vol. 1, 2020.

[17] E. B. Souto, I. Baldim,W. P. Oliveira et al., “SLN and NLC for
topical, dermal, and transdermal drug delivery,” Expert
Opinion on Drug Delivery, vol. 17, no. 3, pp. 357–377, 2020.

[18] D. Bhowmik, “Recent advances in novel topical drug delivery
system,” Te Pharma Innovation, vol. 1, 2012.

[19] V. Krishnan and S. Mitragotri, “Nanoparticles for topical
drug delivery: potential for skin cancer treatment,”Advanced
Drug Delivery Reviews, vol. 153, pp. 87–108, 2020.

[20] V. Patel, O. P. Sharma, and T. Mehta, “Nanocrystal: a novel
approach to overcome skin barriers for improved topical
drug delivery,” Expert Opinion on Drug Delivery, vol. 15,
no. 4, pp. 351–368, 2018.

[21] S. H. Bariya, M. C. Gohel, T. A. Mehta, and O. P. Sharma,
“Microneedles: an emerging transdermal drug delivery
system,” Journal of Pharmacy and Pharmacology, vol. 64,
no. 1, pp. 11–29, 2011.

[22] M. Liu, J. Wen, andM. Sharma, “Solid lipid nanoparticles for
topical drug delivery: mechanisms, dosage form perspectives,
and translational status,” Current Pharmaceutical Design,
vol. 26, no. 27, pp. 3203–3217, 2020.

[23] D. SinghMalik, N. Mital, and G. Kaur, “Topical drug delivery
systems: a patent review,” Expert Opinion on Terapeutic
Patents, vol. 26, no. 2, pp. 213–228, 2016.

[24] B. Iqbal, J. Ali, and S. Baboota, “Recent advances and de-
velopment in epidermal and dermal drug deposition en-
hancement technology,” International Journal of
Dermatology, vol. 57, no. 6, pp. 646–660, 2018.

[25] H. Ibaraki, T. Kanazawa, C. Oogi, Y. Takashima, and Y. Seta,
“Efects of surface charge and fexibility of liposomes on
dermal drug delivery,” Journal of Drug Delivery Science and
Technology, vol. 50, pp. 155–162, 2019.

[26] U. Badilli, M. Gumustas, B. Uslu, and S. A. Ozkan, “Lipid-
based nanoparticles for dermal drug delivery,” in Organic
Materials as Smart Nanocarriers for Drug Delivery,
pp. 369–413, Elsevier, Amsterdam, Netherlands, 2018.

[27] C. Chircov and A. M. Grumezescu, “Nanoemulsion prep-
aration, characterization, and application in the feld of
biomedicine,” in Nanoarchitectonics in Biomedicine,
pp. 169–188, Elsevier, Amsterdam, Netherlands, 2019.

[28] C. Gorzelanny, C. Mess, S. W. Schneider, V. Huck, and
J. M. Brandner, “Skin barriers in dermal drug delivery: which
barriers have to be overcome and how can we measure
them?” Pharmaceutics, vol. 12, no. 7, p. 684, 2020.

[29] P. Pandey and N. Balekar, “Target-specifc delivery: an in-
sight,” in Drug Targeting and Stimuli Sensitive Drug Delivery
Systems, pp. 117–154, Elsevier, Amsterdam, Netherlands,
2018.

[30] B. Mishra and G. V. Bonde, “Transdermal drug delivery,” in
Controlled Drug Delivery Systems, pp. 239–275, CRC Press,
Boca Raton, FL, USA, 2020.

[31] P. Carter, B. Narasimhan, and Q. Wang, “Biocompatible
nanoparticles and vesicular systems in transdermal drug
delivery for various skin diseases,” International Journal of
Pharmaceutics, vol. 555, pp. 49–62, 2019.

[32] D. Patel, S. A. Chaudhary, B. Parmar, and N. Bhura,
“Transdermal drug delivery system: a review,” Te Pharma
Innovation, vol. 1, p. 66, 2012.

[33] K. Saravanakumar, P. Swapna, P. Nagaveni, P. Vani, and
K. Pujitha, “Transdermal drug delivery system: a review,”
Journal of Global Trends in Pharmaceutical Sciences, vol. 1,
pp. 70–81, 2015.

[34] S. Bharadwaj, V. K. Garg, P. Sharma, M. Bansal, and
N. Kumar, “Recent advancement in transdermal drug de-
livery system,” International Journal of Pharma Professional’s
Research, vol. 2, pp. 6–9, 2011.

[35] K. Ansari, A. Singhai, and G. K. Saraogi, “Recent ad-
vancement in transdermal drug delivery system,” Indian
Journal of Pharmaceutical Sciences, vol. 3, pp. 52–59, 2011.

[36] D. Prabhakar, J. Sreekanth, and K. Jayaveera, “Transdermal
drug delivery patches: a review,” Journal of Drug Delivery and
Terapeutics, vol. 3, no. 4, pp. 231–221, 2013.

[37] B. C. Palmer and L. A. DeLouise, “Nanoparticle-enabled
transdermal drug delivery systems for enhanced dose control
and tissue targeting,”Molecules, vol. 21, no. 12, p. 1719, 2016.

[38] J. Bouwstra and P. Honeywell-Nguyen, “Skin structure and
mode of action of vesicles,” Advanced Drug Delivery Reviews,
vol. 54, pp. S41–S55, 2002.

[39] M. R. Prausnitz, “A practical assessment of transdermal drug
delivery by skin electroporation,” Advanced Drug Delivery
Reviews, vol. 35, no. 1, pp. 61–76, 1999.

[40] V. Phatale, K. K. Vaiphei, S. Jha, D. Patil, M. Agrawal, and
A. Alexander, “Overcoming skin barriers through advanced
transdermal drug delivery approaches,” Journal of Controlled
Release, vol. 351, pp. 361–380, 2022.

[41] H. Idrees, S. Z. J. Zaidi, A. Sabir, R. U. Khan, X. Zhang, and
S. U. Hassan, “A review of biodegradable natural polymer-
based nanoparticles for drug delivery applications,” Nano-
materials, vol. 10, p. 1970, 2020.

[42] A. Z. Wilczewska, K. Niemirowicz, K. H. Markiewicz, and
H. Car, “Nanoparticles as drug delivery systems,” Pharma-
cological Reports, vol. 64, no. 5, pp. 1020–1037, 2012.

[43] S. Sur, A. Rathore, V. Dave, K. R. Reddy, R. S. Chouhan, and
V. Sadhu, “Recent developments in functionalized polymer
nanoparticles for efcient drug delivery system,” Nano-
Structures & Nano-Objects, vol. 20, Article ID 100397, 2019.

[44] A. C. Lima, P. Sher, and J. F. Mano, “Production method-
ologies of polymeric and hydrogel particles for drug delivery
applications,” Expert Opinion on Drug Delivery, vol. 9, no. 2,
pp. 231–248, 2012.

[45] A. Kumari, S. K. Yadav, and S. C. Yadav, “Biodegradable
polymeric nanoparticles based drug delivery systems,”
Colloids and Surfaces B: Biointerfaces, vol. 75, pp. 1–18, 2010.

[46] M. D. Aminu, S. A. Nabavi, C. A. Rochelle, and V. Manovic,
“A review of developments in carbon dioxide storage,”
Applied Energy, vol. 208, pp. 1389–1419, 2017.

[47] M. A. Mumuni, F. C. Kenechukwu, K. C. Ofokansi,
A. A. Attama, and D. D. Dı́az, “Insulin-loaded mucoadhesive

16 Journal of Chemistry



nanoparticles based on mucin-chitosan complexes for oral
delivery and diabetes treatment,” Carbohydrate Polymers,
vol. 229, Article ID 115506, 2020.

[48] N. Aminu, I. Bello, N. M. Umar, N. Tanko, A. Aminu, and
M. M. Audu, “Te infuence of nanoparticulate drug delivery
systems in drug therapy,” Journal of Drug Delivery Science
and Technology, vol. 60, Article ID 101961, 2020.

[49] A. Dadwal, A. Baldi, and R. Kumar Narang, “Nanoparticles
as carriers for drug delivery in cancer,” Artifcial Cells,
Nanomedicine, and Biotechnology, vol. 46, no. sup2,
pp. 295–305, 2018.
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