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A B S T R A C T   

Growing evidence indicates that hyperinflammatory syndrome and cytokine storm observed in COVID-19 severe 
cases are narrowly associated with the disease’s poor prognosis. Therefore, targeting the inflammatory pathways 
seems to be a rational therapeutic strategy against COVID-19. Many anti-inflammatory agents have been pro-
posed; however, most of them suffer from poor bioavailability, instability, short half-life, and undesirable bio-
distribution resulting in off-target effects. From a pharmaceutical standpoint, the implication of COVID-19 
inflammation can be exploited as a therapeutic target and/or a targeting strategy against the pandemic. First, the 
drug delivery systems can be harnessed to improve the properties of anti-inflammatory agents and deliver them 
safely and efficiently to their therapeutic targets. Second, the drug carriers can be tailored to develop smart 
delivery systems able to respond to the microenvironmental stimuli to release the anti-COVID-19 therapeutics in 
a selective and specific manner. More interestingly, some biosystems can simultaneously repress the hyper-
inflammation due to their inherent anti-inflammatory potency and endow their drug cargo with a selective 
delivery to the injured sites.   

1. Introduction 

As of February 16th,2022, about 41661409 infection cases of the 
novel coronavirus disease 2019 (COVID-19) have been reported on 
https://www. worldometers.info, including 5859611 deaths and 
71278547 infected patients around the world. COVID-19 infection is 
caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV- 
2), a single positive-strand RNA virus belonging to β coronaviruses. The 
pathogenesis of the virus is mainly mediated by its envelope (E), 
membrane (M) and nucleocapsid (N) structural proteins, as well as its 
spike (S) glycoprotein facilitating its cell entry through the binding to 
angiotensin-converting enzyme-2 (ACE2) receptors highly expressed on 
pulmonary epithelial cells [1–4]. Although the pathogenesis of this 
disease is still not completely understood, growing evidence indicates 
that a dysregulated inflammatory syndrome is narrowly associated with 
COVID-19 severity and poor prognosis [5–8]. In some cases, the SARS- 
CoV-2 may induce an exaggerated immune response, resulting in an 
overproduction of pro-inflammatory mediators resulting in acute res-
piratory distress syndrome (ARDS), disseminated intravascular coagu-
lation, and multi-organ failure [7,9]. 

To prevent SARS-CoV-2 infection, several vaccine candidates are 

currently in use around the world, such as Pfizer-BioNTech (USA/Ger-
many), Moderna (USA), Johnson/Janssen (USA), Sinopharm(China), 
Sinovac (China), AstraZeneca (UK), and Gamaleya (Russia) [10,11]. 
Also, multiple treatments, including antimalarial agents (hydroxy-
chloroquine and its analog chloroquine), antiviral drugs (remdesivir, 
lopinavir-ritonavir, favipiravir), interferons (IFNs), azithromycin, 
angiotensin-converting enzyme inhibitors (captopril, enalapril), as well 
as convalescence plasma transfusion, have shown positive clinical re-
sponses at the early phases of SARS-CoV-2 infection.However, most of 
them lack efficiency in targeting the late-stage COVID-19-associated 
cytokine storm [12–15]. Therefore, besides preventing or blocking the 
virus entry, more focus should be on the attenuation of COVID-19- 
induced hyperinflammation. For this purpose, many immunomodula-
tors and anti-inflammatory drugs have been proposed, including corti-
costeroids, interleukin-6 or interleukin-1 antagonists, anti-TNF-α agents, 
and Janus kinase inhibitors. Still, no therapies have succeeded in cir-
cumventing the exacerbated immune response in severe COVID-19 pa-
tients [16–18]. This may be partly attributed to the complexity of 
cytokine interactions and the multiplicity of inflammatory pathways 
orchestrated by many molecules, rendering the inhibition of one or a few 
of them not enough to reverse the inflammatory syndrome. Also, this 
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may be ascribed to the lack of specificity, stability, and undesirable ki-
netics profiles of these agents [19]. Therefore, together with identifying 
new therapeutic targets and testing different anti-inflammatory agents, 
the development of suitable drug delivery systems (DDS) is needed, 
especially after the recent advances of nanotechnology in inflammatory 
diseases [20–22]. DDS can be leveraged to load conventional anti- 
inflammatory drugs or gene therapies to deliver them safely and effi-
ciently to their therapeutic targets [23–25]. Moreover, the inflammation 
can be used as a cue to develop intelligent delivery systems able to 
respond to the inflammation site stimuli or attach to specific inflam-
matory markers to selectively release the anti-COVID-19 therapeutics. 
More importantly, mesenchymal stems cells and biomimicry using im-
mune cells can simultaneously alleviate the hyperinflammation, due to 
their inherent anti-inflammatory potency, and endow their drug cargo 
with a selective delivery to the injured sites [26–28]. 

In this review, we begin with an overview of the inflammatory 
profile of COVID-19. Next, we offer insights on how to harness the drug 
delivery strategies to tackle this inflammation by improving the thera-
peutic efficiency of conventional anti-inflammatory drugs or by directly 
adsorbing proinflammatory cytokines. Also, we highlight the possibility 
of using inflammatory microenvironment features as a trigger for drug 
release. Then, we provide an overview of cell membrane-based nano-
platforms and mesenchymal stem cell-derived systems that can be 
leveraged to treat and target inflammation. Finally, we conclude with 
future perspectives on these approaches. 

2. The inflammatory profile of COVID-19 

Chronologically, SARS-CoV-2 infection may be divided into 3 stages: 
viral invasion phase, pulmonary immune-inflammatory phase and 
hyperinflammatory phase. Herein, the SARS-CoV-2-induced inflamma-
tion plays a dual role that may protectively contribute to virus removal 
and healing process (in more than 85% of patients) or harmfully lead to 
ARDS development and disease worsening (in 10 to 15% of patients) 
[29]. 

2.1. Virological invasion phase 

This phase starts with the attachment of the virus to ACE2+/ 
TMPRSS2+ cells (mainly type II pneumocytes but also ciliated epithe-
lium of the nasopharynx and upper respiratory tract, macrophages, and 
endothelial cells) by the receptor-binding domain (RBP) of its spike (S) 
protein. Upon endocytosis, the virus replicates in its target cells and 
assembles before release [29–31]. In this early phase which may last for 
8 days as a maximum (incubation period), SARS-CoV-2 proliferates 
without inducing severe or specific symptoms [32]. However, the 
cytopathic effect of the virus can directly induce injury and pyroptosis of 
infected cells, causing the liberation of PAMPs (pathogens associated 
molecular pattern) and DAMPs (damage-associated molecular pattern) 
molecules that are recognized by the PRRs (pattern-recognition re-
ceptors) of the adjacent epithelial cells and the resident alveolar mac-
rophages, and then activating innate immunity in the following phase 
[33–35]. Simultaneously, SARS-CoV-2 has been reported to down-
regulate the cellular expression of ACE2 [30], thereby inhibiting the 
renin-angiotensin system resulting in increased inflammation and 
vascular permeability [36]. 

2.2. Pulmonary inflammatory phase 

In this second stage, the virus continues its multiplication, but a 
localized inflammation progresses. This has been revealed by the bilat-
eral infiltrates and ground-glass opacities in CT and chest X-ray imaging, 
the high levels of cytokines and chemokines in both BALF and plasma, as 
well as the highly recruited immune cells to the lung [30,31,37,38]. 
Early after viral infection, the antiviral immune-inflammatory response 
begins as a result of the DAMPS/PAMPs released in the alveolar space 

and/or the SARS-CoV-2-induced ACE2 downregulation [36]. The 
detection of PAMPs, such as the viral RNA, by the PRRs receptors of 
innate immune cells, triggers the expression of proinflammatory cyto-
kines and transcription factors, such as NF-kB, as well as the activation 
of type I interferon (IFN-I) known for its antiviral immunity [29,39]. 
Similarly, the recognition of DAMPs molecules, such as ATP, heat shock 
proteins, and HMGB1 (high mobility group box 1 protein) by the 
neighboring epithelial cells, endothelial cells (ECs), and alveolar mac-
rophages, induces more secretion of pro-inflammatory mediators, such 
as IL-1β, IL-2, IL-6, IL-7, IL-8, GM-CSF, TNF-a, IFN-γ, CXCL10 (IP-10), 
CCL2 (MCP-1), CCL3 (MIP-1a), and CCL4 (MIP-1b), and the over-
expression of adhesion molecules (i.e., ICAM-1, VCAM-1, and PECAM-1) 
by the activated ECs, recruiting more monocytes, neutrophils and den-
dritic cells to the site of infection [39,40]. Also, SARS-CoV-2 has been 
shown to activate the lectin and classical pathways of the complement 
system, leading to the generation of C3a and C5a and promoting the 
immune cell recruitment [41]. The increased secretion of cytokines and 
chemokines will subsequently lead to the pulmonary recruitment of 
lymphocytes, which may explain the SARS-CoV-2-associated lympho-
penia [30]. Antigen-presenting cells present antigen peptides to T and B 
cells to activate the cytotoxic T cells to destroy infected alveolar cells, as 
well as the B cell immunity generating neutralizing antibodies (mainly 
targeting S protein) to facilitate the recognition and phagocytosis of 
neutralized viruses and apoptotic cells by macrophages [30,33,39]. 
Also, regulatory cells, such as Tregs, can produce anti-inflammatory 
cytokines like IL-10 and TGF-β to antagonize overactivated immune 
responses [40]. Usually, these innate and adaptive immune responses 
lead to the virus clearance and gradually, the virus-induced inflamma-
tion resolves. However, a dysregulated immune response such as an 
impaired IFN-I response may lead to phase 3 of the hyper-inflammatory 
syndrome and cytokine storm observed in COVID-19 severe cases [42]. 

2.3. Hyper-Inflammatory phase and cytokine storm 

In severe cases, the mediators secreted by the recruited immune cells 
could activate more immune cells via positive feedback breaking the 
balance between pro-inflammatory and anti-inflammatory cytokines 
[40]. For example, NF-κB signaling induces the production of pro- 
inflammatory cytokines such as IL-6, IL-2, TNF-α, and IFN-γ that may 
themselves upregulate the NF-κB signaling [43]. Anti-inflammatory 
mediators such as IL-10 are also produced but are insufficient to 
antagonize the hyperinflammation [40]. Considering the protective role 
of IFN-I response in viral clearance, an impaired or delayed IFN-I found 
in severe COVID-19 patients has been incriminated to potentialize the 
continuous recruitment of circulating monocytes into the lung and their 
differentiation into proinflammatory macrophages, intensifying the 
inflammation [33,40]. This can probably be ascribed to a direct inhi-
bition of IFN-I signaling via the viral proteins, that is M protein, N 
protein, open reading frame 3a (ORF3a) protein, and ORF6 protein [40]. 
Besides the impaired IFN-I pathway, the inflammation can be exacer-
bated by M1 macrophages and CD4+ T cells overproducing cytokines 
[37]. The activated neutrophils that contribute to the fight against the 
virus by fabricating neutrophil extracellular traps (NETs) may also 
damage the surrounding cells when excessively releasing leukotrienes 
and reactive oxygen species (ROS) [40]. Also, the generated neutralizing 
antibodies are not always protective (depending on the targeted viral 
antigen) and may over-activate the M1 macrophages-hypersecretion of 
proinflammatory mediators [36,40]. Further, the high presence of 
hyperactivated T cells in the alveolar space, such as the proin-
flammatory T helper 17 (Th17) cells and cytotoxic CD8+ T cells, may 
promote the hyperinflammation [30]. 

Even if the viral load may diminish, the overproduced pro- 
inflammatory cytokines would eventually damage the lung infrastruc-
ture, which causes hypoxemia and acute respiratory distress syndrome, 
and circulate to distant organs resulting in an extrapulmonary systemic 
hyperinflammation, disseminated intravascular coagulation, and multi- 
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organ failure (Fig. 1) [30,35,41]. The systemic hyperinflammation has 
been revealed by the high load of systemic infection markers in the 
serum of severe COVID-19 subjects, such as procalcitonin, CRP, ferritin, 
D-dimer, IL-1, IL-2, IL-6, IL-7, IL-8, and IL-10, TNF-α, G-CSF, GM-CSF, 
IP10, IFN-γ, MCP-1 and MIP-1a [31,34,40,44]. This exacerbated host 
immune response named cytokine storm has been reported to be more 
damaging than the viral infection itself [45,46]. Therefore, anti- 
inflammatory/immunosuppressive therapies are justified in this phase 
contrarily to the first phases, where the inflammation itself was bene-
ficial [32]. 

3. Implications of inflammation in COVID-19 therapies and drug 
delivery 

From a pharmaceutical standpoint, the implication of inflammation 
in COVID-19 can be exploited as a therapeutic target and/or as a tar-
geting strategy against the pandemic. Accordingly, the drug delivery 
systems (DDS) can be harnessed to improve the physicochemical prop-
erties of anti-inflammatory agents, especially those suffering from poor 
bioavailability and instability, and deliver them in a safe and efficient 
manner to their therapeutic targets. Also, the drug carriers can be 
tailored to develop smart carriers able to respond to the microenviron-
mental stimuli to carry the anti-covid 19 therapeutics, either antiviral or 
immunomodulator, in a selective and specific manner. More interest-
ingly, some biosystems could simultaneously repress the hyper-
inflammation due to their inherent anti-inflammatory potency and 
endow their drug cargo with a selective delivery to the injured sites 
[47,48]. 

3.1. The inflammation as a therapeutic target for DDS 

Targeting the inflammatory pathways to tackle the inflammation in 
its primary site before becoming systemic seems to be a rational thera-
peutic strategy against COVID-19 [49]. More importantly, neutralizing 
the hyperinflammation syndrome is independent of the virus mutation 
possibilities constituting the primary hurdle for antiviral drugs or vac-
cine efficiency [50]. Although promising, targeting inflammation con-
stitutes a significant challenge in itself due to the complexity of 

cytokines interactions and the multiplicity of inflammatory pathways 
orchestrated by a multitude of molecules rendering the inhibition of one 
or a few of them not enough to reverse the inflammatory syndrome in 
the clinic [19]. For this, a plethora of anti-inflammatory agents has been 
proposed. For instance, corticosteroids such as dexamethasone, cyto-
kines blockers such as tocilizumab (IL-6 receptor antagonist) and ana-
kinra (IL-1 receptor antagonist), and signaling pathways inhibitors such 
as ruxolitinib and baricitinib (JAK-inhibitors), as well as several plant- 
derived agents such as colchicine and curcumin, have shown positive 
results in treating COVID-19 [51–57]. Still, most of them suffer from 
instability, poor bioavailability, short half-life, lack of efficacy in some 
COVID-19 patients, and undesirable biodistribution resulting in off- 
target effects. Together with identifying new therapeutic targets and 
testing different anti-inflammatory agents, the development of suitable 
drug delivery systems is needed, especially after the recent advances in 
nanotechnology in inflammatory diseases. DDS can be leveraged to load 
conventional anti-inflammatory drugs or gene therapies downregulating 
the cytokines expression to protect them, improve their physicochemical 
properties, control their release, optimize their pharmacokinetic pro-
files, and enhance their accumulation in the injury site [58–60]. More 
interestingly, novel DDS such as nanodecoys can directly bind proin-
flammatory cytokines antagonizing their action [61–63]. 

3.1.1. Anti-inflammatory drugs-loaded DDS against COVID-19 
Numerous anti-inflammatory drugs have been proposed for the 

treatment of SARS-CoV-2. Some were newly proposed, and others were 
repositioned. However, the promising in vitro SARS-CoV-2 inhibitory 
effects have been shown inefficient when tested clinically. This may be 
partly attributed to these agents’ poor bioavailability and kinetic pro-
files, leading to insufficient drug concentrations in the site of action that 
may induce toxicity if increased to the required levels. Several delivery 
strategies have been investigated in preclinical trials to optimize the 
therapeutic efficiency of conventional anti-inflammatory drugs against 
COVID-19 (Table 1) [64–68]. 

In this regard, Tai et al. [64] formulated hydroxychloroquine in li-
posomes and evaluated their pharmacokinetic behavior after direct lung 
administration in a murine model. As desired, the liposomes displayed 
higher and longer pulmonary exposure compared to the typical drug 

Fig. 1. Schematic illustration of COVID-19-induced hyperinflammation  

M. Zoulikha et al.                                                                                                                                                                                                                               



Journal of Controlled Release 346 (2022) 260–274

263

administered intravenously or intratracheally, as well as lower systemic 
and cardiac concentrations, reducing the risks of the systemic drug 
toxicity, especially the cardiotoxicity [64]. 

A decreased cholesterol level in viral infections, namely 25-hydrox-
ycholesterol (25-HC), has been believed to contribute to the COVID-19 
associated inflammation through the upregulation of NF-κB-pathway 
and SREBP2 (sterol regulatory element-binding protein 2)-mediated 
inflammation [69,70]. Thus, a nanoformulation composed of 25-HC 
and DDAB (di dodecyl dimethylammonium bromide) has been pro-
posed to suppress the COVID-19-induced cytokine storm [65]. Besides 
its stabilizing role and amphiphilic character in forming lipid nano-
vesicles, DDAB could assure lung targeting owing to its cationic nature 
triggering a transient agglutination with the anionic erythrocytes 
encountered during the NPs circulation, and thereby forming large ag-
gregates that would be likely retained in the pulmonary capillaries [65]. 
However, this agglutination may also make them vasotoxic, which was 
disregarded in this study, considering only the absence of cytotoxicity on 
endothelial cells in vitro and the hematotoxicity in vivo as evidence. 
Efficiently, the lung accumulation of the i.v. delivered NPs, with a size of 
126.5 nm and surface charge of + 93.26 mV, enhanced the survival rate 
to 50% in CLP (cecal ligation and puncture)-induced septic mice model 
and dampened the cytokines production, such as IL-1β and IL-6, IL-8, 
and TNF-α in COVID-19 patient-derived PBMCs [65]. 

A plethora of plant-derived agents known for their anti- 
inflammatory potency could be investigated against COVID-19. How-
ever, most of these agents displayed poor solubility and bioavailability, 
which required using the advantages of drug delivery systems. In this 
respect, curcumin has been encapsulated into nanomicelles and orally 
delivered to COVID-19 patients [71]. Successfully, this therapy reduced 
the expression of IL-6 and IL-1β formerly increased, but not IL-18 or 
TNF-a. The clinical manifestations have been improved, and the survival 
rate also increased to 80% compared to 60% in the placebo group [71]. 
In another research, nanocurcumin could reduce the Th17 cells count 
and downregulate the expression of Th17-mediated cytokines (IL-17, IL- 
21, IL-23, and GM-CSF) in COVID-19 patients [72]. These two trials used 
the same nanomicellar formulation, named SinaCurcumin®, previously 
developed by Hatamipour et al. [73] to enhance the oral bioavailability 
of curcuminoids. Glycyrrhizic (GA) acid is another naturally derived 
agent proposed for COVID-19 treatment owing to its ability to impede 
SARS-CoV-2 replication and undesired inflammatory responses [74]. 
Besides its therapeutic benefits, GA per se is a potential drug carrier due 
to its ability of self-association in aqueous solutions and complexation 
with other drugs [75]. In a study reported by Zhao et al.2, glycyrrhizic 
acid (GA) nanoparticles (size: 70.65 nm, surface charge: − 32.7 mV) 
have shown a potent anti-inflammatory effect by dwindling the release 

of cytokines and chemokines, such as IL-1α, IL-1β, IL-6, and IL-12, TNF- 
α, TGF-β, IFN-γ, IP-10, G-SCF, and MCP-1, in addition to their antiviral 
and antioxidant properties. This was observed both in vitro and in vivo 
after i.v injection of the NPs into mice infected either with the corona-
virus mouse hepatitis virus A59 (MHV-A59), inducing similar respira-
tory damage to that of SARS-CoV-2, or LPS as a non-viral inflammatory 
stimulator to prove the direct inflammatory of the prepared NPs [66]. 

Interestingly, Lee et al. [67] synthesized polydopamine-modified 
PLGA NPs decorated with PEG and DNase-1 (size: 220nm, surface 
charge: − 12.0 mV) to compensate the low endogenous levels of DNase-1 
in COVID-19 cases and get rid of the cell-free DNA, one of the NETosis 
factors of neutrophils that are highly produced in SARS-CoV-2 sepsis and 
may exacerbate the tissue damage. Successfully, the designed NPs, 
tested in plasma samples of COVID-19 patients and in CLP-induced 
septic mice, reduced the NETosis markers, neutralizing the neutro-
phils’ activity and thereby reducing the expression of NF-κB and secre-
tion of IL-1β, IL-6, IFN-γ, and TNF-a. Remarkably, less efficiency was 
observed with non-formulated DNase-1, which may be explained by its 
short half-life and instability in blood after i.v.administration [67]. 

Another promising advantage of NPs is the possibility of combination 
therapies [76]. In this regard, Dormont et al. [68] combined the anti-
oxidant α-tocopherol with the modulator of inflammation adenosine 
previously conjugated to the endogenous lipid squalene in one nano-
platform (size: 71.2 nm, surface charge: − 14.29 mV) for synergistic ef-
fects against COVID-19 hyperinflammation. As expected, the in vitro 
incubation of NPs with LPS-activated macrophages reduced reactive 
nitrogen species production and inhibited the expression of pro- 
inflammatory factors. Successfully, the hybrid NPs, delivered intrave-
nously, could accumulate in the inflamed lung, enhance IL-10 levels, and 
reduce the cytokines production such as TNF-α, MCP-1, and IL-6 in the 
LPS-induced endotoxemia murine model [68]. 

3.1.2. Nanodecoys against COVID-19-associated inflammation 
Cell-membrane mimics have been broadly applied in multiple dis-

eases, including infectious and inflammatory disorders, for different 
purposes such as drug delivery, detoxification, immunomodulation, and 
diagnosis [77–79]. Commonly, the cell-membrane vesicles are derived 
from erythrocytes, thrombocytes, immunocytes, cancer cells, and stem 
cells, but also other cells such as bacteria, endothelial or epithelial cells 
[79,80]. Frequently, these source cells are lysed using hypotonic con-
ditions, then the cytomembranes are separated from other cellular 
components by differential centrifugation, and finally physically dis-
rupted (i.e., sonication, homogenization, nitrogen cavitation, extrusion 
with polycarbonate membrane) to produce vesicles of the desired size 
[81]. Recently, different types of cells have been fused to obtain hybrid 

Table 1 
Drug delivery strategies of conventional anti-inflammatory drugs investigated in preclinical studies against COVID-19.  

Drug carrier Therapeutic cargo DDS 
properties 

In vivo model Administration 
route 

Advantages Reference 

Liposomes (DPPC 
and cholesterol) 

Hydroxychloroquine Not defined WT rats Pulmonary route Higher and prolonged exposure. 
Lower cardiotoxicity 

[64] 

25-HC@DDAB lipid 
nanovesicles 

25-hydroxycholesterol 
(25-HC) 

126.5 nm 
+93.26 mV 

CLP-induced 
septic mice 

Intravenous Improved cellular uptake of 25-HC and enhanced 
pulmonary accumulation of NPs. 
Alleviated lung inflammation and reduced cytokines 
production (i.e., IL-1β and IL-6, IL-8, and TNF-α). 

[65] 

Glycyrrhizic acid NPs Glycyrrhizic acid 70.65 nm, 
− 32.7 mV 

MHV-A59- 
infected mice 
LPS-induced 
endotoxemia 

Intravenous Relieved systemic and lung inflammation with reduced 
production of inflammatory factors, such as IL-1α, IL-1β, 
IL-6, and IL-12, TNF-α, TGF-β, IFN-γ, IP-10, G-SCF, and 
MCP-1 

[66] 

Polydopamine- 
modified PEG- 
PLGA NPs 

DNase-1 220 nm, 
− 12.0 mV 

CLP-induced 
septic mice 

Intravenous Enhanced stability and prolonged circulation of DNase- 
1 
Reduced NETosis factors neutralize the activity of 
neutrophils. 

[67] 

Squalene lipid NPs α-tocopherol adenosine 71.2 nm 
− 14.29 mV 

LPS-induced 
endotoxemia 

Intravenous Enhanced accumulation in inflamed lungs. 
Enhanced IL-10 levels and reduced ROS and pro- 
inflammatory cytokines production (i.e., TNF-α, MCP-1, 
and IL-6) 

[68]  
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vesicles inheriting the properties of both parental cells [81]. The cellular 
vesicles are either used as therapeutic entities themselves, loaded with 
drugs to act as drug carriers, or leveraged to cloak NPs core generally by 
co-extrusion, electroporation, or electrostatic interactions between the 
core material and the vesicle [78,81,82]. 

Interestingly, the ability of cell-membrane mimics, either empty or 
drug-loaded, with NPs core or not, to display the same membrane re-
ceptors as the mother cells, makes them a potential arm to attach toxins, 
viruses, membrane proteins, or signaling molecules and divert them 
away from their targets, giving an emerging class of biomimetics termed 
nanodecoys or nanosponge [79,83–85]. Further, hybridization and 
emerging genetic engineering technologies can be employed to quanti-
tively and qualitatively change their antigenic profile [77]. Besides 
being nanodecoys, this biomimetics have been originally used to cam-
ouflage drug-loaded NPs owing to the virtues they offer to the nano-
material core, involving high biocompatibility and biodegradability, 
prolonged circulation time, and improved targeting efficiency due to the 
homing tendency of their cell membrane proteins [78,86,87]. Therefore, 
biomimetic nanodecoys constitute a potential therapeutic strategy 
against COVID-19 infection (Fig. 2) [77,85]. 

Primarily, nanodecoys have been used as host cell mimics to adsorb 
the SARS-CoV-2. For instance, Li et al. [88] exploited the resident lung 
cells inherently expressing ACE2 receptors to produce 320 nm nano-
decoys able to bind SARS-CoV-2 to protectively impede its attachment to 
the target cells and trigger its phagocytosis and clearance [88]. Simi-
larly, Zhang et al. [89] designed 100 nm PLGA (polylactic-co-glycolic 
acid) NPs covered with cellular membrane isolated from human pneu-
mocytes type II to induce SARS-CoV-2 sequestration [89]. Interestingly, 
similar antiviral neutralization was obtained when PLGA core was 
wrapped in a human macrophages-derived membrane, probably 
through the attachment of the virus to CD147 proved to be highly 
expressed on the macrophages nanovesicles by Western blot analysis 
[89]. Moreover, the macrophages decoys may possess additional abili-
ties over the pneumocytes regarding the vital role they play in the 
COVID-19 hyperinflammatory pathways and their capacity to adsorb 
proinflammatory cytokines (i.e., IL-6 by CD126 and CD130, TNF-a by 
CD120) impeding them from potentiating the cytokine storm [90]. 

Inspiringly, cell membrane-based NPs can be leveraged for 

inflammation neutralization and/or the loading of inflammatory drugs 
besides the virus adsorption. For instance, 220 nm HUVEC membrane- 
camouflaged PLGA NPs, initially loaded with hydroxychloroquine, 
were used to adsorb proinflammatory cytokines such as TNF-α and IL-1β 
since the endothelial cells inherently express TNF-α and IL-1β receptors 
[91]. In this study, the cells were transfected to express tumor necrosis 
factor-related apoptosis-inducing ligand (TRAIL) to induce the apoptosis 
of M1 inflammatory macrophages after attachment of TRAIL to the 
death receptor-5 (DR5) overexpressed on the surface of inflamed mac-
rophages and thereby reduce the production of cytokines and the 
recruitment of other immune cells [91]. 

More importantly, hybrid nanodecoys that can capture both the in-
flammatory cytokines and the virus can be produced by the fusion of 
nanovesicles obtained from different cells. In this respect, Rao et al. [92] 
developed a nanodecoy by fusion of cell membrane-derived nano-
vesicles isolated from human embryonic kidney 293T cell transfected 
with ACE2 receptors (293T/ACE2) and human monocytes THP-1 cell. 
The resultant 100 nm hybrid nanovesicles holding both ACE2 and 
cytokine receptors (i.e., CD130 for IL-6 and CD116 for GM-CSF) could 
effectively neutralize SARS-CoV-2 in vitro, displaying its ability to pro-
tectively compete with covid-19 target cells for virus attachment on 
ACE2 receptors and neutralize the inflammatory cytokines when incu-
bated with LPS-activated THP-1 cells. These findings were confirmed in 
vivo using LPS-induced ALI murine model. Significantly, the decoy NPs 
delivered intratracheally reduced the levels of cytokines and alleviated 
the lung injury. Interestingly, the designed system attaching both the 
virus and cytokines exhibited better antiviral capacity than the nano-
vesicles obtained from 293T/ACE2 alone [92]. Recently, THP-1 mem-
brane-derived PLGA NPs of approximatively 100 nm were also 
evaluated for their SARS-CoV-2 inhibition, but the main focus was the 
effect of surface modification of the nanosponges with heparin on the 
virus neutralization [93]. However, the potency of THP-1 mimetics of 
cytokines neutralization shouldn’t be disregarded. Fluorescence spectra 
using labeled antibodies, such as anti-CD130, anti-CD120a, and anti- 
CD119 receptors (for IL-6, TNF-α, and IFN-γ, respectively) showed that 
the surface modification didn’t alter the ability of the monocytes to trap 
cytokines [93]. 

Inspired by these studies and SARS-CoV-2 mechanism, Wang et al. 

Fig. 2. Schematic illustration of the therapeutic potential of biomimetic nanodecoys against COVID-19  
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[94] fused cell membranes of a genetically engineered ACE2 receptor- 
overexpressing HEK293 cells and proinflammatory macrophages (IFN- 
γ and LPS-activated Raw264.7) to camouflage the methacrylate hyal-
uronic acid hydrogel core and obtain microspheres destinated to be 
delivered via inhalation to be distributed in all the respiratory system, 
including the upper tract and nasopharynx neglected by nanoscale 
vesicles. The efficiency was evaluated both in vitro and in vivo. The 
presence of ACE receptors enabled the system to compete with the virus, 
enhancing the antiviral activity 10 times more than the blank. Concur-
rently, the co-existence of cytokines receptors, including IL-1, IL-6, and 
TNF-a receptors, confirmed by WB, endowed the microspheres with an 
anti-inflammatory potency revealed by neutralized proinflammatory 
markers, alleviated edema, reduced lung infiltration of immune cells, 
reduced pneumocytes apoptosis, lowered CD3+T cells, CD8+ T cells, 
and CD19+ B cells with increased anti-inflammatory Foxp3+ regulatory 
T cells in spleen and lymph nodes, as well as an improved survival ratio 
after intratracheal administration to LPS-induced ALI mice model [94]. 

3.2. The inflammation as a targeting strategy for DDS 

The overcome the shortcomings of anti-COVID-19 therapeutics, 
particularly the nonspecific biodistribution leading to undesirable side 
effects, and enhance their concentrations in the diseased area, the 
inflammation site features can be exploited to achieve a site-specific 
drug delivery. This can be achieved by developing smart drug carriers 
responsive to inflammatory biochemical signals or by exploiting the 
endothelial dysfunction in the injury site [95]. 

3.2.1. Inflammation-bioresponsive DDS 
In order to deliver the anti-COVID-19 agents, either immunomodu-

lator or not, in a selective and specific manner to the injury site, drug 
delivery systems can be modified to smartly respond to the specific 
stimuli of the inflammatory microenvironment by releasing their cargo 
(Table 2) [96–99]. The inflammatory biochemical stimulus can be the 
low pH, the high level of reactive oxygen species (ROS), or the overex-
pressed inflammatory enzymes [95,100]. 

pH-responsive DDS synthesized with materials cleavable in acidic pH 
have been widely investigated in cancer and inflammatory diseases 
[101]. The low pH in the inflamed area, probably due to the anaerobic 
and the infiltration of inflammatory cells, can be exploited to trigger the 
release of different therapeutics against COVID-19 [95]. For example, 
Zhang et al. [96] developed an endothelium targeting pH-responsive 
polymeric NPs (size ~100 nm) as a drug carrier for acute lung in-
juries. To assure a low pH-triggering release, they used biotinylated 
polyethylene glycol (PEG)-poly(β-aminoester) (PAE) as pH-sensitive 
copolymer to encapsulate the anti-inflammatory agent TPCA-1(5-p- 
Fluorophenyl-2-ureido-thiophene-3-carboxamide). The pH-dependent 
drug release was confirmed in vitro by more than 90 % of TPCA-1 

liberated at pH 6.5 after 15 h, compared to less than 20 % released 
after 1 day at physiological pH. Then, the NPs were decorated with anti- 
ICAM-1 antibody to target the ICAM-1 receptors overexpressed on 
inflamed endothelium. In vivo efficiency, revealed by the reduced infil-
tration of immune cells in the lung and the decreased levels of proin-
flammatory cytokines (i.e., TNF-α and IL-6) in the LPS-induced ALI 
murine model, confirmed the efficient targeting of the i.v delivered 
bioresponsive NPs mediated by the anti-ICAM-1 and followed by the 
specific drug release in response to acidic pH of the inflammatory site. 
However, the pulmonary targeting in this study was mainly attributed to 
anti-ICAM-1 moiety. The acidic pH-triggered release alone might not be 
enough to specifically target the inflammatory lungs [96]. Similarly, Su 
and coworkers have linked dexamethasone (Dexa) with branched PEI to 
obtain a pH-responsive prodrug that was further modified with mannose 
molecules to target the proinflammatory alveolar macrophages during 
lung injury. As desired, the obtained NPs (size: 115 nm, surface charge: 
+31 mV) displayed a pH-dependent release in vitro and repressed the 
lung inflammation in LPS-induced ALI murine model [97]. Although 
prodrug NPs without mannose modification haven’t been tested in the in 
vivo efficacy study, the enhanced therapeutic effect was probably due to 
targeting mannose receptors rather than the specific pH release. 
Recently, PEGylated halloysite/spinel ferrite nanocomposites have been 
proposed to deliver dexamethasone in a pH-responsive manner to the 
acidic inflamed lungs. The DDS released 17.5% at acidic media while 
less than 5% of Dexa was liberated after 168 h at neutral pH [102]. Still, 
their trafficking benefits, efficiency and toxicity weren’t inspected in 
vivo. 

The oxidative stress, mainly resulting from the infiltration of neu-
trophils releasing reactive oxygen species (ROS), is another biochemical 
stimulus that can be used to trigger the release of therapeutics in 
inflammation sites during lung injuries [103,104]. In addition to the 
selective drug release, ROS materials may scavenge oxygens species 
contributing to inflammation. In this regard, Li et al. [99] reported ROS- 
responsive NPs (size:109 nm, surface charge: − 16 mV) composed of 
Tempol as the therapeutic agent and PBAP (phenylboronic acid pinacol 
ester) group as a catalase-mimetic moiety eliminating hydrogen 
peroxide, both conjugated with β-cyclodextrin. The oxidation-labile 
units of PBAP successfully assured the ROS-triggering release in the 
injury site leading to an enhanced accumulation of the NPs in the LPS- 
injured lungs, reduced oxidative stress and less production of TNF-α 
and IL-1β compared to free tempol [99]. It is worth noting that tempol 
has been stated as a drug candidate against COVID-19 for its antioxidant 
and anti-cytokine activities proved in vitro [105]. Currently, a random-
ized, double-blind clinical study (NCT04729595) is evaluating its effi-
ciency against COVID-19. Also, Zhai et al. [98] employed PPADT (poly 
(1,4- phenyleneacetonedimethylene thioketal)) and PTKU (poly-
thioketal urethane) polymers to encapsulate dexamethasone. The high 
level of ROS in the inflammatory sites could cause the cleavage of 

Table 2 
Bioresponsive DDS used for site-specific targeting of COVID-19-induced inflammation.  

Drug carrier Therapeutic 
cargo 

DDS 
properties 

Targeting mechanism Animal 
model 

Administration 
route 

Reference 

ICAM-1 decorated 
biotinylated (PEG-PAE)- 
NPs 

TPCA-1 100 nm Targeting of the inflamed endothelium by the anti-ICAM-1 
antibody. 
Specific drug release in the acidic inflammatory site by the pH- 
responsive copolymer (biotinylated PEG- PAE) 

LPS- 
induce 
ALI 

Intravenous [96] 

Mannose-decorated PEI-NPs Dexamethasone 115 nm 
+31 mV 

Targeting of proinflammatory alveolar macrophages by 
mannose modification. 
pH-responsive release of dexamethasone due to its linkage to 
PEI polymer. 

LPS- 
induce 
ALI 

Intravenous [97] 

Tempol-phenylboronic acid 
pinacol- β-cyclodextrin 
NPs 

Tempol 109 nm 
− 16 mV 

Enhanced hydrolysis of PBAP (phenylboronic acid pinacol 
ester) group in the presence of high concentrations of ROS due 
to its oxidation-labile units 

LPS- 
induce 
ALI 

Intravenous [99] 

Poly(thioketal) polymeric 
NPs 

Dexamethasone 307 nm 
− 22 mV 

Cleavage of thioketal bonds by the high level of ROS in the 
injury site. 

LPS- 
induce 
ALI 

Intravenous [98]  

M. Zoulikha et al.                                                                                                                                                                                                                               



Journal of Controlled Release 346 (2022) 260–274

266

thioketal bonds of the polymeric DDS, leading to a local release of their 
cargo and improved anti-inflammation against LPS-induced ALI. Besides 
the enhanced lung accumulation, the decreased ROS level due to their 
interaction with NPs contributed to the resolution of the injury [98]. 

3.2.2. Endothelium-mediated targeting DDS 
The endothelial dysfunction and enhanced vascular permeability 

effect (EPR) observed in inflammation tissues also contribute to the site- 
specific delivery [95]. In addition to passive targeting, overexpressed 
adhesion molecules on endothelial cells such as VCAM-1, ICAM-1, and 
PECAM-1, can be used to actively target the injury site. This can be 
achieved by surface modification of DDS with specific antibodies, such 
as the work of Zhang et al. [96] reviewed above, or by exploiting the 
inherent inflammation-responsiveness of immune cells to develop 
inflammation targeting biomimetics as discussed in the section below 
[106]. In contrast to the bioresponsive DDS, endothelium-mediated 
targeting DDS is more important for systemic administration routes 
than local pulmonary delivery [95] 

3.3. The inflammation as both a targeting strategy and therapeutic target 
for DDS 

In spite of the benefits offered by nanoscaled delivery systems, they 
are still considered exogenous materials that tend to be rapidly cleared 
by the reticuloendothelial system (RES) [107]. Synthetic DDS lacks 
biocompatibility and stability, and may even cause inflammation which 
is highly undesirable in inflammatory diseases. Promisingly, biomimetic 
DDS sprung out as a potent strategy to disguise the exogenous profile of 
nanomaterials, thereby improving their immunocompatibility and cir-
culation time. Combining both the natural advantages of cell mem-
branes, such as their biocompatibility and inherent ability to target 
tissues and evade immune clearance, with the artificial attributes of 
nanomaterials, that is their controlled release, high drug encapsulation, 
and solubilization potency, yields promising biosystems that may be 
exploited to deliver different therapeutics to treat various disorders, 
including COVID-19. Further, these systems may be wisely exploited for 
targeted delivery purposes. Various cell types can be used as source cells 
to mimic the interactions happening in the inflammation 

microenvironment and assure inflammation-targeted drug delivery 
(Fig. 3) [108]. If no cell sources cells with the desired properties are 
natively available, they can be tailored or genetically modified to 
display the desired trafficking or targeting properties [109]. 

Interestingly, some native cells, including immune cells, thrombo-
cytes, and mesenchymal stem cells, have an inherent affinity for 
inflammation tissues and/or anti-inflammatory properties [110]. Their 
derived systems can be employed as therapeutics by themselves, as they 
hold multiple bioactive molecules (e.g., miRNA and proteins), or can be 
leveraged for anti-inflammatory and/or antiviral agents’ delivery 
against COVID-19, as they express a multitude of targeting molecules on 
their surface [111]. For these purposes, either the cell’s membranes or 
their naturally secreted extracellular vesicles (EVs) can be used. EVs, 
including exosomes (size:30–150 nm), microvesicles (size:150–1000 
nm), and apoptotic bodies (random size >1000 nm), are nucleus-free 
membranous structures charged with biocompounds (nucleic acids, 
proteins, and lipids), secreted by various kinds of cells in vivo as inter-
cellular communication mediators, but also in vitro in response to 
external stimulus. EVs inherit many features from their source cells 
making them promising DDS and therapeutic candidates for many dis-
eases, particularly their smallest subtype exosomes [112–115]. 

3.3.1. Leukocyte-derived DDS 
Although the immune system is usually considered a barrier to DDS, 

it can be leveraged to improve drug delivery in several diseases. Under 
inflammatory conditions, leukocytes, composed of monocytes, lym-
phocytes, and granulocytes (neutrophils, basophils, and eosinophils) 
[116], are recruited from the bloodstream to the inflammation tissue by 
interactions between their surface proteins (i.e., VLA-4, LFA-1, Mac-1) 
and the adhesion molecules of activated endothelial cells (i.e., VCAM- 
1, ICAM-1, PECAM-1 receptors) [117,118]. Therefore, leukocyte- 
derived membranes have been utilized to endow their cargo with an 
active targeting to inflammatory sites against different diseases- 
associated inflammation, especially SARS-CoV-2 (Table 3) [119–124]. 
Additionally, they can protect the DDS from RES clearance by extending 
its lifetime. Claudia and coworkers have investigated the tendency of 
leukocyte-like liposomes and bare liposomes to adsorb blood compo-
nents forming the so-called “protein corona” and its influence on their 

Fig. 3. Schematic illustration of the delivery and therapeutic potentials of cell-derived DDS against COVID-19  
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immune clearance. Although both NPs have been opsonized by the same 
proteins (mainly IgG, coagulation and complement factors), revealed by 
an increase of their diameter from ~170 nm before in vivo administra-
tion to ~350 nm 1h post-injection, biomimetic NPs were less taken up 
by macrophages [125]. This has been elucidated by the possibility that 
blood proteins can attach to leukocyte-like NPs in a manner that the 
recognition domains of those proteins are oriented toward the bio-
mimetic surface inherently expressing macrophage receptors, which 
masks them from phagocytes recognition, whereas proteins adsorbed on 
their non-biomimetic counterparts can be randomly oriented [125]. 
Besides, the leukocytes nanovesicles per se may have anti-inflammatory 
activities independently of their cargo [119]. Commonly, leukocyte- 
based DDS can be obtained by a top-down strategy through the 
coating of the leukocyte-derived membrane onto the NP generating a 
core-shell structure named “nanoghost”, or by incorporating their 
extracted surface proteins into a phospholipid bilayer to obtain the so- 
called “leukosome” combining the bottom-up and top-down ap-
proaches [126–128]. 

3.3.1.1. Macrophage-derived DDS. Monocytes are the largest leukocytes 
circulating in the bloodstream but can infiltrate into tissues in response 
to the received signals, where they differentiate into macrophages or 
dendritic cells [117]. Due to their abundance in inflammatory envi-
ronments, macrophages have been widely investigated as source cells 
for biomimetic DDS design [129,130]. As mentioned above, 
macrophage-like nanoparticles have been utilized as nanodecoys to trap 
the pathogen particles and proinflammatory factors. Furthermore, 
macrophages’ membrane-derived vesicles may bestow their cargo with 
immune escape by their self-recognition markers (i.e., CD47 and CD45) 
and selective delivery due to their innate tropism toward inflamed sites 
mediated by their membrane proteins (i.e., CD18, CD11a, and CD11b) 
[125,131]. Moreover, macrophage membrane-based-nanovesicles 
exhibited potent intrinsic anti-inflammatory attributes by inducing 
proinflammatory macrophages to secrete anti-inflammatory cytokines 
(IL-10 and TGF-β) and repressing their release of pro-inflammatory cy-
tokines (TNF-a, IL-6 and IL-1β) [132]. 

To mitigate the COVID-19-cytokine storm, Molinaro and coworkers 
have loaded dexamethasone (Dexa) in macrophage-like nanovesicles 
designed by mixing J774 macrophage membranes with the lipids DPPC, 
DOPC, and cholesterol (4:3:3 molar ratio) using a microfluidic platform 

[119,133]. The Dexa-leukosomes (size:150 nm, surface charge: − 20 
mV) incubated with LPS-activated endothelial or macrophages cells 
showed similar inhibitory effects on the pro-inflammatory cytokines IL- 
6 and TNF-α as free Dexa. However, they caused more decrease of IL-1β 
in endothelial cells and more increase of the anti-inflammatory cytokine 
IL-10 in macrophages, compared to the free drug. The ameliorated anti- 
inflammatory effect provided by leukosomes to the corticosteroid was 
further assessed in mice with LPS-induced endotoxemia. As established 
by the reduction of plasmatic levels of pro-inflammatory cytokines 
(ICAM-1, IL-1α, IL-16, TNF-α, and M-CSF), chemokines (CXCL13, CCL5, 
and CCL2), and C5-C5a complement factor, the intravenously injected 
Dexa-loaded leukosomes alleviated the systemic inflammation more 
potentially than the non encapsulated Dexa [119]. Nevertheless, neither 
stability nor pharmacokinetics/biodistribution studies, which would 
confirm the improved targeting and extended circulation time, were 
investigated in this work. The same nanovesicles were employed by 
Boada et al. [134] to deliver the rapamycin, an inhibitor of the mTOR 
signaling pathway, against atherosclerosis. Despite the decreased 
inflammation markers by drug-loaded leukosomes (Diameter:108 nm, 
surface charge: − 15.4 mV) over free rapamycin, this cannot be merely 
ascribed to the targeted delivery of inflamed endothelium since empty 
leukosomes were not used in their in vivo study. 

Likewise, Tan et al. [120] used monocytes (THP-1 cells)-derived 
nanovesicles to simultaneously take advantage of their anti- 
inflammatory properties and assure a targeted delivery of PLGA NPs 
loaded with the antiviral drug lopinavir thought to be effective against 
COVID-19. The biomimetics could neutralize proinflammatory cyto-
kines, mainly IL-6 and IL-1β, by their receptors IL-6R and IL-1R, sup-
pressing the activation of macrophages and neutrophils revealed by 
downregulation of STAT3 and NETs, respectively. Besides, the presence 
of ACE2 receptors on their surface, as analyzed by western blot, and 
their targeting efficacy of the infected sites, as revealed by the bio-
distribution study, potentialized their antiviral activity. These advan-
tages have been validated in vivo using MHV (mouse hepatitis virus)- 
infected mice as a model of severe COVID-19 infection [120]. 

With the same strategy and the same aim, Lu and coworkers loaded 
cepharanthine, another drug candidate repurposed to treat COVID-19 
due to its inflammatory and antiviral potency, in nanostructured lipid 
carriers (NLCs) and then coated them with macrophage membranes 
(derived from RAW264.7 cells) to obtain biomimetic systems with a size 

Table 3 
Leukocytes-derived DDS against COVID-19-induced inflammation.  

Source cellþ/- 
phospholipids 

Nanomaterial 
core 

Cargo DDS 
properties 

In vivo model Advantages Reference 

Macrophage (J774) 
DPPC, DOPC, and 
cholesterol (molar 
ratio: 4:3:3) 

None Dexamethasone 150 nm 
− 20 mV 

LPS-induced 
endotoxemia 

The leukosome alleviated the systemic inflammation 
more potentially than the free drug. 

[119] 

Monocytes (THP-1 cells) PLGA NPs Lopinavir 102.2 nm 
− 12.4 mV 

MHV-infected 
mice model 

Potentialized anti-antiviral effect due to the targeted 
delivery of the antiviral drug lopinavir to the infection 
site. 
Neutralization of inflammatory mediators by the cytokine 
receptors present on the surface of nanovesicles. 

[120] 

Macrophages 
(RAW264.7 cells) 

Nanostructured 
lipid carrier 

Cepharanthine 152.48 nm 
− 16.93 mV 

LPS-induced 
ALI 

Improved bioavailability of cepharanthine provided by 
the lipid core. 
Prolonged circulation and efficient homing to the injured 
lung resulting in improved attenuation of LPS-induced 
inflammation was assured by the biomimetic shell. 

[121] 

Neutrophils 
(DMSO-activated HL- 
60 cells) 

None TPCA-1 ~200 nm 
− 16 mV 

LPS-induced 
ALI 

Selective delivery of the anti-inflammatory drug to the 
injured tissues was assured by interactions between 
ICAM-1 upregulated on activated endothelial cells and the 
integrin β2 expressed on neutrophils nanovesicles. 

[122] 

Neutrophils 
(DMSO-activated HL- 
60 cells) 

None Piceatannol ~200 nm 
− 18 mV 

LPS-induced 
ALI 

[123] 

Genetically modified 
leukocytes (leukemia 
cells C1498) 

PLGA NPs Dexamethasone 175 nm  
− 20 mV 

LPS-induced 
ALI 

Selective delivery of dexamethasone to the injured tissues 
was assured by interactions between VCAM-1 
overexpressed on inflamed endothelial cells and VLA-4 of 
the leukocyte membrane. 

[124]  

M. Zoulikha et al.                                                                                                                                                                                                                               



Journal of Controlled Release 346 (2022) 260–274

268

of 152.48 nm and a surface charge of − 16.93 mV [121,135,136]. Syn-
ergistically, the lipid core provided the alkaloid cepharanthine, suffering 
from poor solubility and bioavailability, with the desired physico-
chemical properties, while the biomimetic shell assured its prolonged 
circulation and efficient homing to the injured lung to mitigate the LPS- 
induced inflammation [121]. However, the enhanced therapeutic effect 
was merely attributed to the improved kinetics and the selective de-
livery provided by macrophages membranes proteins (mainly CD44 and 
CD11b) without considering the intrinsic anti-inflammatory activity of 
macrophages membranes, since they used neither free drug-NLC coated 
with macrophages membranes nor empty macrophages nanovesicles as 
controls in their in vivo efficacy study. 

3.3.1.2. Neutrophil-derived DDS. Neutrophils or polymorphonuclear 
leukocytes (PMNs) are the most abundant circulating white blood cells. 
Under the guidance of cytokines and chemokines, PMNs migrate and 
infiltrate into the site of inflammation within a few minutes [87,137]. 
Like other immune cells, the extravasation of neutrophils is facilitated 
by multiple interactions with the endothelium, such as the interaction 
between intercellular adhesion molecule 1 (ICAM-1) upregulated on the 
inflamed endothelium and the integrin β2 expressed on neutrophils 
[138]. To take advantage of this interaction to actively deliver the anti- 
inflammatory drug TPCA-1 (5-p-Fluorophenyl-2-ureido-thiophene-3- 
carboxamide) to inflamed endothelial cells, Gao et al. [122] used neu-
trophils nanovesicles obtained by nitrogen cavitation, ultracentrifuga-
tion, and extrusion of HL 60 cells, as a delivery system. The human 
promyelocytic leukemia cells HL-60 cells were selected due to their 
ability to differentiate into neutrophils-like cells overexpressing integrin 
β2 after activation by DMSO [112]. As expected, neutrophil nano-
vesicles were more efficiently internalized by TNF-α-activated HUVECs 
overexpressing ICAM-1 compared to red blood cells nanovesicles. The 
selective interaction with inflamed vasculature was confirmed by 
intravital microscopy in a TNF-α treated live mouse. Further, the 
selectively delivered TPCA-1 to the activated endothelial cells could 
downregulate their ICAM-1 expression through its NF-κB inhibitory 
action. When intravenously delivered into the LPS-induced ALI mice 
model, the drug-loaded nanovesicles that remarkably accumulated in 
the lung alleviated the pulmonary edema and reduced infiltration of 
neutrophils and cytokine production, mainly TNF-α and IL-6 [122]. 
Similar results were found by the same group but by using the anti- 
inflammatory drug piceatannol instead of TPCA-1. Further, they 
confirmed that nitrogen cavitation allowed a high-yield generation of 
nanovesicles, similar to the naturally secreted EVs in structure and 
composition, but with fewer sub-cellular organelles and genetic mate-
rials that may cause safety issues [123]. Here, the adhesion molecule 
ICAM-1 was investigated as both a therapeutic target for TPCA-1/ 
piceatannol and a delivery target for the neutrophil-based NPs to miti-
gate acute lung inflammation. Despite the absence of material genetic in 
the nanovesicles obtained by nitrogen cavitation, non-malignant human 
neutrophils should be used as source cells. A more recent report used 
neutrophil membrane derived from human neutrophils instead of the 
differentiated leukemia cells HL-60 to actively deliver Resolvin D2 to 
inflamed brain endothelium [139]. 

More interestingly, PMN-derived nanovesicles can be employed to 
co-deliver several therapeutic agents to concurrently target inflamma-
tion and/or pathogens. Gao et al. [140] exploited the previously 
developed human neutrophil-isolated nanovesicles to co-load the hy-
drophobic anti-inflammatory drug Resolvin D1 (on the surface of NVs) 
and the hydrophilic antibiotic ceftazidime (inside the NVs) to tackle the 
inflammation and bacterial infection against bacterium-induced peri-
tonitis. Successfully, the therapeutic efficacy was increased compared to 
the non-coated drugs, mainly due to the efficient targeting of inflamed 
tissues [140]. It is worth noting that the inflammation resolving agents 
resolvins (Rvs), biosynthesized from omega-3 polyunsaturated fatty 
acids (Rvs E from Eicosapentaenoic acid and Rvs D from 

docosahexaenoic acid) such as Rvs D1 and D2, have been previously 
speculated to mitigate inflammation in COVID-19 patients through 
inhibiting several inflammatory signaling pathways [141,142]. 

3.3.1.3. Other leukocyte-derived DDS. Lymphocytes, including specific 
immune cells (T and B cells) and innate immune cells (natural killer 
cells), constitute promising cell sources for membrane coating strategies 
in several biomedical applications, especially cancer, inflammation, and 
infectious diseases [117]. Frequently, T cells have been investigated for 
their biomimicry merits. For instance, T cell membranes derived from 
the EL4 mouse lymphoma cell line have been used to camouflage anti-
cancer drug-loaded PLGA NPs and actively target the inflamed endo-
thelium in malignant tissues overexpressing ICAM-1 through 
lymphocyte function-associated antigen-1 (LFA-1) expressed on their 
surface [143]. Also, to selectively deliver grapefruit-derived NPs, car-
rying either doxorubicin or curcumin as an anti-inflammatory model, 
Wang et al. [144] exploited activated T-lymphoma EL4 cell-isolated 
membranes as a coating. The presence of LFA-1 on their surface 
enabled the biomimetic system to preferentially deliver their cargo to 
the inflammation tissues [144]. 

Another important interaction to recruit more leukocytes to the 
inflammation site is mediated by VCAM-1 (vascular cell adhesion mol-
ecule–1) highly expressed on inflamed endothelial cells and VLA-4 (very 
late antigen–4) inherently expressed on leukocytes membranes. Park 
et al. [124] proposed to leverage this interaction to specifically deliver 
anti-inflammatory drugs to inflamed lungs. For this, they generated 
cellular membranes overexpressing VLA-4 (composed of a4 and B1 
integrins) by genetically modifying the mouse leukemia cells C1498 
(naturally expressing a4 integrin) to co-express B1 integrins and used 
them to coat PLGA cores carrying Dexa as a model of anti-inflammatory 
payload. The resultant biomimetic (size: 175 nm, surface charge: − 20 
mV) could specifically bind to VCAM-1-expressing cells in vitro and 
majorly accumulate in the inflamed lungs compared to the non-targeted 
NPs when injected intravenously in LPS-induced ALI murine model, 
resulting in an improved anti-inflammation [124]. Nevertheless, only 
malignant mice cells were used in these studies, far from clinical 
translation. 

3.3.2. Thrombocyte-derived DDS 
Platelets (PLTs) or thrombocytes are small (2–4 μm in diameter) 

anucleate discoid cells circulating in the blood in a nonadherent state as 
sentinels of vascular integrity [118,145]. PLTs can rapidly change their 
shape and increase their adhesiveness when encountering exposed sub- 
endothelium upon vascular injury [146,147]. Besides their hemostatic 
functions, thrombocytes play a major role in inflammation and immune 
responses. PLTs can be recruited to the inflamed sites and activated by 
the locally released proinflammatory mediators, including chemokines 
and platelet-activating factor (PAF) [148,149]. 

The selective adherence of PLTs to injured vasculatures, their rela-
tively short lifespan of 7–10 days, as well as their high storage and 
release capacities inspired the design of several platelet-mimicking 
platforms as drug delivery systems [118,150]. Platelet membrane- 
camouflaged NPs inherent the protein profile of platelets surface giv-
ing them a targeting ability towards injury sites assured by specific 
PLTs/cells interactions, such as the binding of their glycoprotein Iba (GP 
Iba) to the P-selectin overexpressed on the surface inflamed endothelial 
cells [146,148]. Further, the cloaking of NPs with PLTs membrane de-
creases the NPs immunogenicity and RES clearance due to the interac-
tion between CD47 present on the platelet membrane and the 
immunoglobulin SIRPα of the phagocytic cells downregulating their 
phagocytosis and increasing their circulation time [148]. PLTs mem-
branes, usually extracted using freeze-thawing processes, can be fused 
onto the pre-prepared NPs by sonication. For instance, He et al. [151] 
coated PLGA NPs with platelet membrane to endow them with inflam-
mation targeting ability. The resultant NPs (size:122.3 nm) inherited the 
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platelet-surface receptors increasing the binding of NPs to inflamed 
endothelium in vitro and their accumulation in inflammation sites in a 
mouse model of rheumatoid arthritis [151]. 

Unfortunately, directly implementing platelets as DDS may induce 
inflammation since these cells can release cytokines and chemokines 
[145]. To deal with this issue, researchers preferred using platelet 
extracellular vesicles (PEVs) that inherent the targeting and trafficking 
ability of PLTs but do not exacerbate inflammation [152]. PEVs, 
constituting more than half of the total EVs in circulation, are plasma 
membranes fragments naturally and largely produced in vivo by 
thrombocytes undergoing activation, stress, or apoptosis, but also can be 
obtained by activation of platelets in vitro [153–155]. PEVs may include 
microparticles or nanometric exosomes with different proteomic profiles 
depending on the isolation and activation techniques, the agonist used 
(i.e., thrombin, collagen, von Willebrand factor, adenosine diphosphate 
(ADP), and platelet-activating factor), and the stimulation duration 
[155]. The drug is either preloaded in PLTs before the generation of 
PEVs or post-loaded in the isolated PEVs, passively via incubation or 
actively through sonication, electroporation, or extrusion [149]. 
Fortunately, PEVs inherit the same surface profile of the parent platelets, 
such as the glycoproteins GPIIbIIIa, GPIaIIa, GPIba, P-selectin, PECAM- 
1, and CD40L, and thereby display the same tissue affinity, trafficking, 
and immune properties [149,154]. Nowadays, 2 clinical trials utilizing 
PEVs are reported on www. clinicaltrials.gov. One study, identified 
NCT04281901 for the treatment of post-surgical inflammation of the 
temporal bone, has been completed; and the second, identified 
NCT04761562 for chronic middle ear infections, is recruiting. 

Promisingly, Li et al. [156] proposed platelet-derived vesicles- 
camouflaged NPs loaded with TPCA-1 (5-p-Fluorophenyl-2-ureido- 
thiophene-3-carboxamide) to repress the cytokine storm of patients with 
pneumonia such as in severe SARS-CoV-2 cases. The drug was first 
encapsulated into the thrombocytes, and then the platelets were acti-
vated with thrombin to generate a large number of 100–150 nm vesicles 
loaded with TPCA-1, which were finally isolated by ultracentrifugation. 
Herein, the antiinflammation effect was assured by TPCA-1 which can 
selectively inhibit IkB kinases (IKK) in the NF-kB pathway reducing the 
production of inflammatory factors such as TNF-a, IL-6, and IL-8. The 
targeting strategy of the inflammation site was based on the intrinsic 
affinity of platelet-derived vesicles to adhere to the activated vessel wall 
via CD40L, glycoproteins Iba, aIIb, and VI, and P-selectin, to reach the 
inflamed tissue. Successfully, the thrombocyte biomimetic nanocarriers 
could selectively target the site of injury upon intravenous administra-
tion and sustainably liberate TPCA-1, to alleviate the lung edema and 
infiltration of inflammatory cells, and significantly reduce the cytokines 
production in LPS-induced ALI mice model better than the free drug- 
treated group [156]. 

For an efficient anti-inflammatory effect, Ma et al. [157] synthesized 
PEVs-camouflaged NPs loaded with MCC950, an NLRP3-inflammasome 
inhibitor. Antagonizing NLRP3-inflammasome has been reported as a 
potent strategy to combat COVID-19 uncontrolled inflammation 
[158,159]. In this study, the targeting efficacy of the biomimetic NPs has 
been proved in vitro by the enhanced affinity toward oxidized low- 
density lipoprotein-treated macrophages/LPS-activated-HUVECs 
compared to the inactivated cells. The reduced inflammation over the 
free drug has been also confirmed both in vitro by the reduced IL- 1β and 
NLRP3 expression in LPS-stimulated macrophages and endothelial cells 
and in vivo against atherosclerosis-associated vascular inflammation. 
Safely, the pro-inflammatory potency of PEVs has been discarded by the 
absence of cytokine secretion [157]. In another study, 121 nm platelet 
membrane-camouflaged NPs were utilized to weaken the inflammatory 
response [160]. The core of NPs was constituted of a porous metal- 
organic framework prepared by glycyrrhizic acid and calcium ions and 
then loaded with hydrocortisone. In addition to the anti-inflammatory 
effect of their cargo, platelet vesicles might compete with endoge-
nously activated platelets to bind and aggregate in the inflammatory 
site, thereby hampering their degranulation and liberation of 

inflammatory mediators [160]. 
Also, Jin et al. [161] developed PEV-coated PEG-PLGA NPs for tar-

geted delivery of berberine to the inflammatory lungs. Berberine is a 
natural alkaloid that fights against COVID-19 by downregulating 
MAPKinase and NFκB pathways [162]. However, the therapeutic effi-
ciency of berberine may be hampered by its low bioavailability and off- 
targeting properties in vivo [161]. Efficiently, the PEV coating enhanced 
the accumulation of berberine NPs (size:400 nm, surface charge:− 23 
mV) in inflammatory lungs and alleviated lung inflammation in house 
dust mite-induced murine inflammation model, revealed by decreased 
inflammatory cells and cytokines (such as IL-4, IL-5, and IL-13) 
compared with the free drug or non coated NPs, mainly via regulating 
Th1/Th2 balance and enhancing IL-12 expression [161]. 

3.3.3. Mesenchymal Stem Cell-derived DDS 
Stem cells, including pluripotent, hematopoietic, and mesenchymal 

stem cells, are non-differentiated or partially differentiated cells capable 
of self-renewal and differentiation into various specific cells. Mainly, 
mesenchymal stem cells (MSCs), isolated from the umbilical cord, 
placenta, bone marrow, adipose tissue, or dental pulp, have been 
investigated for their therapeutic effect against multiple diseases, 
including COVID-19, due to their immunomodulatory and regenerative 
capabilities [163,164]. Their ability to proliferate and differentiate into 
various cells, including type II pneumocytes and decrease the apoptosis 
of alveolar cells by transferring their mitochondria, as well as their 
liberation of growth factors (hepatocyte growth factor HGF, vascular 
endothelial growth factor VEGF, and keratinocyte growth factor KG and 
angiopoietin 1) is beneficial for the recovery of COVID-19-induced 
epithelial and endothelial injury [163,165,166]. Besides, MSCs have 
been reported to increase alveolar fluid clearance and decrease inflam-
mation [167]. 

According to the stimuli received from their microenvironment, 
MSCs can differentiate into pro-inflammatory (MSC1) or anti- 
inflammatory phenotypes (MSC2). Under the COVID-19 cytokine 
storm, MSCs polarized to MSC2 to suppress the hyperinflammation by 
interacting with innate and adaptive immunity [5,168–170]. They 
induce the differentiation of M2 macrophages into their anti- 
inflammatory phenotype M1 releasing the anti-inflammatory cyto-
kines like IL-10 and TGF-β and thereby lowering the recruitment of 
neutrophils [166,170–172]. Also, they may inhibit NK cells proliferation 
via secretion of prostaglandin E2 (PGE2), indolamine 2,3-dioxygenase 
(IDO), and human leukocyte antigen G5 (HLA-G5), suppress T and B 
lymphocytes proliferation and promote T cell differentiation to T reg 
cells [163,166,173,174]. Altogether, this would eventually suppress the 
cytokine storm caused by COVID-19 [175]. 

The high level of cytokines in the injured site and the upregulated 
adhesion molecules may play a chemoattractant role in attracting MSCs 
to the disease area [166,170]. Further, surface markers such as CD44 
CD29, CD18, CD24, and chemokine receptors such as CXCR4, CXCR7, 
and CCR2 on MSCs mediate their adhesiveness on endothelial cells 
expressing different ligands such as the stem cell-derived factor (SDF)-1 
[5,176]. However, this migration is relatively low and depends on the 
route of administration. When intravenously delivered, MSCs highly 
accumulated in the lungs due to their relatively large size causing their 
entrapment in the pulmonary microvessels [166]. Surface modification 
or conjugation with antibodies (anti-VCAM-1 or ICAM-1) may promote 
their movement to the inflamed endothelium [176]. Safely, MSCs ex-
press only a few molecules of major histocompatibility complex class I 
(MHCI) and class II (MHCII) that lower their immunogenicity and do not 
express ACE2/TMPRSS2, protecting them from the virus infection 
[165,173,177]. 

The therapeutic effects of MSCs are partly mediated by their para-
crine activity and especially by their extracellular vesicles. MSC-derived 
exosomes contain a panel of proteins, lipids, and microRNAs such as 
miR-124-3p, 21-5p, 146a, 34a, 122, 124, and 127 involved in sup-
pressing inflammation and pulmonary cell apoptosis, enabling them to 
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exert similar immunomodulatory and regenerative potential as their 
mother cells [113,178]. Moreover, MSC-derived exosomes may offer 
several advantages over MSCs, such as higher stability, lower immu-
nogenicity, and the ability to bypass physiological barriers [179]. 
Further, exosomes as nucleus-free therapeutics are devoid of tumori-
genic and mutational risks [170]. Also, exosomes with their nanometric 
size (30-150 nm) can be lyophilized and delivered through inhalation, 
being more suitable for COVID-19 pneumonia treatment [173,180,181]. 
In this respect, three clinical trials, two completed (NCT04276987 and 
NCT04313647) and another enrolling by invitation (NCT04602442), 
utilized inhalation for the MSC-derived exosome delivery. Additionally, 
exosomes can be used as DDS of several drugs, including antiviral and 
anti-inflammatory agents, as well as RNAi therapeutics, against SARS- 
CoV-2 [175,179,180,182]. Besides the passive targeting, exosomes can 
be modified to improve their targeting [175]. 

The beneficial effects of MSCs and MSC-derived EVs on acute res-
piratory syndrome have been proved preclinically and clinically [176]. 
Commonly, MSC-derived EVs negatively regulated pro-inflammatory 
factors levels and potentialized the anti-inflammation in different ALI/ 
ARDS models. For example, Li and coworkers demonstrated the pro-
tective immunomodulatory role of MSC-derived exosomes on pulmo-
nary epithelial cells, attributed to their miRNA-21-5p cargo in the 
ischemia/reperfusion injury mouse model [183]. Similarly, Wang et al. 
[184] found that MSCs, as well as their EVs, could mitigate LPS-induced 
ALI, partly by transferring their miR-27a-3p to M2 macrophage and 
promoting their polarization [184]. Similarly, Li et al. [185] confirmed 
the ability of these exosomes to alleviate LPS-induced ALI probably 
through Nrf-2/ARE and NF-kB signaling pathways. Consistently, Xiao 
et al. [186] reported that the inactivated NF-κB signaling pathway and 
the beneficial effect of MSC-exosomes on LPS-injured cells were related 
to their miRNA payload, namely miR-182-5p and miR-23a-3p. 

Up to 10th February 2022, 88 clinical trials investigating the safety 
and efficiency of MSCs or their derived vesicles are reported on www. 
clinicaltrials.gov, including 17 not yet recruiting, 30 recruiting, 10 ac-
tives not recruiting, and 19 completed assays. For example, bone 
marrow-MSCs derived exosomes labeled ExoFlo®, investigated by Sen-
gupta et al. [187] in a nonrandomized prospective study, have safely and 
efficiently relieved COVID-19- pneumonia and downregulated the 
cytokine storm. Currently, 2 not yet recruiting clinical trials, identified 
NCT05125562 and NCT05116761, are ongoing to evaluate the safety 
and efficacy of intravenous administration of ExoFlo® in the treatment 
of mild-moderate COVID-19 and Post-Acute/Chronic COVID-19 syn-
drome, respectively. However, these therapeutics need to bypass several 
hurdles regarding their purification, standardization, large-scale 
manufacturing, stability, and transportation issues [179]. Also, the 
thrombogenic risk should be considered, especially when thromboem-
bolic accidents are frequent in COVID-19 patients [176,180]. 

4. Conclusions and future perspectives 

The COVID-19 severity has been narrowly linked to the virus’s in-
flammatory profile. Therefore, potential therapeutic and delivery stra-
tegies are required to tackle the COVID-19-associated 
hyperinflammation and cytokine storm besides preventing and elimi-
nating SARS-CoV-2. This is of utmost importance for patients suffering 
from other comorbidities and immune disorders. Also, the efficiency of 
targeting the host genes and/or proteins is independent of the virus 
mutations, unlike vaccines and antiviral drugs. A plethora of anti- 
inflammatory therapeutics have been repurposed for COVID-19, and 
some of them are currently under clinical evaluation, including small 
molecular-weight drugs, monoclonal antibodies, and cell-based thera-
pies. Still, they suffered from multiple side effects, and some of them 
yielded poor or controversial outcomes. This may be partly ascribed to 
the difficulty of completely targeting the inflammation regarding the 
complexity of cytokine interactions and the multiplicity of cytokine 
targets. Also, this may be attributed to the lack of specificity, stability, 

and undesirable biodistribution profiles of these agents. Further, the 
timing of administration of anti-inflammatory therapeutics is another 
important factor that should be considered. In SARS-CoV-2 infection, the 
inflammation can be regarded as a double-edged phenomenon. In the 
early stage, the inflammation is a beneficial host response that may 
contribute to virus removal. Therefore, an early administration may 
hinder the virus clearance by the immune system and promote its pro-
liferation. In the late stages, the inflammatory response becomes detri-
mental, leading to disease worsening in 10 to 15% of patients. Therefore, 
timely delivery of anti-inflammatory agents at the beginning of the 
cytokine storm may efficiently prevent the development of ARDS and 
multiorgan failure. The inflammation, either during the early stage or 
the hyperinflammatory syndrome, can be positively used from a phar-
maceutical standpoint. In the first case, the inflammation can be lever-
aged as a cue for specific delivery of anti-COVID-19 drugs, especially 
antivirals, to reduce the high viral load. In the second case, it can be 
exploited as a strategy for drug delivery and/or regarded as a detri-
mental process that should be targeted and stopped. 

Together with identifying new therapeutic targets and testing 
different anti-inflammatory agents, the development of suitable drug 
delivery systems is needed, especially after the recent advances in 
nanotechnology in inflammatory disorders. Drug delivery systems can 
be harnessed to load conventional anti-inflammatory drugs or gene 
therapies to improve their physicochemical and in vivo trafficking 
properties and deliver them safely and efficiently to their therapeutic 
targets. Also, smart delivery systems may be developed to specifically 
attach to the inflammatory markers and/or smartly respond to the 
inflammation site stimuli to assure a selective release of the anti-COVID- 
19 therapeutics. Despite the benefits offered by synthetic delivery sys-
tems, they lack biocompatibility and may even cause inflammation 
which is highly undesirable in inflammatory diseases. Promisingly, 
biomimicry using cell membranes and extracellular vesicles sprung out 
as a potential arm against COVID-19 infection. Cloaking synthetic 
nanomaterials with cell membranes allow the combination of the nat-
ural advantages of the source cells, such as their biocompatibility and 
inherent ability to target tissues, with the artificial attributes of nano-
materials such as the high drug loading, solubilization, and controlled 
release. Interestingly, some biomimetics have been used as nanodecoys 
to simultaneously trap the virus and cytokines. Further, these systems 
may be wisely exploited for targeted delivery purposes. Various cell 
types can be used as source cells to mimic the interactions happening in 
the inflammation microenvironment and assure inflammation-targeted 
drug delivery. If no source cells with the desired properties are 
natively available, they can be tailored or genetically modified to 
display the desired trafficking or targeting properties. Also, hybrid sys-
tems derived from different types of cells can be endowed with multiple 
functions inherited from the parental cells. Recently, mesenchymal stem 
cells are emerging as promising therapeutics for their immunomodula-
tory and regenerative capabilities. Hopefully, a multitude of clinical 
trials are evaluating the safety/efficiency of mesenchymal cells and their 
derived vesicles in alleviating COVID-19 induced cytokine storm. 

Although attractive, these applications need to bypass several chal-
lenges before clinical translation. For improvement of the interpretation 
efficiency of preclinical findings, appropriate controls should be used. 
Remarkably, several works evaluating the efficacy of cell-derived DDS 
didn’t use empty vectors as controls in their in vivo efficacy studies. More 
improvements in the study design are necessary to provide confidence in 
their data. Some of the reviewed reports didn’t provide enough infor-
mation about the vector properties such as size, charge, and shape, 
which are important factors influencing its in vivo fate. Also, the delivery 
route largely affects the trafficking, and thereby, the drug efficiency. 
Most studies utilized the intravenous route whereas the local pulmonary 
delivery is another potential route against COVID-19 pneumonia. Be-
sides efficiency, safety is another issue that should be thoroughly 
examined, especially after long-term usage. Interactions between the 
vectors and the host cells, particularly the immune cells, should be fully 

M. Zoulikha et al.                                                                                                                                                                                                                               

http://clinicaltrials.gov


Journal of Controlled Release 346 (2022) 260–274

271

investigated. Further, repeated administrations may result in the pro-
duction of alloantibodies that may alter the carrier trafficking, reduce 
the efficacy and lead to adverse immunologic reactions. Also, the po-
tential toxicity towards non-diseased organs should be discarded. 
Doubtfully, the possible tumorigenic effects of cell-based therapies and 
extracellular vesicles should be highly considered. The stability, essen-
tial to assure efficiency and safety, is another significant challenge to 
surmount. For instance, stem cells or other source cells may suffer from 
poor survival after isolation, limited expansion in vitro, and the possi-
bility of changing and losing their potential after multiple passages. 
Also, stem cells or cell-derived DDS are unstable and suffer from storage 
and transportation problems. Further, the production techniques, such 
as collection, isolation, purification, and manipulation, are still in their 
early stages stage which makes large-scale manufacturing more difficult. 
Therefore, effective standardized and reproducible techniques are 
needed to obtain stable vectors with high purity, high yields, high drug 
loading, targeted delivery, and acceptable cost. Standardized protocols 
to control the quality and identify the specific cell markers are also 
required. 
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