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ABSTRACT

The world has been dealing with a novel severe acute respiratory syndrome (SARS-CoV-2)
since the end of 2019, which threatens the lives of many people worldwide. COVID-19 causes
respiratory infection with different symptoms, from sneezing and coughing to pneumonia
and sometimes gastric symptoms. Researchers worldwide are actively developing novel
drug delivery systems (DDSs), such as stimuli-responsive DDSs. The ability of these carriers
to respond to external/internal and even multiple stimuli is essential in creating "smart"
DDS that can effectively control dosage, sustained release, individual variations, and
targeted delivery. To conduct a comprehensive literature survey for this article, the terms
“Stimuli-responsive”, “COVID-19” and “Drug delivery” were searched on databases/search
engines like “Google Scholar”, “NCBI”, “PubMed”, and “Science Direct”. Many different types
of DDSs have been proposed, including those responsive to various exogenous (light, heat,
ultrasound and magnetic field) or endogenous (microenvironmental changes in pH, ROS and
enzymes) stimuli. Despite significant progress in DDS research, several challenging issues
must be addressed to fill the gaps in the literature. Therefore, this study reviews the drug
release mechanisms and applications of endogenous/exogenous stimuli-responsive DDSs
while also exploring their potential with respect to COVID-19.
© 2023 Shenyang Pharmaceutical University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Coronaviruses belong to the
Coronavirinae subfamily. Coronaviruses (65-125 nm in
diameter) are enveloped RNA viruses that contain a
single positive-stranded RNA genome approximately 26-
32 kilobases in length and are commonly known to cause
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Coronaviridae family,

respiratory tract or intestinal infections in mammals (e.g.,
humans) and animals [1]. The Coronavirinae subfamily is
classified into four groups by phylogenetic clustering: alpha
(«), beta (8), gamma (y) and delta (§) coronavirus [1]. Specific
genes in downstream regions of ORF1 in all coronaviruses
encode variant proteins for virus formation and replication
[2]. The crown-like spike (S) glycoprotein on the virus’s outer
surface, which causes the virus to be named coronavirus,
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mediates attachment to the host cell receptor on the cell
membrane and entry to host cells. HCoV-NL63 and SARS-
coronavirus recognize angiotensin-converting enzyme 2
(ACE2) as a critical receptor for entry to host cells, while
MERS-coronavirus recognize dipeptidyl peptidase 4 (DPP4) [3].

So far, seven coronaviruses could infect humans, including
common human coronaviruses (the cause of self-resolving
infection) and others (the cause of lethal respiratory
infections). Common human coronaviruses are HCoV-229E
(a-coronavirus), HCoV-NL63 (a-coronavirus), HCoV-OC43
(B-coronavirus) and HCoV-HKU1 (gB-coronavirus) strains
that the HCoV-229E virus was identified as the first human
coronavirus in the mid-1960s [4]. Also other coronaviruses are
B-coronaviruses including severe acute respiratory syndrome
coronavirus (SARS-CoV), Middle East Respiratory Syndrome
coronavirus (MERS-CoV), and currently identified SARS-CoV-2
[5]. In December 2019, the new coronavirus was named SARS-
CoV-2 or COVID-19 by WHO on Feb 11, 2020. It was spread
in almost all countries around the world rapidly [6]. As of
April 26, 2023, the total number of people with COVID-19
infection has increased sharply to 686,676,972 confirmed
cases, with 659,247,328 recovered and 6,860,939 deaths [7].
The most prevalent medical symptoms include hyperpyrexia,
dry cough, breathlessness, malaise and myalgia [8]. Also,
some patients may experience rhinorrhea, headache, chest
pain, vomiting and diarrhea [9]. Organ function damages,
such as acute respiratory distress syndrome, hyperglycemia,
acute kidney injury, liver dysfunction, cardiac injury, etc.,
have been seen in most patients with COVID-19 [10].
According to previous studies, SARS-CoV-2 transmission
rate is more significant than SARS-CoV, and its reason
could be the enhanced transmission ability of SARS-CoV-2
following the rapid mutation and genetic recombination in
the receptor-binding domain (RBD) region of the S protein. The
structure of SARS-CoV-2 is the same as other coronaviruses
with four structural proteins, spike (S), nucleocapsid (N),
envelope (E) and membrane (M) proteins, such as helicase,
3-chymotrypsin-like protease, papain-like protease, RNA
polymerase, etc. [11].

Numerous novel drug delivery systems (DDSs) have
been proposed in recent years, such as stimuli-responsive
DDSs, which achieve the accelerated/triggered release
of therapeutic agents at the selective target site and
improved cellular binding upon exposure to various external
(light, heat, ultrasound and magnetic field) or internal
(microenvironmental changes in pH, ROS and enzymes)
stimuli. The stimuli-responsive DDSs may be classified as
physical, chemical and biochemical stimuli-responsive, which
are summarized in Fig. 1 [12].

Currently, a variety of nano-systems including nano-
polymers, liposomes, micelles, dendrimers, carbon-based
nanomaterials, nanogels and metallic nanoparticles are being
used to create smart DDS that can respond to specific signals
from their surroundings, whether they come from within the
body or from the external environment [13]. Nanoparticles
can be designed to have special surface properties. These
properties help them only target and attack diseased cells,
while leaving normal cells unharmed. This method makes
drugs work better while reducing their adverse effects.
Furthermore, nanoparticles can be made to release their cargo

in a controlled manner, which means drugs can be released
steadily over a long period of time. Nanoparticles offer several
advantages, including small particle size, large surface area,
and the ability to encapsulate drugs. These characteristics
make them ideal candidates for designing stimuli-responsive
drug delivery systems [14].

Stimuli-responsive materials can be designed to be
biocompatible. They can be modified to exhibit different
levels of responsiveness to different stimulators, which can be
useful for future diagnostics and personalized medicine [13].
In addition, these materials exhibit observable or measurable
changes at the nano or micro scale, such as molecular
bonding rearrangement or cleavage, changes in morphology
or molecular motion, leading to variations in macroscopic
properties such as shape, color, and functionality. Due to their
flexible range of functional groups and backbone structure,
stimuli-responsive materials can be tailored to exhibit various
chemical, mechanical, electrical, biological, optical or other
properties. They also can be designed in different forms,
including thin films, bulk materials, nano or microparticles,
and composites [15]. Increasing pieces evidence have recently
demonstrated the advantages of smart stimuli-responsive
DDSs in treating a wide variety of diseases, such as cancers,
diabetes, metabolic and Inflammation disorders [16-21].
This review provides insights into COVID-19 treatment by
employing smart stimuli-responsive DDSs to potentiate the
therapeutic effects of drugs and reduce their side effects.
Stimuli-responsive DDS could be used for site-specific
delivery and targeting of COVID-19-related health disruptions
are summarized in Table 1.

2. Biochemical stimuli-responsive systems
2.1. ROS-responsive

Reactive oxygen species (ROS) is a biochemical term
describing the small chemical molecules derived from oxygen
molecules [35]. ROS mainly include oxygen free radicals, such
as superoxide (O, ), peroxyl (RO;’), hydroxyl (-OH), and
alkoxy radical (RO™), as well as ozone (O3), hypochlorite
(HOCl), dioxidene (10,), hypochlorite (OCl~), and hydrogen
peroxide (H,0,), which are not free radicals. These non-free
radicals act as oxidants that can convert into radicals [36].
The ROS, which are released from immune cells such as
dendritic cells, neutrophils and macrophages, plays essential
roles in various biological functions of living organisms, like
modifying protein functions, production of several hormones,
regulation of cell signaling pathways and homeostasis, and
mediation of inflammation [37]. Redox-responsive delivery
systems offer several key benefits, including their ability
to remain stable in contact with healthy tissues, thereby
reducing the risk of systemic toxicity and unwanted side
effects, which are observed in conventional pharmacotherapy.
Additionally, they can quickly respond to clevated the levels
of GSH concentration found in tumor cells, leading to the
controlled release of therapeutic agents. Furthermore, they
facilitate the targeted release of therapeutic agents within the
cytoplasm, thereby enhancing the overall therapeutic efficacy
[38].
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Fig. 1 - Schematic diagram of classified smart stimuli-responsive drug delivery systemsystems and their activity and

oxidation reaction mechanism.

Environmental stress (e.g., ionizing and UV radiation)
[39] and some diseases, e.g. COVID-19, cancer, severe
inflammatory diseases, etc. [40] can cause a significant
imbalance between the production and removal of ROS.
Its high concentration may result in apoptosis, severe
pathological conditions, and oxidative stress (OS) damage to
the cellular structures like; nucleic acids, lipids, carbohydrates
and proteins [41].

COVID-19 infection, in severe cases, may cause a hyper
inflammatory phase and oxidative stress in the infected
tissues. Here, COVID-19-induced inflammation is a double-
edged sword that may either protectively contribute to
virus clearance and the patient’s recovery process or
deleteriously lead to the occurrence of acute respiratory
distress syndrome (ARDS) and worsening of the disease
[42]. From a pharmaceutical point of view, the implication
of oxidative stress in severe COVID-19 could be used as a
promising approach for targeted therapy. Therefore, DDSs
can be designed to generate intelligent DDSs that respond
to ROS stimuli in order to safely and efficiently deliver
COVID-19 drugs, especially those with unstable and low
bioavailability, to their therapeutic targets. In addition, some
ROS-stimuli responsive systems can simultaneously suppress
inflammation by scavenging ROS, contributing
to inflammation, and releasing their cargo by selective
transportation to damaged locations [43].

For example, Zhai et al. [22] prepared ROS-stimuli
poly(1,4-phenyleneacetonedimethylene  thioketal) and
poly(thioketal urethane) copolymer nanoparticles containing
dexamethasone acetate, in which the thioketal linkages can

severe

be cleaved by high levels of ROS in the lipopolysaccharide
(LPS) induced-damaged lungs. The copolymeric nanoparticles
could accumulate in the inflammatory lung sites and rapidly
release the encapsulated cargo which leads to the reduction
of the following: ROS levels, production of pro-inflammatory
cytokines lung damage, and mortality in mice. Due to the
anti-inflammatory and anti-oxidative synergistic effects,
the prepared nanoparticles exerted more effectiveness
than free dexamethasone acetate in treating LPS-damaged
lungs. This approach can be very favorable in treating
inflammation-related diseases such as COVID-19 [22]. Also, Li
et al. [23] developed ROS-responsive nanoparticles (TPCD NPs)
composed of tempol and pinacol esters of phenylboronic acid
(PBAP) conjugated concurrently with g-cyclodextrin. Tempol,
as the therapeutic agent, is a superoxide dismutase mimic
molecule that can appropriately scavenge superoxide anions
and oxygen radicals. Also, the PBAP group as a catalase
mimic can eliminate hydrogen peroxide. Thus, TPCD is a
broad-spectrum ROS scavenger and, the site-specific release
of therapeutic agents from these nanoparticles is due to the
oxidation-sensitive units of PBAP. In vivo evaluations of TPCD
NPs have shown higher accumulation in the LPS-induced-
damaged lung, lower production of IL-18 and TNF-«, and
reduced OS compared to free tempol [23] (Fig. 2 and 3). Due
to the anti-cytokine activity of tempol and its antioxidant
features, it has been introduced as a candidate drug against
COVID-19. Also, a double-blinded and randomized clinical
trial (NCT04729595) studies its efficacy in COVID-19 [44].
Table 2 provides an overview of ROS-responsive groups
in DDS.
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Table 1 - Stimuli-responsive drug delivery systems used for site-specific targeting of COVID-19-related drugs.

Types Nature of
carriers

System Therapeutic

agents

Study method

Result

Route

Ref

Biochemical ROS-responsive

Glucose-
responsive

Enzyme-
responsive

Chemical pH-responsive

Ion-responsive

Physical Temperature-

Responsive

Ultrasound-
responsive

Magnetic-
responsive

Polymeric NPs  Dex acetate

PBAP-CD NPs

Tempol

PBAP-based
Hydrogel

Metformin

Polymeric MTX
conjugate

PEG Hydrogel = Two HNE

substrates

Nanocomposites Dex

Polymeric MTX
Hydrogel

Nanocapsules  Favipiravir

Polymeric
antibody
conjugate
Polymeric
Microbubbles

MSC-Derived
Exosomes

I0-NPs

MNPs-coated
microcarriers

Zinc-MNPs Montelukast

In vitro/ In vivo

In vitro/ In vivo

In vitro/ In vivo

In vitro/ In vivo

In vitro

In vitro

In vitro/ In vivo

In vitro

In vitro

Simulation study

In vitro

In Silico

In vitro

Effective degradability
properties upon exposure to
ROS with low toxicity

Effective and safe treatment i.d.

for oxidative stress-related
diseases such as COVID-19
Efficient stimuli-responsive
release with the
improvement of chronic
inflammation

localization of MTX and
reduction of the total amount
of drug administered and
side effects

An enzyme-responsive
hydrogel platform to achieve
tune release to the local
environment

pH-sensitive system with
significant improvement in
cell viability compared to Dex
alone

Better therapeutic effect and Intraarticular

fewer side effects

Efficient thermo-responsive
systems for the controlled
release of hydrophobic
medicines for the treatment
of COVID-19

a thermo-responsive polymer
for increasing screening
sensitivity

Rupture of polymeric
microbubbles after US
exposure to release cargo for
treatment of lung injury
Achieving non-toxic
nanocarriers with promising
candidates in the alternative
treatment of COVID-19
Improved drug delivery to
different lobes of the lung by
controlling the speed of
entering the lung, the density
of microcarriers and, the
position of the magnetic field
generator

Achieving targeted
drug-carrying NPs with
greater effectiveness than the
free drug

iv.

Intravertebral

Intraarticular

[22]

(23]

(24]

(25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

NP: nanoparticle; PBAP: phenylboronic acid; HNE: human neutrophil elastase; CD: cyclodextrin; i.v.: intravenous; i.d.: intradermal; MSC:
Mesenchymal Stem Cell; MTX: methotrexate; Dex: Dexamethasone.

2.2 Glucose-responsive

[74]. Enzymes and proteins exhibit volatile inactivation,

The smart glucose-responsive DDS can adjust the
release of payload according to the change in blood
glucose concentration. Typical glucose-responsive DDS
are phenylboronic acid (PBA) and its derivatives, glucose-
binding protein (e.g., concanavalin A), and glucose oxidase

poor stability and high cost. However, PBA is a cost-
effective and easy-to-fabrication-responsive synthetic
polymer [75]. Glucose-responsive systems based on PBA
capable of forming a reversible boronate group, and show
a high affinity for cis-diol compounds. Its controlled drug
release mechanism is through the contraction/expansion
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Table 2 - Overview of ROS-responsive groups in drug delivery systems and their activity and oxidation reaction

mechanism.
ROS-responsive Chemical oxidation reaction Mechanism of Systems Route Ref
group activity
Selenium Hydrophobic to Micelle In vitro [45]
- [ Y hydrophilic
7 o VS > o N, phase transition
Diselenide - o Structural Micelle [46]
Se—Se eSS \\SQ—OHZ e N cleavage
Rw/ \Rz Rw/ RQ/
thioether Hydrophobic to Nanocomplex, iv, [47-51]
o o o o hydrophilic micellar NP, Intramuscular
ros, Ll o L LI it
N N L PN\ \5/\rﬁ I phase transition polymersome,
H J §ie hydrogel,
microsphere
vinyldithioether /:\ - e Structural Micelle In vitro [52]
— . ——> + cleavage
Poly(thioketal) o Structural Fibrous patch, Transdermal, [53-56]
R AL AR Ri SHOHS R cleavage polyplex Oral, i.v.
AN A N ' '
* * microsphere, NP
Tellurium Hydrophobic to Micelle [57]
= ROS T‘i ROS O\\T/O hydrophilic
7 Dk W N 7 g, phase transition
Arylboronic O™ g o s — Structural Polyplex, NP, [58-61]
acid/esters ES A A T S o, cleavage microparticle, Intraperitoneal,
O m {ons a0, + i micelle Liv.
polyoxalate Structural Microparticle, NP [62,63]
{ % m /\Ov cleavage Intramuscular
OoH + CO,
Poly(L-proline) Structural Polymeric In vitro [64]
R R‘ cleavage scaffolds
R
N N + R)NH, + H,0 + €O,
Poly(L- Hydrophobic to Vesicle In vitro [65]
methionine) o o @ hydrophilic
H 3
N ();/N\) 5 iN] phase transition
0,
X
S Ny 9N
Ferrocene R R + Hydrophobic to Micelle In vitro [66]
hydrophilic
@ @ phase transition
1 ROS |
Fe —_— Fe
Polysaccharide R o Structural NP iv. [67]
o - e o o cleavage
Aminoacrylate o Structural NP iv. [68]
Ny )V\N O H)K _F cleavage
| |
L .o
R‘\O)K/O&R‘\QH + co,
HA o on oo Structural NP In vitro [69]
{ & %} { &o HQ%}\ cleavage
Manganese oxide MnO - Microparticle, NP Transdermal, [70,71]
2 q
2H,0, 3 2H,0 + O, ol
Cerium Ce(lll)  Ce(IV) - NP Transdermal [72]
2H202 —> ZHZO + 02

(continued on next page)
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Table 2 (continued)

ROS-responsive Chemical oxidation reaction Mechanism of Systems Route Ref
group activity
Structural NP In vitro [73]
cleavage

Polylactic acid
> T T,
o e}

t

I

1

1

i

| TP

! pgpEpes oI
H g
e
: = J’%

1 B-Cyclodextrin %t\eé’

Fig. 2 - A ROS-responsive nanoparticle for targeted
treatment of acute lung injury. (A) The mechanism of
self-immolative degradation in ROS-rich environments. (B)
Schematic design of broad-spectrum ROS-scavenging
nanoparticles. Redrawn from [23].

Fig. 3 - Schematic representation of drug release process
from ROS-responsive nanoparticles in acute lung injury
mice model. Redrawn from [23].

transfer of PBA or competitive reactions [76]. COVID-19 is
a metabolic disease leading to hyperglycemia and other
adverse outcomes. Hyperglycemia can lead to dysfunction of
mitochondrial and activation of ROS production, increasing
SARS-CoV-2 replication and proliferation, oxidative stress,
inflammatory factors, and apoptosis induction. In several
studies, hyperglycemia has been proven as a clear and robust

poor prognostic factor in COVID-19. Compared to individuals
without hyperglycemia, it can increase the risk of ARDS and
mortality. Due to the high glucose uptake by viral-infected
cells, such as those in COVID-19, glucose-responsive DDS
offers targeted drug delivery to the sites of viral replication.
This system uses glucose, which is a molecular trigger, to
release the antiviral drug and ensures its safety and efficiency
[77].

Zheng et al. [24] developed a PBA-based glucose-responsive
system for metformin delivery (PBA-Met). Metformin, a
therapeutic agent with anti-inflammatory and hypoglycemic
effects, showed a controlled release in response to blood
glucose concentration. PBA-Met improved the chronic
inflammation caused by diabetes in vivo (Fig. 4). Therefore,
by loading the appropriate drugs (hypoglycemic, anti-
inflammatory, antiviral, etc.) in the smart glucose-responsive
DDS, it is possible to control hyperglycemia and inflammation
properly and, as a result, to improve COVID-19.

2.3.  Enzyme-responsive

Acute pulmonary infection caused by the novel coronavirus
disease in 2019 led to severe global health threats. Specific
inflammatory microenvironmental stimuli can prompt smart
DDS to release their cargo. One of the inflammatory
biochemical stimuli is the overexpressed inflammatory
enzymes [78]. Neutrophil elastase, cathepsins and MMPs
are extracellular enzymes that are the most studied in
designing responsive DDS in the case of inflammation [79].
Homma et al. [25] optimized hyaluronic acid (HA) and
methotrexate (MTX) conjugates to serve as a polymeric
prodrug with a cathepsin-cleavable peptide linkage (Phe-
Phe chain). The optimized formulation inhibited human
fibroblast-like synoviocytes from proliferating in vitro. It also
inhibited knee swelling in rats with mono-arthritis induced by
collagen.

Despite significant researches dedicated to enzyme-
responsive DDSs, there are still certain issues that hinder
their application in clinical. For example, the unique enzyme
dysregulation in various stages of disease, whereas other
diseases also exhibit an overexpression of certain enzymes
[80]. Consequently, personalized enzyme-responsive DDSs
need to be tailored based on the specific disease and its stage,
while also considering the presence of other diseases in the
patient. The second issue considers the liver and its role in
clearing foreign substances and toxins. It contains a high
concentration of hydrolases which may result in undesired
drug release and systemic toxicity. Consequently, hydrolase-
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Fig. 4 - Phenylboronic acid-based liposome containing metformin was loaded in the hydrogel consisting of 4-arm
poly(ethylene glycol) diacrylate, hyaluronic acid (HA), methacrylic anhydride (MA) and D(+)-glucosamine hydrochloride
(GIcN). When the glucose-responsive liposome-modified hydrogel was exposed to a high amount of glucose, metformin was
released in the intervertebral space of rat model to create anti-inflammatory microenvironment and cause tissue

regeneration. Redrawn from [24].

responsive DDSs should be designed in a way to be protected
from liver hydrolysis. Another novel enzyme-responsive
DDS was designed by Aimetti and coworkers [26] to treat
local inflammation. Neutrophils are the first cells attracted
to inflammatory sites and secret a serine protease named
human neutrophil elastase (HNE). Photopolymerization
techniques were used to immobilize peptide linkers in
polyethylene glycol (PEG) hydrogel. These peptide linkers,
such as Ala-Ala-Pro-Val are sensitive to HNE. Therefore
exposure to this elastase leads to the degradability of
hydrogel in vitro (Fig. 5). These results show the great potential
of enzyme-responsive systems to release their payloads in
the site of action where the corresponding enzymes are
overexpressed. (Table 3).

3. Chemical stimuli-responsive systems
3.1. pH-responsive

Nanoparticles made of pH-responsive biomaterials have the
potential to serve as DDSs and undergo deformation or
disintegration when exposed to externally acidic or alkaline
conditions. External pH conditions can modify intramolecular
or intermolecular interactions of the pH-sensitive carriers
and trigger the release of payloads [18,93]. There are two
release mechanisms in pH-sensitive drug carriers: the first
originates from changing in hydrophobicity or charge of
carriers induced by protonation or deprotonation resulting
from environmental pH variation, and the second is due to
dynamic chemical bond cleavage in pH-sensitive biomaterials
[93].

) Elastase

HS—mwam-SH

b AL @ n-io-m

PR

Fig. 5 - Schematic representation of the drug release
mechanism of Nexinhib20 (Nex20) from N-in-M
(nanoparticles-in-microgel) elastase-responsive system in
lung epithelium. Elastase enzyme increases following
influx and continuous activation of polymorphonuclear
neutrophils (PMN) in inflammation. The efficient delivery of
Nex20 to the target site leads to significant systemic and
lung inflammation blocking. SH, sulfhydryl; PEG,
polyethylene glycol; MAL, maleimide. Redrawn from [26].

Despite several research efforts, there remain some
limitations remain in the way of clinical translation of pH-
responsive DDSs [94,95]. The stage and type of tumor effect
on acidification of extracellular matrix (pHgcy). This kind of
heterogeneity in tumors makes challenge in designing DDSs
that are activated by the tumor extracellular pH [96]. Also, the



Table 3 - Classification of Overexpressed enzymes and illustrative examples of Enzyme-responsive nanoparticles with their characterization.

Enzymes Sensitive Formulation Therapeutic Disease Release mechanisms Evaluation models/ Route Characterization Ref
sequences or forms agents of administration
moieties
MMPs TIMP GST-TIMP- bFGF MI MMP-mediated hydrolysis In vitro in HUVEC cells, in SEM, Rheometery, ITHNMR, [81]
bFGF/collagen- of the substrate peptide vivo in rats/ Intramyocardial FTIR, in vitro drug release,
GSH between GST and bFGF PCR, western
hydrogels Blotting, CCK-8 assay
PpTAT PEG,k-ppTAT- PTX Various cancer Cleaved by the active In vitro in A549, Hela, 1HNMR, DLS, TEM, In vitro [82]
PEG;1k-PE cells human MMP2 and PEG,k HT1080MCF-7, drug release, cellular
micelles was deshielded thereafter NCI/ADR-RES and uptake, CellTiter-Blue® Cell
MDA-MB-231 cells; in vivo Viability Assay
study in nude (BALB/c
nu/nu) mice/ Intratumoral
Trypsin FRFK PASP-FRFK Triggered by the In vitro in HepG2 cells Gravimetric method to [83]
hydrogel degradation of the hydrogel study the degradation of
induced by trypsin; bulk hydrogels, in vitro
erosion; surface erosion cytotoxicity, cytostatic
activity and drug release
Neutrophil CGAAPVRGGGGC N-in-M Nex Lung NP release is triggered by In vitro in Blood PMNSs, In In vitro transmigration [84]
elastase inflammation in  enzyme cleavage activity, vivo in LPS-treated mice/ experiments, Flow
ARDS, COPD and  and the drug is released by  Intratracheal cytometry, EV analysis,
GE passive diffusion Fluid assays
K(ROX)AAPV PEGDA10k - Inflammation HNE dictates the release by 1H NMR, MALDI-MS, [26]
JRGGGK(QXL) photopolymerized entering the center of Enzyme Kinetic Analysis,
hydrogel hydrogel and hydrolysis of confocal microscopy,
its substrate Modeling enzymatic
cleavage
Cathepsin D  FAAFFVLC Graphene DOX Cancer Enzyme-triggered breakage In vitro in 4T1 cells, in vivo AFM, XPS, Cell cytotoxicity, [85]
quantum dots of peptide linkages in mice/ i.v. CLSM, flow cytometry
analysis
Phe-Phe Prodrugs MTX Osteoarthritis Enzymatic cleavage of MTX  In vitro inhibition of the 1H NMR, GPC analysis, [25]
proliferation of human Cathepsin fragmentation,
fibroblast-like synoviocytes, LC-MS
in vivo inhibition of the
knee swelling of rats/
Intraarticular
Furin GRVRRSC Triterpenine- Tripterine Cervical cancer Passive diffusion; In vitro DLS, TEM, in vitro drug [86]
based liposomal furin-cleavable PEG shell in HeLa cells, in vivo in release, flow cytometry,
complex improves accumulation at Nude mice/ Intraperitoneal  Cellular uptake, Cellular
(PEGcleavable the tumor site by steric apoptosis, MTT assay,
Tf-CTM/L) hindrance immunohistochemistry

tests, CD-31 and a-SMA
assay

(continued on next page)
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Table 3 (continued)

Enzymes Sensitive Formulation Therapeutic Disease Release mechanisms Evaluation models/ Route Characterization Ref
sequences or forms agents of administration
moieties
RVRRSK Graphene-based  DOX and TRAIL Cancer TRAIL is released In vitro in A549 cells AFM, In vitro release, CLSM [87]
RX(K/R)RY co-delivery extracellularly by
nanocapsules furin-associated cleavage,
and DOX is released by
acidity responsive
Protein FKKQGSFAKKK-  Polymeric gene pDNA Cancer Intracellular PKCa In vitro in A549 cells, invivo  'H NMR, titration assay, [88]
kinase Ca NH, carriers phosphorylated the peptide in male mice via the tail DLS, Agarose gel
consisting of PLL and triggered the gene veins/ i.v. electrophoresis,
DNA polyplex expression Cytotoxicity assay,
Transfection study
HFKKQGSFAKKK- NPs pDNA Cancer PKCa targeted the grafted In vitro in B16 melanoma DLS, coupled enzyme assay, [89]
NH2 cationic peptides and cells, in vivo in mice/ cytotoxicity test,
decreased their cationic Microinjection microinjection study,
charge, resulting in the Transfection study, western
release of pDNA from the blotting assay
polyplex
Caspase-3 DEVD (Asp-Glu-  NPs DOX Breast cancer NIR-triggered In vitro in MCF-7 and 4T1 DLS, TEM, 'H NMR, flow [90]
Val-Asp) PDT, then the activated cells, in vivo in female mice/ Cytometry, CLSM, FCM,
enzyme cleavage DOX iv. Western Blotting Analysis,
prodrug Cytotoxicity Assays
AGVA Nanocapsules Caspase-3 Cancer Upon proteolytic cleavage In vitro in HelLa cells DLS, TEM, cytotoxicity [91]
protein of the cross-linker, the assay,
polymeric shell Bright-field-microscopy
Disintegrated and the
protein is released
MPO Luminol NPs LCD Inflammation Degradation of NP under In vitro in neutrophils and FTIR, DLS, TEM, SEM, [92]

oxidative conditions and
enzyme-triggered
hydrolysis of NPs

macrophages, in vivo in
mice/ Intraperitoneal

Cellular uptake,
Fluorescence images,
migration test

TIMP: MMP-2/9 cleavable peptide PLGLAG; MI: myocardial infarction; ppTAT: MMP2-cleavable peptide (GPLGIAGQYGRKKRRQRRRC); PTX: paclitaxel; FRFK: a tetrapeptide, composed of phenylalanine
(Phe, F), arginine (Arg, R) and lysine (Lys, K); PASP: poly(aspartic acid); CGAAPVRGGGGC: a di-sulfhydryl elastase peptide; N-in-M: NP-in-microgel containing a backbone with NE-degradable peptide;
Nex: Nexinhib20, a potent neutrophil degranulation inhibitor; ARDS: acute respiratory distress syndrome; COPD: chronic obstructive pulmonary disease; CF: cystic fibrosis; TRAIL: membrane-
associated cytokine; PEGDA10k: Poly (ethylene glycol) Diacrylate; AFM: atomic force microscopy; XPS: X-ray photoelectron spectroscopy; FAAFFVLC: Phe-Ala- Ala-Phe-Phe-Val-Leu-Cys; GRVRRSC
(G: glycine; R: arginine; V: valine; S: serine; C: cysteine); RVRRSK RX(K/R)RY (R: arginine; K: lysine; X: any amino acid; Y: the cleavage site); PLL: poly-L-lysine; pDNA: plasmid DNA; PDT: photodynamic

therapy; LCD: luminol-conjugated g-cyclodextrin.
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Fig. 6 - Representation of the structure and preparation
method of PEGylated ZnFe204/Hal nanocomposite with
pH-sensitive release of Dex under infected lung pH of 5.6
and neutral pH of 7.4. Redrawn from [27].

PHecum can vary within the same tumor depending on tumor
volume. When drugs are delivered to specific parts of the
body with lower acidity levels, like certain cells, nanocarriers
should be internalized by endocytosis to trigger drug release.
However, they are needed to escape from the endosomes,
otherwise the drug will be degraded by the acidic condition
and enzymes of the lysosomes.

It is essential to consider targeting strategies in order to
prevent possible systemic toxicity due to the low pH found
within inflammation lesions. The attachment and entry of
SARS-CoV-2 into the affected cells is pH dependent and
happens at pH 5.5. Jermy et al. [27] developed a halloysite
(Hal) nanoformulation and compared the release capability
of dexamethasone (Dex) under infected lung pH condition
and neutral pH (5.6 vs 7.4) (Fig. 6). Hal (Al,Si,Os (OH4)-2H,0)
is a mineral of natural clay like kaolin with the intrinsic
ability of drug release in response to pH variations. A small
amount of Dex (less than 5%) was released at neutral pH,
while it was released 17.5% at pH 5.6 in a sustained manner.
The sustained release may be attributed to the differences
in charge distribution between the internal and external
surfaces of nanotubes. Si-O-Si groups on the exterior surface
are negatively charged, while the lumen part is aluminum-
rich and positively charged. Hydroxyl groups of Dex interact
with active sites of Hal. PEG was used to coat over Dex
nanocomposites. This coating protects normal cells from the
toxic side effects of Dex until it reaches the infected tissue
[27,97]. These results suggest that pH-sensitive materials have
high stability and huge potential to prevent the premature
release of drugs, making them a promising pulmonary drug
delivery platform for targeting lung infections in patients
suffering from COVID-19. (Table 4).

3.2.  Ion-responsive
Nitric oxide (NO) is one of the critical biomarkers in many

diseases. It is an unstable gas that quickly turns into stable
products, including nitrate and nitrite. Low NO concentration

in vivo has reduced the sensitivity of NO-responsive DDSs.
The higher concentration of nitrite (NO,-) than NO has led
to the evolution of NO,--responsive DDS for treating NO-
related diseases [108]. Previous studies have reported that the
C-C binding of 4’ in dihydropyridine compounds reacts with
the nitrosyl ion generated from NO,-, thus being selectively
cleaved via oxidative aromatization. If cross-linkers are
created in the DDS with dihydropyridine derivatives, breaking
these linkers will lead to the collapse of the hydrogel and
smartly release the loaded drug [109]. In a study, Xiong
et al. [28] synthesized a NO,- responsive polyacrylamide
hydrogel with a dihydropyridine cross-linker. Methotrexate
was loaded into the hydrogel and used for inflammatory
arthritis treatment (Fig. 7). The in vitro and in vivo findings
have shown that a portion of the polymeric hydrogel was
decomposed according to the concentration of NO,- and
released methotrexate. The release of methotrexate inhibited
inflammation, reduced the concentration of NO,- and
stopped the decomposition of the hydrogel. The smart NO,--
responsive hydrogel could reduce adverse effects caused by
methotrexate overdose and maintain long-acting therapeutic
efficacy [28].

In moderate to severe COVID-19 patients, hyper
inflammation and increased blood levels of nitrate and
nitrite compared to healthy people require rapid drug release
with a sufficient dose to relieve symptoms in time [110]. Also,
drug delivery should be stopped when the symptoms are
resolved to avoid long-term unwanted side effects and drug
overdose. Therefore, a NO,--responsive DDS can be an ideal
treatment with better therapeutic outcomes and fewer side
effects for COVID-19 than traditional treatments.

4. Physical stimuli-responsive systems
4.1. Temperature-Responsive

Thermo-responsive DDSs have received more attention
among stimuli-responsive systems, and have mostly
been tested for anticancer drugs and imaging agents, as
shown in Table 5 [17]. Temperature can be external (light
irradiation/heating from outside and magnetic/ electric
fields) or internal (due to infection). The solubility of thermo-
responsive systems changes in response to the temperature.
Thermo-responsive nanostructures have several advantages:
low toxicity and high specificity [111]. Although there are
benefits, some major drawback limits the applicability of
thermo-responsive DDSs. The main issue is controlling the
temperature for many materials in one DDS. It is important
to set the temperature higher than normal body temperature
to prevent premature releasing of the cargo. This high
temperature needs an external heat source. However, most
of the time, we cannot clearly define the exact temperature
at which a response occurs. Instead, we only notice a
gradual change in the patterns of release as the temperature
increases. As a result, it becomes impossible to have precise
control over the release temperature. Tumor temperature
might not always be hotter than the normal surrounding
tissues, and even sometimes tumors may have lower
temperature. On the other hand, when there is inflammation
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Table 4 - Categories of pH-responsive delivery systems with example polymers and release descriptions.

Category Polymers Polymer type  Formulation Model drug Route = Mechanism Ref

type

Anionic P(MAA-g-EG) Synthetic Microgel OVA Oral NPs are encapsulated in the [98]
microgels in acidic conditions and
protected in the stomach (pH 1-3),

then released in the neutral pH of

the small intestine (pH 5-8)

Acidic pH can elevate cationic and  [99]
fusogenic features of DC-liposomes,

then electrostatic interactions

happen via an anionic endosomal
membrane, which causes

endosomal escape

Polymeric micelles are degraded in ~ [100]
low pH because of containing an

acetal group as a pH-responsive

cleavable linkage

Maximum swelling was at pH 1.2, [101]
and the release of drug occurred

through non-Fickian diffusion or
anomalous mechanism.

Polymer is disintegrated at pH [102]
values higher than 6 and used for
targeted drug delivery to the colon.

Drug is released continuously under [103]
the acidic TME because chitosan has
pH-triggered degradability

Acidic pH-induced protonation in [104]
the -NH, group of chitosan and

increased drug release.

Tertiary amine residues in PBAE [105]
were protonated in acidic pH, which
caused swelling of NPs and rapid

drug release

Polymer can inhibit release at pH [106]
7.4, which shows the in vivo

biosafety. But the polymer is

disassembled at pH 5 and drug

releases in a sustained manner.

Optimum release was in pH 6.8, due [107]
to the ionization of -COOH groups

and electrostatic repulsion of the

ionized groups, which produce

micropores and increase drug

release

Cationic DC-CholesteroleHCl  Synthetic Lip DOX

Amphiphilic mPEG-b-PCHGE Synthetic Micelles PTX iv.

Ge/SA based
polymeric composites

Degrading Natural

polymer

Hydrogel GilvZ]

Polyanion Eudragit® L100-Based Synthetic Nanofiber NIC

Polycation Chitosan-Based Natural NP Cab iv.

Polycation Apt conjugated S5FU & DOX

chitosan

Bio-synthetic NP

Polyanion &
polycation

PBAE and NaAlg Synthetic and Lip-polymer

natural HNP

Spe iv.

Inorganic Mesoporous Carbon

material

Synthetic NP DOX S.C.

Other PAAmM-g-XG Synthetic NP Cur Oral

P(MAA-g-EG): poly(methacrylic acid) with PEG; OVA: ovalbumin; 33-[N-(N’,N’-dimethylaminoethane)-carbamoyl]cholesterol hydrochloride: DC-
CholesteroleHCI; Lip: liposom; mPEG-b-PCHGE: poly(ethylene glycol)-block-poly(cyclohexyloxy ethyl glycidyl ether)s; PTX: paclitaxel; Ge/SA:
gelatin/sodium alginate; CTZ: Cetirizine; NIC: niclosamide; Cab: Cabazitaxel; Apt: aptamer; 5FU: 5-fluorouracil; DOX: doxorubicin; HNP: hybrid
nanoparticle; PBAE: polycationic polymer poly(8-amino ester); NaAlg: polyanionic sodium alginate; Spe: Spectinomycin; S.C.:Subcutaneous;
PAAmM-g-XG: polyacrylamide-grafted-xanthan gum; Cur: Curcumin.

in the body, the tissues affected can be warmer than usual.
This may cause drugs to be released in the wrong place from
temperature sensitive DDS. As a result, depending solely
on endogenous stimuli for temperature changes has some
restrictions, and creating exogenous temperature-responsive
DDS has proven to be more effective [112].

Xu et al. [29] loaded favipiravir in nano capsules with
a polymer coating and subsequently incorporated them
in layer-by-layer self-assembled films. Poly (methacrylic
acid) (PMAA) homopolymers were used in multilayer
film structures and displayed swelling/de-swelling

behaviors under temperature stimulus. The multilayer
films covered by poly(N-isopropylacrylamide)-b-poly(N,N-
dimethylaminoethyl methacrylate) (PNIPAM-b-PDMAEMA)
block copolymers, and these coronae caused steric hindrance
and layering distance during film growth. PNIPAM collapsed
above its lower critical solution temperature (LCST) and
lost water resulting in strong hydrophobic—hydrophobic
interactions between favipiravir and coronae, thus decreasing
drug diffusion. At lower environmental temperatures, PNIPAM
chains were hydrated and hydrophobic—hydrophobic
interactions were weakened. This kind of swelling leads
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Table 5 - Examples of temperature-responsive and multi-temperature-responsive nanocarriers used in DDS.

Formulation Polymer used Disease Drug Preparation method Characterization Route Refs
Thermo-responsive
Liposomes DPPC, DSPE-PEG, Prostate cancer = DOX Extrusion method DLS In vitro [113]
monoalkyl Zeta-potential, DSC
phospholipids
Cationic DPPC, DC—Chol, Cervical OXA and Decompression TEM, DLS, iv. [114]
Liposome DOAB, Chol, Cancer MDC1-AS evaporation, Electrophoretic
Fe30a4, Extrusion mobility, laser
Ammonium particle size analysis
sulfate
Injectable PPG-peg, «-CD Breast cancer DOX Oxidative FTIR, H NMR, TGA, Intratumoral [115]
thermosensitive polymerization, UV-vis-NIR
PNT-gel host-guest absorption spectra,
self-assembly XRD, Rheological
test, Real-time
thermal images, fe
SEM, MALDI-TOF-MS
Biodegradable PNIPAAM, Prostate Cancer  Cur Free radical FTIR, LCST analysis, In vitro [116]
NPs chitosan, TPP polymerization, DLS, Zeta potential
PNIPAAM-COOH was measurements,
grafted onto TG/DTA, DTG, XRD,
chitosan using SEM
EDC/NHS as the
condensing agent
Thermogel PLGA-PEG-PLGA  Ophthalmic drug RhB,C6 were purchased In vivo study Subconjunctival  [117]
(1800-1500-1800) delivery model
Liposomes DPPC, Glioma tumor DOX Dissolution Fluorescent imaging i.v. [118]
DSPE-PEG2000,
MSPC
In situ gels P407, HPMC,MC  Glaucoma BH Dispersion under Test tube inversion  Ocular [119]
continuous stirring  method, Gelling
capacity test
Supramolecular Ad-NIPAM, CD-Se Oxidative — Polymerization (in H NMR, MALDI-TOF, —- [120]
vesicle damage Schlenk tube ESI-MS and GPC,
(temperature- equipped with a SEM, TEM, UV-vis
responsive magnetic bar and an spectroscopy, LCST
nanoenzyme) oil bath followed by
three
freeze-pump-thaw
cycles),
Cationic DPPC, DSPC, Solid Tumors DOX lipid film hydration = DLS, DSC iv. [121]
liposomes DPPG, or and extrusion
DSPE-PEG2000, method
DPTAP
Liposomes DPPC, Human lung F7 and lipid film hydration = DLS, TEM, DSC iv. [122]
DSPE-PEG2000, large cell TPT and extrusion
MSPC carcinoma
Artificial HA, PNIPAM Tissue — Graft polymerization H NMR, GPC with [123]
Extracellular engineering HPLC, Static contact
Matrix angle by sessile drop
method
Nanoaggregate Chitosan, Hydrophobic IMC Graft polymerization CAC, hydrodynamic In vitro [124]
Pluronic drug delivery size, and surface
morphology by
fluorescence
spectroscopy, DLS,
TEM
Nanoparticles NIPAAmM, MAA Breast cancer Cur Free radical FTIR, H NMR, SEM In vitro [125]
mechanism
Nanocomposite ~ ZnO, PNIPAm Anti-mold — Radical FTIR, TEM, DSC, DLS  In vitro [126]
Hydrogels property polymerization
method
Nanohybrid Chitosan/ Breast cancer MTX Mixing FTIR, XRD, SEM In vitro [127]
hydrogels Graphene

(continued on next page)
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Table 5 (continued)

Formulation Polymer used Disease Drug Preparation method Characterization Route Refs
Injectable Trimethyl Anemia EPO — DLS, SEM, digital S.C. [128]
hydrogel chitosan/ rotary
tripolyphosphate
Thermo-and pH-responsive
Smart nanogel PNIPAM Breast cancer ANST Solvent evaporation FTIR, DSC, XRD, TEM, In vitro [129]
system technique AFM, DLS, optical
spectroscopy,
Nanohydrogels Lactoferrin Breast cancer HK Graft FTIR, zeta potential  iwv. [130]
conjugated copolymerization, experiments, H
PNIPAM-acrylic free radical NMR, MALDI
acid (LF- polymerization, TOF-MS analysis,
PNIPAM-co-AA) carbodiimide LCST analysis, DSC,
coupling reaction, XRD, TEM, DLS, SEM
Temperature/pH/Enzyme Triple-Responsive
hydrogels PLGA-PEG-PLGA, Hepatocellular SOR Ring-opening NMR, FTIR, Raman Intratumoral [131]
CS, SeNP carcinoma polymerization, Spectroscopy, DLS,
emulsification and  TEM, Rheological
solvent evaporation analysis, XRD, H
technique NMR,
Nanogel Protamine/PAA-  Breast cancer DOX radical FTIR, NMR, GPC, Zeta In vitro [132]
b-PNIPAAM polymerization potential
method, directly measurement, LCST
heating analysis by
UV/Visible
spectrophotometer,

OXA: oxaliplatin; MTCL: magnetic thermosensitive cationic liposome; PNT-gel: photothermal-network hydrogel; PPG-peg: PEGylated poly(N-
phenylglycine); Cur: Curcumin; BH: betaxolol hydrochloride; TPT: topotecan; RhB: Rhodamine B, C6: coumarin 6; IMC: Indomethacin; HK:
Honokiol; SOR: sorafenib; EPO: erythropoietin; ANST: anastrozole;.

Fig. 7 - Schematic illustration of methotrexate liposome loaded in nitrite (NO2-)-responsive hydrogel (DHPL-GEL),
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degradation in the rheumatoid arthritis (RA) rat model due to nitrite produced following the activity of over-activated
immunological cells and drug release process. Redrawn from [28].
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to drug diffusion as it loses the network structure of the
block copolymer. So, the drug release was consequently
temperature-dependent and increased as the temperature
dropped.

Also, Nabil et al. [30] synthesized a temperature-
responsive polymer based on poly (N-isopropylacrylamide-
co-2-hydroxyisopropylacrylamide-co-strained alkyne
isopropylacrylamide) continued by conjugation with the
antibody of SARS-CoV-2. These polymeric antibody conjugates
increased the recombinant protein samples of SARS-CoV-2
nucleocapsid around six-fold, reducing the misdiagnosis of
patients in immunoassay tests as the viral load increased.
PNIPAAm is one of the temperature-responsive polymers
with an LCST of 32 °C. Below 32 °C, hydrophilic amides of the
PNIPAAmM bond with water molecules. These water molecules
surround the hydrophobic parts of PNIPAAm, including
isopropyl groups, resulting in complete water solubility. In
opposition, above LCST, PNIPAAm hydration turns to an
unstable state and leads to dehydration and aggregation of
polymers because of hydrophobic interactions. So the water
solubility of PNIPAAm can be easily controlled by temperature
[30]. Therefore, temperature-responsive materials can be a
promising agent for diagnostic purposes and treatment of
current endemic COVID-19.

4.2. Ultrasound-responsive

Ultrasound technology is one of the most common promising
physical agents in diagnosis, increasing drug/gene delivery
efficiency and therapeutic efficacy of various drugs.
Ultrasound waves have attracted increasing attention due
to their relatively low cost, portability of ultrasound tools,
non-invasive technique, non-ionizing nature, safety, and
deep penetration into tissue and living cells. In drug/gene
delivery systems, ultrasound precisely controls encapsulated
drugs’ spatial and temporal release, while minimizing their
systemic effects [133]. Despite the positive aspects, there are
still some issues that need attention in order for ultrasound-
responsive DDSs to be suitable for clinical applications. The
optimal size of nanocarriers should be under 250 nm to
take advantage of EPR effect and prevent rapid clearance
during circulation. Conversely, achieving high sonosensitivity
becomes challenging with small particle size and compact
nanostructure. While the addition of sonosensitive materials
can enhance nanocarriers’ response to ultrasound, it may
negatively affect the stability of the DDSs and reduce their
circulation half-life [94]. In addition to the sonosensitivity
issues, ultrasound cannot pass through air-filled areas, and
ultrasound-responsive drug delivery systems are not suitable
for tumors located externally or surrounded by organs like
the lungs and bowels. Another drawback is the need for
MRI guidance to optimize therapeutic efficiency, and these
combined ultrasound-MRI systems are sophisticated and
costly [134].

Recently, scientific have been significantly
devoted to optimizing different types of vehicles, such as
microbubbles, nanobubbles, micelles and nanoliposomes.
Most microbubbles, the well-known ultrasound-responsive
materials, are composed of phospholipid, polymer or
protein outer shells and gaseous cores; and have a size

works

of about 1-10 pm. In the ultrasound treatment process, these
microbubbles encapsulated with the drug are injected into the
bloodstream. However, until exposure to ultrasound waves,
the interaction of the encapsulated drug with the surrounding
environment is prevented; then, the ultrasound is focused
on the desired specific area and causes the microbubbles
to release the drug, which is absorbed by the surrounding
tissues [135]. Recent studies have shown that exosomes
and mesenchymal stem cells can be beneficial for repairing
and treating lung damage caused by viral infections. Also,
in moderate to severe COVID-19 patients who were treated
with mesenchymal stem cells and exosomes derived from
them, the efficacy of the treatment was shown in the form of
immune modulation, improvement of pulmonary function,
and reduction of cytokine levels [136]. Therefore, Fonseca
et al. [31] evaluated the efficiency of the ultrasound signals
required to penetrate tissue layers reaching alveoli containing
polymeric microbubbles loaded with mesenchymal stem
cell-derived exosomes (Fig. 8). The results showed that
ultrasound-based therapy combined with mesenchymal
stem cell-derived exosomes could be used for immediate
treatment of patients with lung injury and recovered patients
who may suffer from recurrent viral infection. Microbubbles
remain inactive until they are exposed to ultrasound signals.
Upon exposure to low-frequency ultrasound waves (i.e.,
0.1 MHz regardless of ultrasound intensity), they release
their loaded cargo through rupture and oscillation [31]. As
a result, ultrasound-mediated controlled drug delivery of
microbubbles can help treat COVID-19 patients, especially
in targeting the heterogeneously damaged pulmonary
endothelium that current therapies cannot target [137].
Table 6 summarizes ultrasonic-responsive materials in DDS
and their ultrasound frequency.

4.3.  Magnetic-responsive

Magnetic systems are mainly used for imaging and
controlled drug release. Magnetic nanoparticles (MNPs)
have an easy synthesis method (including co-precipitation or
microemulsion), large specific surface area, and small particle
size, and are also biodegradable and biocompatible. All the
mentioned characteristics have made MNPs recognized
as a potential DDS. However, certain issues need to be
resolved in order to facilitate their clinical development. First,
adding MNPs to temperature-responsive DDSs helps to solve
the problem of the clumping particles together. However,
this approach may reduce the strength of magnetism and
restrict the effectiveness of the DDSs because the MNPs
are covered by an external material [158]. Secondly, the
use of a large amount of magnetic materials and exposure
to high-frequency alternating magnetic fields (AMF)when
using magneto-responsive DDSs can cause heart problems
and damage to the peripheral nervous system and spinal
cord, even if non-toxic carriers are used [95]. Thirdly, the
application of alternating magnetic force in an appropriate
arrangement is challenging and costly for cancer metastasis
and deep-seated tissues. However, when the desired location
is well-defined, magnetically responsive DDSs can be a
suitable option [159].
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Exosome!loaded Witz

Fig. 8 - Schematic illustration of ultrasound-responsive polymeric microbubble containing exosome in treating lung injury
of COVID-19. Ultrasound signals break the microbubbles, and exosomes are released in the lung infected with the

coronavirus. Redrawn from [31].

Several studies have shown the effectiveness of iron oxide
nanoparticles (IO-NPs) in preventing the pathogenicity of
coronaviruses and different types of influenza viruses with
the mechanism of physical attachment to the envelope
and spike protein subunits of the SARS-CoV-2, changing
their structure and thus inactivating the virus [160]. For
example, Martins et al. [32] prepared Fe;O4 nanoparticles
by co-precipitation, and then obtained DMSA-Fe304
thiolated nanoparticles through coated by meso-2,3-
dimercaptosuccinic acid (DMSA). Their cellular results
did not show any toxicity in the cells of COVID-19 patients
and healthy people. Also, due to free thiol groups of DMSA,
all types of proteins and/or drugs used in the remedy of
COVID-19 can benefit from targeted drug delivery that is
responsive to the magnetic system by covalently binding to
DMSA-Fe3;04 nanoparticles. The nanoparticles play their role
in preventing virus binding to host cells and serve as carriers
for a protein/drug (Fig. 9) [32].

Also, Ebrahimi et al. [33] investigated targeted drug
delivery to the lung lobes treating COVID-19 patients using
microcarriers coated with magnetic nanoparticles in silico
study. The performance of drug delivery to different lung
branches is affected by various factors, including the rate
of lung penetration, the density of microparticles, and the
position of the magnetic field generator. In this study, the
whole lung has been divided into four main lobes, including
the right lower lobe (RLL), left lower lobe (LLL), right upper
lobe (RUL) and left upper lobe (LUL). The best drug delivery
performance to the LUL and LLL lobes was observed by
positioning the magnetic field generator at an angle of ~30°.
Also, a significant increase in drug delivery to the lung was
shown by changing the input speed from constant to pulsatile.
Micro carrier adhesion to LLL and RLL lobes showed a direct

relationship with the increase in inlet velocity. In contrast, the
maximum adhesion for LUL and RUL lobes was observed at an
inlet velocity of ~0.574 m/s. Microcarriers with high and low
density caused the best drug delivery to the lower and upper
lobes, respectively [33]. Therefore, it is suggested to promote
the use of MNPs as a beneficial treatment for the endemic of
COVID-109.

4.4.  Light-responsive

Light is desirable as one of the external and physical
stimuli that include a broad spectrum of waves such as
ultraviolet (UV), visible (Vis) and near-infrared (NIR). The main
advantages of light-responsive DDSs are cost-effectiveness,
target-specificity, tissue position adjustability, precise control
of light intensity and frequency, duration of exposure,
and non-invasiveness. Despite their speed, convenience and
accuracy, light-responsive DDSs have numerous drawbacks
that restrict their application in clinical settings, including:
(1) DDSs that are responsive to light usually rely on
UV or Vis light to either break bonds or produce ROS.
However, both of these light sources have limited ability
to penetrate tissues. Additionally, UV poses safety risks
as it can damage nucleic acids [161]; (2) NIR-based DDSs
have been developed, demonstrating enhanced penetration
below the skin by up to 10 cm and reduced side effects.
However, the presence of biological components along the
light pathway can strongly absorb NIR [162]; (3) Thorough
assessment of the biocompatibility, long-term safety, and
biodegradability of materials that can respond to a two-
photon adsorption effect is necessary, as they typically have
a lower energy barrier, demonstrate aggregation-induced
emission energy conversion behaviors, initiate photo-induced
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Table 6 - Summary of ultrasound-responsive materials in drug delivery systems and their ultrasound frequency.

Ultrasound-responsive ~ Chemical Shell material Delivery system  Ultrasonic Route Ref
core formula frequency
Calcium carbonate CaCO3 PEG-b-poly(L-aspartic acid) Polymeric 40 MHz Intratumoral [138]
nanobubble
Oxygen 0, Sodium CMC Polymeric 40 MHz Intravesical [139]
nanobubble
1% Carbon dioxide CO, Protein nanobubble 18 MHz iv. [140]
Tetrafluoromethane CFy Poly lactide-co-glycolide Polymeric 1 MHz iv. [141]
nanobubble
Perfluoropropane CsFg Herceptin-PEG-DPPE- DSPC-DSPE  Nanobubble 5-12 MHz iv. [142]
DPPC-DPPA Nanobubble 1.3 MHz [143]
In vitro
Folate-conjugated N-palmitoyl Nanobubble 7 MHz iwv. [144]
chitosan
Mix DSPC, DSPE-PEG2000 and Nanobubble 1 MHz [145]
DSPE-PEG2000-biotin In vitro
PLA-PEG-NH2 Nanobubble 9 MHz [146]
In vitro
Herceptin-PEG-PLGA Nanobubble 1,40 MHz [147]
In vitro
Perfluoropentane CsFy RGD modified Nanobubble iwv. [148]
poly(methacrylic acid/Glycine/PEG
Poly lactide-co-glycolide Droplet 1 MHz iv. [149]
Perylene diimide Droplet 40 MHz iv. [150]
POPE, POPC, cholesterol, and Droplet 2 MHz SG [151]
DSPE-PEG-2000
2H,3H- CsH,yFqo Chitosan-lecithin Polymeric 3 MHz [152]
decafluoropentane nanobubble In vitro
Perfluorohexane CgF1a Phosphatidyl ethanolamine Droplet 1 MHz iv. [153]
O-carboxymethyl chitosan Droplet 9 MHz [154]
In vitro
Polydopamine Droplet 7.5 MHz [155]
In vitro
Perfluoroheptane C7Fy6 Pluronic F68 Droplet 2.5 MHz [156]
In vitro
Perfluorononane CoFyo DSPC and mPEG-DSPE Droplet 2.25 MHz [157]
Ex vivo

chemical reactions, serve as photosensitizer (PS), and have
complex chemical composition. [163]; (4) Certain types
of light-responsive medications can raise safety concerns
because they require several minutes of intense exposure
to light. Furthermore, when the NIR light penetrates deep
into tissues up to 10 cm beneath the skin, the biological
components along that path absorb the NIR light [164].

The activation mechanism of light-responsive DDSs
can be classified into five general categories: photolysis,
photopolymerization,  photoisomerization, photo-redox
and photothermal (Fig. 10) [165]. Photolysis causes the
disintegration of the DDS structure by breaking the light-
responsive linkers (such as o-nitrobenzyl) at a specific
wavelength of light in the polymer and other materials,
so the drug is released at the target site. The presence of
unsaturated bonds in some light-responsive materials causes
cross-linking, shrinkage of the DDS, and the creation of a pore
through which drug release occurs. In photoisomerization,
the density packing of the bilayer carrier is disturbed and drug
release is caused by changing the configuration from Trans to
Cis following light irradiation. The photo-redox mechanism

(the relevant mechanism in photodynamic therapy) leads to
structural changes in lipids and the creation of new electric
charges by producing ROS species. Finally, the drug release
occurs by creating pores and micelles in the bilayer carrier. In
the photothermal mechanism, the light-responsive material
generates heat through light radiation. As a result, the body
responds to the temperature increase in that area, which
can induce ROS species and cause drug release [166]. The
most common light-responsive materials, according to their
release mechanisms, are summarized in Table 7.

UV light has been used to activate PS in surface tissues.
However, Vis and NIR lights have been used in deep body
tissues [167]. Antimicrobial photodynamic therapy (APDT) has
recently emerged as an alternative tool in treating various
diseases, including viral infections. The antiviral action of
APDT is that the PS can target nucleic acids, lipids and
proteins of the virus by passing through the outer layer of
the virus and producing ROS following the irradiation of blue
laser light [168]. The study of Pourhajibagher et al. [169] has
shown the anti-COVID-19 activity of APDT (10% wt curcumin-
poly (lactide-co-glycolide) nanoparticles (Cur@PLG-NPs) as PS
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Table 7 — The most common light-responsive materials.

Mechanism Light-responsive Light-responsive material System Wavelength  Route Ref

group (nm)

Photolysis o-nitrobenzyl PEG-star-2-(4-nitro-3-benzyl Silver 365 [175]
carbonate NPs In vitro
camptothecin) phenoxyethyl
methacrylate
S-(o-Nitro-m-methoxy-pazide Polymeric NPs 980 iwv. [176]
Alkoxy Benzyl Ester)

Pyrene methyl 4-0x0-4-(pyrene-4-ylmethoxy) Mesoporous 980 [177]
ester butanoic acid silica NPs In vitro
Coumarin Dicyanomethylene-coumarin Small-molecule 505 iv. [178]
NPs
[7-(diethylamino)coumarin-4- Block copolymer 794, 365 [179]
yljmethyl
6-bromo-7-hydroxycoumarin-4- Polymeric 794 [180]
ylmethyl micelles
Ru complex Ru complex Mesoporous 974 [181]
silica NPs In vitro
Benzoin Benzoin heptanoic ester Polyester NPs 355 [182]
Bis(3- Mesoporous organosilica-Bis(3- Mesoporous 760 [183]
triethoxysilylpropyl) triethoxysilylpropyl)disulfide silica nanogates In vitro
disulfide
Photopolymerization Diacetylenic 1,2 bis(tricosa-10,12-diynoyl)-sn- Liposome 254 [184]
(1,2-bis(trideca-12-  glycero-3-phospho-choline
ynoyl)-sn-glycero-
3-phosphocholine)
Coumarin dimers Coumarin dimers - >310 [185]

photoisomerization Azobenzene Azobenzene containing Supramolecular 365 [186]
poly(s-caprolactone) polymer In vitro
chains
monoacylated azobenzene Liposome 350-450 [187]
(AzoCqoN™) In vitro

Spiropyran Poly(acrylic acid-co-spiropyran Nanogel 520 [188]
methacrylate) In vitro
Spiropyran Block copolymer 365 [189]
In vitro
1’-(2-hydroxyethyl)—3,3'- Polymeric 365 [190]
dimethyl-6-nitrospiro(2H1- micelle In vitro
benzopyran-2,2’-indoline)
Photo-redox Curcumin Curcumin Polymeric NPs 450 [169]
In vitro
Methylene blue Methylene blue - 630-808 [191]
Transdermal
Methylene blue-Radachlorin - 662 [170]
In vitro
Phthalocyanine Aluminum - 780 [192]
tetrasulfophthalocyanine
hydroxide (AlPcS40H)
Indocyanine green  Poly(propylene sulfide)- Polymeric 808 iv. [193]
Indocyanine Green micelles
Diselenide-indocyanine green Hydrogel 808 [194]
In vitro
Diselenide- indocyanine green Polymeric 808 [195]
micelles In vitro
Indocyanine green - 780 [196]

Photothermal Polydopamine Polydopamine film-NH;HCO; Nanobomb 808 iv. [197]

Polydopamine-gold NPs Hydrogel 780 iv. [198]
IR780 IR780-loaded polymeric micelle Micelle 808 iv. [199]
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Fig. 9 - Design and potential use of iron oxide nanoparticles containing meso-2,3-dimercaptosuccinic acid (DMSA) molecule
as a magnetic drug delivery platform against COVID-19 disease. Redrawn from [32].

Fig. 10 — Schematic illustration of light-responsive drug
delivery systems and their activation mechanisms,
including photolysis, photopolymerization,
photoisomerization, photoredox and photothermal.

combined with blue light at 5.228 MJ/m?) in vitro on Vero cells
treated with SARS-CoV-2-enriched plasma. The APDT did not
show cytotoxic effects, while cytotoxic effects were observed
by treating cells with Cur@PLG-NPs or lonely light. Therefore,
it is possible to improve and accelerate the effectiveness of

treatment in a controlled and targeted manner by loading
anti-COVID-19 drugs into nanoparticles.

Several studies have described the occurrence of orofacial
lesions related to COVID-19. Since photobiomodulation
therapy (PBMT) and APDT can be used to inactivate the
virus, reduce inflammation, reduce pain, and repair tissue
in these lesions associated with COVID-19 [170], Sachet
et al. [171] investigated the therapeutic results of PBMT/APDT
methods. Since these lesions are caused by SARS-CoV-2, it is
better to initiate APDT during the first 1-2 d of treatment.
Subsequently, PBMT should be continued until complete
recovery. In this study, the complete recovery of the patients
was achieved within 12 d after applying light radiation in
660-808 nm. Also, a study has reported the success of PDT in
disinfecting COVID-19 patients’ nasal and oral cavities during
the early stages of the disease [172].

Methylene blue (MB) is one of the ideal PS for APDT, which
has direct virucidal effects on various viruses, including Ebola,
MERS-CoV and SARS-CoV-2, even without activation by light
irradiation [173]. The antiviral mechanism of MB in COVID-
19 involves inhibiting the ACE2 receptor and SARS-CoV-2
spike protein. Unlike antibiotics, MB-mediated APDT can be
an appropriate therapy for COVID-19 patients with secondary
infections without developing resistance [174].

4.5.  Electric-responsive

The field that surrounds electrically charged particles is
known as the electric field. The flow of electrons through
conductive materials creates an electric current. Organisms
are affected by electric currents in various ways, from cellular
to molecular levels. For instance, exposure to pulsed electric
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Table 8 — Conducting polymers used in stimuli-responsive drug delivery systems.

Conductive Formulation type Polymer Drug Therapeutic use Route Ref
polymer
Polyaniline Hydrogel CP Hydrogel Amo and Ibu Antibacterial conductive SG. [205]
hydrogel for precise dosing of
medicine
Nanofibrous Polylactide/ — Promoting osteogenic In vitro [206]
scaffold Polyaniline differentiation
Polypyrrole Micelle SDBS Dex Drug delivery to different In vitro [207]
ranges of
disease states
PEDOT Electrode SNPs Melatonin Tissue Transdermal [208]
Coating/ Film Dox engineering scaffolds, and drug
delivery systems
Natural Hydrogel CMC SFU Electrically controlled Transdermal [209]
derivatives non-ionic drug delivery

SNP: Sulfonate-modified nanoparticle; SDBS: Sodium dodecyl benzene sulfonate; Dox: Doxorubicin; CMC: carboxymethyl cellulose; PEDOT:
Poly(3,4-ethylenedioxythiophene); CP: Chitosan-graft-polyaniline; Amo: Amoxicillin; Ibu: Ibuprofen; SFU: 5-fluorouracil.
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Fig. 11 - Electric stimulus with two benefits on COVID-19
patients: (1) Therapeutic effects on COVID-19 symptoms
including decreased chest pain, improved cardiac output,
increased respiratory function and, etc.; (2) Triggering drug
release in electric-responsive nanocarriers.

field resulted in membrane pores formation and signaling
pathway disturbance [200]. According to the literature review,
electric stimulation can reduce the viral burden and be a
practical approach in COVID-19 patients. Also, electric current
can increase drug penetration. As reported by Kumagai et al.,
HIV1 was damaged by 1-min exposure to 1 volt of direct
electric current. Destruction of HIV1 (in MAGIC-5 cells) could
result from electrical stimulation on the envelope and cell
membrane of the virus,thereby inhibiting the virus entry into
cells. It is worth mentioning that electric stimulus is safe
for normal cells as it does not cause any damage to host
cells (MAGIC-5 cells) compared to viruses [201]. Furthermore,
Kolsek et al. reported the effectiveness of electric current

treating Herpes zoster (HZ) [202]. These preclinical pieces of
evidence show the possibility of antiviral effects of electric
current.

This strategy may also have therapeutic benefits for
COVID-19 patients, such as reducing chest pain and
facilitating breathing by stimulating the collapsed alveolar
tissues to opened normal. Additionally, the electric stimulus
can refine cardiac output by instigating cardiac muscles
[203]. Furthermore, it can boost immunity and induce anti-
inflammatory effects by regulating the expression of T&B
cells and inhibiting the systemic rise in pro-inflammatory
cytokines. Also, the growth of SARS-CoV-2 can be inhibited
by electric stimulation. Viruses can be affected by electric
currents through different mechanisms. For example, ROS
species have antiviral activity as well as antibacterial activity.
Previous studies have reported that 5 min exposure to 1 volt
of electric stimulation increases ROS and NO species levels
[203].

Electric-responsive  materials, such as conductive
polymers, release their therapeutic cargo in response to
electric excitation. Conductive polymers containing ionic
and electronic materials undergo volumetric expansion/
contraction due to electrochemical oxidation/reduction
in an electrolyte. Synthetic conductive materials include
polypyrrole, polythiophene, sulfonated styrene, polyvinyl
alcohol and polyaniline, while chitosan, alginate and
hyaluronic acid are the natural ones [204]. Table 8 summarizes
some electro-responsive DDSs and their releasing
mechanisms.

Altogether, these findings suggest that application of
electrical stimulus-based treatment to COVID-19 patients may
be a promising adjuvant therapy, which could also have
synergistic effects when combined with electric-responsive
materials as DDSs (Fig. 11).

5. Conclusion and future perspectives

The outbreak of COVID-19 prompted a global investigation
into rapid and cost-effective technologies for the diagnosis,
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prophylaxis and treatment. Despite this, the multiple
mutations of SARS-CoV-2 has posed many challenges in
developing these emerging technologies. Significant advances
have been achieved in developing DDSs up to now. Stimuli-
responsive DDSs have been shown to improve therapeutic
efficacy and reduce side effects by releasing antiviral drugs
particularly on the target site, in response to different
internal/external stimuli. Various microenvironmental
changes or biochemical signals associated with COVID-19
infection, including low pH, increased ROS, overexpressed
enzymes, hypoxia, increased body temperature, etc., trigger
the release of therapeutic molecules in the targeted area. As
mentioned earlier, the different pathological characteristics
of COVID-19 can be used in the design of delivery systems
to target lungs and other organs affected by SARS-CoV-2.
Additionally, the pathological conditions can be used for the
evolution of targeted systems. For example, leaky vasculature
results in passive accumulation, active targeting with ligands
specific for over-expressed epitopes and platforms that are
sensitive to internal triggers like pH, temperature, redox
species, and so on.

Regardless of these developments, there are very few
investigations of stimuli-responsive DDSs in animal models.
Some critical challenges should be mentioned. First, the
optimal stimuli should be selected according to the particular
characteristics of the disease. The level of local acidosis
varies among different inflammatory disease. In addition,
normal organs and organelles with acidic environments such
as the stomach and endolysosomes may cause undesirable
drug release from pH-responsive drug carriers. Moreover,
the type of inflammatory disease and different stages of
similar disease may result in different amounts of ROS
production or the dominant type of ROS. Enzyme-responsive
systems could also be affected since some enzymes are
expressed in non-target other tissues, leading to off-target
drug release. Therefore, these issues complicate and limit the
design and formulation of stimuli-responsive systems.
Second, preparation procedures of currently available
stimuli-responsive DDSs need to be optimized in order to
obtain reasonable results, including clearly defined material
structures, adjustable physicochemical features, and good
reproducibility. Economic scale-up is also a key factor
ensuring clinical advantages and low cost, which is critical for
managing pandemic diseases. Third, new in vivo models with
similar pathophysiological conditions of human diseases
are required to be developed and utilized pre-clinically. Up
until now, most studies on stimuli-responsive DDSs have
been investigated in murine models. Therefore, the obtained
results cannot be directly applied to humans due to these
significant differences. The last point is the importance of
acute and chronic toxicity evaluations of stimuli-responsive
materials/systems. They should exhibit maximum drug
efficacy while minimizing side effects in order to provide
patients with therapeutic benefits that outweigh potential
risks.

Nanotechnology has transformed the healthcare
industry, leading to the investigation of innovative drug
products known as nanomedicines. Stimuli-responsive
DDSs belong to the category of nanoparticulate systems.
However, the approval process for these nanotherapeutic

products has been slow and challenging, with only a few
successfully transitioning from development to clinical
use. Nanoparticle-based DDSs are complex constructs with
various components that confer unique properties, such
as targeting specific sites or protecting labile drugs in
the body. Designing these constructs requires precision,
extensive characterization, and an understanding of the
spatial arrangement of the components. Additionally,
manufacturing large batches and ensuring consistency
are essential. Developing nanomedicines differs significantly
from conventional drug development and requires revised
approaches to product design, chemistry, manufacturing, and
quality assurance. K Key considerations for nanomedicine
development include understanding the individual
components and their interactions, identifying critical
attributes, establishing quality control parameters, using
validated assays for characterization, achieving sterility,
targeting desired sites, ensuring stability, efficacy, safety, and
product half-life. Nanomaterial-based medicines are highly
complex and require precise design to ensure consistent
quality. The Quality by Design approach is recommended,
emphasizing understanding the product, process, and critical
quality attributes based on scientific rationale and risk
assessment. Nanoparticles’ physicochemical properties
and biological performance depend on factors such as
size, surface charge, shape, coating, and drug release
kinetics. Different nanomaterials (e.g., liposomes, proteins,
inorganic materials) have unique properties and synthetic
procedures; therefore a tailored approach is necessary.
Overall, developing nanotherapeutic products requires
addressing the challenges associated with each nanoparticle
independently [210,211]. Due to several challenges in the way
of clinical translation, only very few systems have reached
clinical development, especially for cancer therapy. Future
research efforts in developing nanosystems that are highly
sensitive to distinct variations in specific stimulus may lead to
a greater number of stimuli-responsive DDSs to reaching the
clinic.

However, despite the mentioned drawbacks, a few stimuli-
responsive systems have reached clinical development
in the case of cancer therapy. For example, ThermoDox®
is the first thermosensitive formulation of doxorubicin-
loaded liposomes that is utilized in human clinical trials
[212]. Currently, ThermoDox® is in phase II/Ill of clinical
trials for breast cancer and hepatocellular carcinoma.
Opaxio® is another formulation entering phase IIl clinical
trials as a potential treatment for ovarian cancer [213].
In Opaxio®, paclitaxel is conjugated to a biodegradable
polyglutamate polymer, which is metabolized by lysosomal
enzyme like cathepsin B. This metabolism facilitates the
release of drugs and results in tumor cell suppression
[214]. The iron oxide NanoTherm® AS1 has been approved
by the European Union regulatory for them treatment of
glioblastoma. This can be stimulated by the application
of an alternating magnetic field from an external source.
As mentioned above, studies have demonstrated the
successful translation of stimuli-responsive carriers
from preclinical models to clinical trials, future research
efforts may lead to promising results in COVID-19
therapy.
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