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As one of the current research hotspots, drug release nanoplatforms have great potential in the
treatment of autoimmune inflammatory diseases. At present, most of the drugs used in clinic do not
have tissue specificity and are difficult to play a full role in the treatment of diseases. Therefore, giving
full play to the real efficacy of drugs is a very challenging task. The drug treatment effect has been
significantly improved by designing and developing intelligent nanoplatforms to achieve drug targeting
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Accepted 1st September 2022 inflammatory diseases. In this review, the principles of drug delivery through different action mecha-
DOI: 10.1039/d2ma00814a nisms of nanoplatforms are reviewed, with emphasis on the specific applications of nanoplatforms in

various autoimmune inflammatory diseases. Moreover, the future development of nanoplatforms to
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1. Introduction

Autoimmune inflammation is a type of chronic inflammatory
disease mediated by immunity.' The incidence rate of auto-
immune inflammation is increasing worldwide.* The patho-
genesis of this disease is complex, and it is not completely clear
at present as to what factors, such as genetic susceptibility,
imbalance of the immune system, and environment are involved.>®
The most representative diseases are rheumatoid arthritis (RA),
systemic lupus erythematosus (SLE), ulcerative colitis (UC), and
autoimmune hepatitis (AIH). Due to its variable mode of onset
and prolonged course, the inflammatory focus is not limited.”
An excessive immune response leads to the damage of multiple
organs and tissues, accelerates the progress of the inflammatory
response, and finally causes multiple organ dysfunction.®*"° Long-
term illness will greatly damage the physical and mental health of
patients, and thus cause a serious economic burden.'* Therefore,
higher requirements are proposed for the treatment and manage-
ment of autoimmune inflammatory diseases.

In the past few decades, many patients have benefited from
the emergence of various new therapies and the application of
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further improve the efficacy of clinical drugs is also prospected.

new effective treatment strategies.’>'® However, the overall

treatment guideline followed in clinical practice still alleviates
symptoms and delays the further development of the disease.
The commonly used drugs include hormones, such as gluco-
corticoids, immunosuppressants, and biological drugs. Gluco-
corticoids can often quickly reduce symptoms but cannot
inhibit the development of the disease.'® Drugs that can delay
the progress of the disease often need to be used for a long
time. From the perspective of long-term benefits, the serious
side effects and high economic burden caused by sustained
drug use are still urgent problems to be solved. Compared with
traditional treatments, targeted therapy is highly regarded for
its specificity and advanced nature, which can treat lesions to
the greatest extent, while reducing side effects.'®> Therefore,
it is particularly important to design elaborate drug delivery
systems to achieve targeted therapy.

Drug delivery systems have attracted extensive attention
due to their remarkable results in the treatment of cancer and
other diseases.'®™*® These systems can change the pharmaco-
kinetics of drugs, improve the therapeutic effect and reduce
drug-related side effects. A nanoscale drug delivery system
can realize the controlled release of drugs in a period ranging
from several hours to tens of hours.’®?® Due to the unique
physical and chemical properties of nanomaterials, they can
transport drugs to the targeted site for sustained release,
which greatly reduces the non-targeted accidental release
caused by other factors.?'>* Therefore, the design and devel-
opment of promising nano drug delivery systems are of great
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significance for the targeted treatment of autoimmune inflam-
matory diseases.

2. Autoimmune inflammatory diseases

Autoimmune inflammatory diseases cause a pathological auto-
immune response in the body to a variety of factors and
damage and destroy the body’s cells and tissue components
through the excessive immune response.”>*® The long-term
chronic immune-inflammatory reaction will further aggravate
tissue damage and organ dysfunction.”” They are generally
divided into organ-specific autoimmune diseases and systemic
autoimmune diseases. These diseases usually involve muscles,
joints, blood, bones, soft tissues around joints, and other
systems throughout the body. The organ-specific autoimmune
diseases include chronic autoimmune thyroiditis, autoimmune
encephalomyelitis, autoimmune orchitis, UC, and membranous
glomerulonephritis. The systemic autoimmune diseases include
RA, SLE, and systemic vasculitis. Due to the existence of individual
differences, even for the same disease, the clinical manifestations
and prognosis of different patients are very different.”®

At present, the specific mechanism of this type of disease
is still unclear. This may be due to the influence of external
factors, the change in antigens tolerated by the body, and
exposure to new antigenic determinants. For example, denatured
v-globulins acquire antigenicity by exposing new antigenic deter-
minants, thereby inducing autoantibodies (rheumatoid factors).”
Besides, the body’s regulation of autoreactive B cells is also very
important. It is known that in mice, their Ts cells are significantly
reduced with an increase in their age. Owing to the premature
reduction of Tg cell function, excessive autoantibodies appear,
and autoimmune diseases similar to human SLE are induced.*
In addition, some viruses may avoid the tolerance of T cells by
changing the determinants of their antigens, which may also act
as an adjuvant of B cells (such as EBV) to promote the formation
of autoantibodies and participate in the pathogenesis of SLE.*!
In general, most researchers believe that it is a disease physiologic
process that destroys the body’s autoimmune balance and leads
to autoimmune disorder under the joint action of a variety of
pathogenic factors.”*** These pathogenic factors can be sum-
marized as genetic factors and external environmental factors.
Epidemiological data showed that the occurrence of this type of
disease tends to family inheritance.>*** The external factors
include physical factors, dietary factors, pathogen infection,
and drug factors.>®*” In terms of treatment, given that these
diseases cannot be cured, it is necessary to adopt a long-term
or even lifelong treatment program. Drug therapy is still one of
the most commonly used programs at present, which can be
divided into non-steroidal anti-inflammatory analgesics, gluco-
corticoids, immunosuppressants, targeted therapy, and immuno-
modulatory therapy.**“° Long-term regular medication can only
alleviate symptoms or delay the progress of the disease, and it is
also accompanied by many drug side effects.*’ As a second-line
treatment, surgical treatment is usually decided according to the
patient’s condition when there are complications or disabilities
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caused by joint injury. In addition, there are some other treatment
methods, such as plasma exchange, which have some effects, but
there is still not enough evidence to support their development as
a mainstream treatment.

In general, the treatment and management of these diseases
should be long-term and comprehensive.*” While alleviating
symptoms, they can delay the progress of the disease, and
actively prevent and control the occurrence of various compli-
cations to avoid repeated recurrence and greater damage to the
body. Patients should have a certain understanding of the
disease and pay attention to the observation of their disease
in life to avoid its recurrence and get timely treatment if there is
any change.”® Moreover, these patients should pay attention to
adjusting their lifestyle, giving up bad hobbies, maintaining a
peaceful state of mind, and avoiding infection.** With the
continuous development of medical technology, it is believed
that more treatment methods that are beneficial will become
available in the future, bringing more hope to patients.

3. Principle of nano-drug delivery
nanoplatform

In recent years, great progress has been achieved in overcoming
the shortcomings of targeted drugs in the pharmaceutical field
with the help of nanotechnology.*>*® Nano-drug carriers can
selectively accumulate in diseased tissues by enhancing the
trafficability on the cell membrane and the retention effect in
cells, changing the distribution of drugs in vivo and improving
their bioavailability to achieve a therapeutic drug concentration
in lesions.*””*° Meanwhile, the controlled drug release at the
lesion site is also important for the size of the carrier.”®
Premature or accidental release often fails to achieve good
therapeutic results.” At present, there are three main strategies
to solve this problem, i.e., passive targeting, active targeting,
and stimulus-responsive nanocarriers.

3.1 Passive targeted release

As one of the strategies to solve the problem of rapid meta-
bolism of drugs, passive targeting realizes the targeted treatment
of drugs mainly by enhancing the penetration and retention effect
to achieve the accumulation of long-cycle nanocarriers. Unfortu-
nately, the originally designed nanocarriers have a very short
circulating half-life and are quickly cleared by monocyte macro-
phages in the body’s innate immune system after intravenous
injection, and thus it is difficult to achieve an effective drug
therapeutic concentration.>” Polysaccharide or polyethylene glycol
residues are connected to the surface of the carrier by modifying
the surface of the improved carrier, which effectively prevents the
aggregation of the carrier and its interaction with blood
components.”® The modified nanocarrier significantly prolongs
the circulation time and effectively increases the concentration of
therapeutic drugs at the lesion site. To date, various modified
nanomaterials have been widely used in the treatment of auto-
immune diseases. For example, Zhang et al. developed a PLGA NP
delivery system.>* Polymer carriers based on PLGA and

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ma00814a

Open Access Article. Published on 12 September 2022. Downloaded on 13.02.26 12:54:44.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

polyethylene glycol polymer (PLGA-PEG) can solve the problems
of poor oral absorption and low water solubility of natural
compounds Res and BA. The advantages of PLGA make it the
best carrier for Res and BA, and the simple modification of
polyethylene glycol (PEG) provides additional targeting ability for
NPs. In vitro experiments confirmed that the nanoparticles have
sustained-release properties in vitro. HPLC analysis showed that
BA and Res had high encapsulation efficiency in NP. In addition,
the polymer-coated co-delivery system effectively improved the
anti-inflammatory effect of a single BA or Res, and its thera-
peutic effect on UC was significantly improved. However, the
limitations of passive targeting restrict its further development,
where it is difficult to ensure the release of drugs after reaching
the designated site due to its nonspecific passive targeting and
there is no specific relationship between the carrier and the
diseased tissue;>> consequently, researchers have proposed an
active targeting strategy (Fig. 1).

3.2 Active targeted release

Active targeting is proposed to solve the problem of the low
specificity of passive targeting.”® Active targeting nanocarriers
were prepared by employing active ligands for selective cell
binding.”” The active ligands include nucleic acids, proteins
(antibodies), peptides, and small molecules, such as poly-
saccharide molecules and vitamins.’®®° The corresponding
receptor molecules are overexpressed or only exist on specific
target cells.’ Due to the unique biological interaction between
receptors and ligands, nano-carriers circulating in the blood
can be directionally aggregated to the lesion site to achieve the
effect of drug internalization to the target tissue.’” The recep-
tors expressed in different autoimmune diseases have some
specificity with the corresponding ligands. The special factors
of the disease should be fully considered in the treatment
process. For example, in the treatment of SLE, correcting the
impaired clearance of apoptotic cells is considered to be an
ideal choice to suppress the autoimmune response and

@ EPR gect s ®
® o @ o
[ - -N-N-N-N-N-|

Blood vessel

Fig. 1 Schematic diagram of passive targeted release.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Review

alleviate the development of SLE. Therefore, the team of Zhu
et al. rationally designed and generated a nano drug carrier
based on mimicking apoptotic cells, ie., gold nanocage (Au
NC), which was delivered by the liver X receptor (LXR) agonist
T0901317.°* Through in vitro experiments, PS-lipos-Au
NC@T0901317 could effectively enhance the clearance of apop-
totic cells by increasing the expression of Mer, one of the key
phagocytosis-related receptors on macrophages, thereby redu-
cing the production of anti dsDNA autoantibodies, reducing
the inflammatory response, and alleviating the kidney damage
in lupus model mice. The combination of a receptor agonist
and receptor is the beginning of the active targeted release of
nanomaterials. Due to the specificity of receptor binding, this
process can occur accurately. In addition, PS-lipos-Au NC can
improve the poor solubility of hydrophobic agonists, prolong the
drug release time, and reduce related adverse reactions. Thus, this
team’s NP-based apoptotic analog drug delivery system for the
treatment of SLE provides a promising strategy for the effective
treatment of SLE. It is undeniable that the therapeutic effect is
significantly improved when the drug is loaded in the active
targeting nanocarriers. However, to ensure the excellent perfor-
mance of active targeting nanocarriers, various factors must be
considered comprehensively. Appropriate ligands and coupling
methods should be selected according to the differences in the
pathogenesis of different autoimmune diseases to achieve the
maximum therapeutic effect (Fig. 2).

3.3 Stimulus-responsive release

The third strategy is to synthesize stimulus-responsive nano-
carriers, including single stimulus and multiple stimulus
responses. This type of nanocarrier can respond to appropriate
stimuli in the surrounding environment, causing its structure
change and release drugs.®”®® The common internal and exter-
nal biological stimuli include biological enzymes, pH, magnetic
field, redox, light, and pressure.®®®” The action mechanism of
light-responsive nanocarriers is mainly carried out through a
photothermal or photodynamic reaction.®®®® Near-infrared
(NIR) light with a wavelength of 650-900 nm is one of the most
commonly used external light sources.”® In the photothermal
reaction, the nanocarrier, as a photothermal agent, absorbs
the external light source and converts it into heat energy

Active targeting

@ @ o _o
(€ 0)
® e 00" %

@,\ @ ® @  Biood vessel
_— [ )

Fig. 2 Schematic diagram of active targeted release.
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simultaneously, which induces a change in the structure of the
carrier, and then stimulates the release of drugs carried in it.”"">
Due to the controllability of the external light source in time and
space, the ideal controlled release of drugs can be realized after
the carrier is prepared by using nanomaterials with high photo-
thermal conversion efficiency simultaneously.”® In the photody-
namic reaction, the nanocarrier acts as a photosensitizer to
mediate the reaction and transfer the received light energy to
the surrounding molecules through the transformation between
energy states. Under the condition of sufficient oxygen, the reaction
produces a large number of cytotoxic reactive oxygen species (ROS),
such as singlet oxygen, hydroxyl radical, and hydrogen peroxide.”*”>
While releasing the drug, the ROS molecules can cause irreversible
damage to molecules such as DNA and protein, thus inducing the
death of immunogenic cells and achieving the expected therapeutic
effect.”®”” Compared with the previous stimulation of inducing
drug release from the carrier, lightinduced drug release has
attracted extensive attention due to its mild reaction conditions,
high biocompatibility, and easy control.

There is sufficient evidence to show that multi-stimulus-
response nanocarriers are more in line with the internal
environmental changes of the body than single stimulus-
response nanocarriers.”® The combination of pH, temperature,
redox, and light stimulation induces a change in the structure,
size, and chemical or physical properties of multi stimulus-
responsive nano-carriers.””*® For example, Gao et al. synthesized
the metal/semiconductor composite material Au NR@Cus.*' The
large octahedral void space could be used to load a large amount
of drug methotrexate (MTX) for chemotherapy and modified with
vasoactive intestinal peptide (VIP) and hyaluronic acid (HA) to
form VIP-HA Au NR@CuS NPs targeting synovial cells in RA.
Under laser irradiation, the integration of the Au NR and CuS
semiconductor photocatalyst not only could generate heat but
also introduce additional *OH into photodynamic therapy (PDT).
The in vitro fluorescence signals showed that the modified nano-
platform with VIP-HA targeting moiety significantly improved
the efficiency of cell internalization and improved the targeted
delivery of packaged products. The synthesized nanomaterials
accelerated the release of MTX under the dual stimulation of heat
and ROS. Under combination therapy, VIP-HA-Au NR@CuS NPs
could effectively inhibit synovial cells and the edema of CIA mice
was significantly reduced. The biological metabolism of nano-
carriers in vivo is also a focus of treatment. Within a few hours to
days after the treatment, nanocarriers could be cleared by extra-
vasation of the kidney and tissue, and larger ones could be
phagocytized by macrophages in vivo.*® A drug delivery system
based on nanomaterials is a novel and efficient treatment method
that has a good development prospect in the treatment of auto-
immune inflammatory diseases (Fig. 3).**

4. Nano-drug delivery platform for
rheumatoid arthritis

RA is a common chronic autoimmune disease, which is charac-
terized by inflammatory synovitis.*® Its feature is invasive and
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Fig. 3 Schematic diagram of stimulus-responsive release.

symmetrical arthritis of the small joints of the hands and feet,
which is caused by synovial hyperplasia. Proliferative synovium
secretes matrix-degrading enzymes to degrade cartilage
directly, resulting in cartilage degradation and related loss of
joint function.’® The etiology of RA is unknown and it is
initially ignored, missing the best treatment period during its
early stage of onset, which is similar to that of other inflam-
matory diseases. Therefore, early diagnosis is very important
and can achieve effective results for the treatment of RA.*’
Because of its high sensitivity and specificity, NIR-II photo-
acoustic (PA) molecular imaging (PMI) technology has become
the latest promising method for the highly sensitive and
specific diagnosis and treatment of RA. Here, Chen et al
designed an anti-rheumatism targeted drug, tocilizumab
(TCZ), combined with polymer nanoparticles (PNPs), called
TCZ-PNPs, to develop the first NIR-II treatment nanoplatform
for the early PA-guided treatment of RA. Their work proved that
TCZ-PNPs have good biocompatibility, high light stability, and
a strong NIR-II extinction coefficient. The NIR-II PMI results
showed that TCZ-PNPs have good targeting and could effectively
and noninvasively diagnose joint tissue of RA. In addition, one
month of monitoring and treatment showed that the use of
TCZ PNPs could significantly inhibit RA. Thus, TCZ-PNP-
assisted NIR-II PMI provides a new strategy for RA treatment
and monitoring (Fig. 4).%%

Besides indomethacin, non-steroidal anti-inflammatory
drugs (NSAIDs) are used to treat RA and non-arthritis RA.*
However, indomethacin is known for its damaging effect on the
gastrointestinal tract. A chitosan-lipid composite drug delivery
system could avoid the damage to the gastrointestinal tract
caused by drugs and enhance the stability of drugs. According
to the current research results, microfluidic simulation seems
to be the most promising method to prepare an indomethacin
release system featuring the conditions of large capacity, rapid
release, no serious conditions, and accurate control of the
covering process, which has great potential in the clinic.”

Biological therapy, drug delivery nanoscale systems, photo-
thermal therapy (PTT), and PDT have been used in the treat-
ment of RA, including hydrogels, metal matrices, polymer
matrices, and organic nanomaterials. However, the vast
majority of nanomaterials still have various shortcomings,
including low drug loading and low light conversion. It is
urgent to explore new materials beyond the above-mentioned

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Schematic illustration of TCZ-PNPs for NIR-II photoacoustic (PA) imaging and therapy of RA model mouse. (b) Normalized UV-vis-NIR
absorption spectra of PBDTBBT in CHCls solution and the encapsulated TCZ-PNPs in water. (c) TEM images of TCZ-PNPs. (d) Statistical result of PA
intensity of different concentrations of TCZ—PNPs. (e) MAP PA images. (f) Corresponding statistical data of forepaws in normal group, saline, TCZ, PNPs,
and TCZ-PNPs-treated RA groups. (g) H&E staining images. (h) Histology score in the normal group, saline, TCZ, PNPs, and TCZ-PNP-treated RA groups.
Adapted and reprinted with permission from ref. 85 Copyright 2020, Wiley-VCH GmbH.

limitations. Yolk-shell nanostructures have unique morpho- density, which have attracted much attention in the field of
logical characteristics of a large specific surface area and low biomedicine.!
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(f) H&E staining method was used to identify the histopathology of the joints in different treatment groups. (g) Flow cytometric analysis of FLS cell
apoptosis/necrosis after various treatments. Adapted and reprinted with permission from ref. 81 Copyright 2021, Elsevier Ltd.

Huang et al. designed a metal-semiconductor composite,
i.e., core-shell Au NRs@CuS nanocomposite, for the treatment
of RA by PDT, PTT, and chemotherapy (Fig. 5). Au NR@CuS
(100 pg mL™") in the process of 808 nm laser irradiation
exhibited an increase in temperature to about 37 °C within
5 min at the fastest rate. This experimental condition avoids the
negative effects of high temperature on normal tissues. It not
only could produce the heat required for treatment but also the
laser irradiation without NPs will not damage normal cells.
The photothermal conversion efficiency of gold calculated for
Au NR@CuS under 808 nm laser irradiation was about 67.2%.

7692 | Mater. Adv, 2022, 3, 7687-7708

*OH production was evaluated using methylene blue (MB).
Upon irradiation at 0.5 W em™ > for 5 min, Au NR@CuS could
bleach more than 90% of MB. The semiconductor photocatalyst
combines the Au NRs and CuS nanometer material with a
Fenton-like reaction, which can inhibit the recombination of
photogenerated electrons and holes, provide a place for photo-
catalytic reactions and introduce additional *OH photodynamic
curative treatment. In addition, the big hole space in Au
NR@CuS NPs can act as a nuclear power source. We can to
load chemotherapeutic drugs and modify them by VIP HA Au
formed by VIP and HA NR@CusS NPs for the targeted therapy of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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RA synovial cells. Octahedral CuS semiconductors and plasma
gold nanorods were integrated in gold NR@CusS yolk-shell NPs
and could effectively remove hyperplasia of synovial tissue
caused by RA. Under combined treatment, VIP-HA Au NR@Cu$S
NPs could effectively inhibit the proliferation of synovial cells
in CIA mice and significantly reduce the degree of edema in
CIA mice. Furthermore, in vitro and in vivo research showed
that the VIP-HA Au NR@CuS NPs offer potential possibilities
for the therapy of RA. MTX is one of the latest drugs for the
treatment of RA. Huang et al. also confirmed that drug-loaded
NPs have a perfect drug loading performance and can load the
drug MTX under different and the same pH conditions to
control and release the drugs.®’ Guo et al. also chose metal
nanomaterials as drug carriers and used a metal-organic
framework (MOF) as a nanocarrier to deliver MTX with an
extremely high drug loading and simple and environmental
preparation method.”"
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Therefore, they combined MTX with tannic acid (TA) in the
ratio of 2: 1, after coordinating with the iron ion (Fe3"), reason-
ably designed MOFs, and then modified their surface with HA.
The generated MOF achieved continuous drug release and
an ultra-high drug loading (45%). The in vivo therapeutic
evaluation showed that it could selectively recognize diseased
cells to obtain anti-inflammatory effects (Fig. 6). The MOF
could enhance the anti-rheumatic activity of MTX by targeting
administration and minimizing its toxic effect. Khan et al. used
polycaprolactone polyethylene glycol polycaprolactone (PCL-
PEG-PCL) nano-carrier through ring-opening copolymerization
as a carrier for loading MTX.** This carrier enabled the drug to
play an efficient utilization role in vitro and further reduced
the side effects of the drug when its encapsulation efficiency
was high. In lipopolysaccharide-activated macrophages, the
PCL-PEG-PCL nano-carrier showed excellent properties of
blood compatibility, very high absorption rate, and continuous
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Fig. 6 (a) Schematic illustration of the construction of MTX-TA/Fe**@HA for targeted RA treatment. (b) UV-vis spectra of MTX-TA, FeCls, and MTX-TA/
Fe®* MOFs. (c) Hemolysis percentage of MTX-TA/Fe** and MTX-TA/Fe**@HA. (d) TEM images of ZIF-8, HKUST-1 and TA/Fe** MOFs. (e) Body weight of
the mice after different treatments. (f) H&E staining images of the ankle joints of the mice after different treatments. Adapted and reprinted with

permission from ref. 91 Copyright 2020, Elsevier B.V.
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release. In the optimized nano micelles, eucalyptus oil was used
as a penetration enhancer for easy use on the skin. It signifi-
cantly improved the permeability of the nano micelles through
the skin. The MTX nanomicelles significantly improved the
pharmacokinetics of the drug and its half-life was prolonged by
4.34 times more than that of the free MTX. The MTX nano
micelle hydrogel significantly reduced the MTX-induced hepa-
totoxicity without activating the immune system.”>

Nanomaterials can avoid the hepatotoxicity caused by RA
drugs. Talegonkar et al. developed HA functionalized hydro-
xyapatite nanoparticles (HYA-NPs) containing MTX and TEF to
load and deliver MTX and TEF.”® For the % entrapment
efficiency (% EE) and % drug loading (% DL), compared with
HAMT NPs, it was found that the % EE and % DL of MTX and
TEF were higher in HYA-HAMT NPs. The experimental results
showed that the uptake and cytotoxicity of the HYA-HAMT NPs
were significantly enhanced, and the radioactive percentage of
HYA-HAMT NPs in the synovium area within 24 h (76.76%)
significantly increased (p < 0.05). In the evaluation of hepato-
toxicity, HYA-HAMT NPs reduced the hepatotoxicity to about
29.66% compared with the commercial formula.”

M1 macrophages, which secrete various inflammatory cyto-
kines, are one of the main factors that cause RA. To alleviate
synovial inflammation, it must be transformed into an anti-
inflammatory M2 phenotype or directly cleared of M1 macro-
phages. Compared with conventional drugs acting on M1
macrophages, novel drug loading in NPs treated by this method
showed less cell viability. Yang et al. developed a material that
can be actively transported to M1 macrophages and synergisti-
cally induce M2 macrophage polarization and M1 macrophage
reduction, which is modified by folate and silver nanoparticles
(FA-Ag NPs).”* Intracellular glutathione (GSH) plays a series
of key roles in anti-inflammatory, including M1 macrophage
apoptosis, to promote M2 macrophage polarization. These
factors contribute to the treatment of RA and the folate receptor
is overexpressed on the surface of M1 macrophages. FA-Ag NPs
are dissolved and sustainably release Ag’, causing GSH to
exhibit a series of anti-inflammatory effects, which makes
ROS clear M1 and macrophages undergo apoptosis, to promote
the polarization of M2 macrophages. When activated macro-
phages were treated with 0.9 nm FA-Ag NPs, the percentage of
apoptotic cells gradually increased with time and reached 50%
after 48 h of culture. They were shown to have effective anti-
inflammatory activity and play a significant therapeutic role
in a high biosafety RA mouse model. The FA-Ag NPs were
removed from the body mainly through feces after treatment.
They did not show any obvious long-term side effects and no
tissue accumulation. This experimental work used only bio-
active NPs to treat RA and loaded no drugs, emphasizing the
advantage of FA-Ag NPs to target the treatment of RA by
simultaneous M1-to-M2 macrophage repolarization and M1
macrophage apoptosis.

The transdermal delivery of aceclofenac (ACE) hydrogel is an
effective way to treat inflammatory diseases. Tyagi et al. used a
nanostructured lipid carrier (NLC) based on the transdermal
delivery of a high-efficiency transdermal drug delivery system

7694 | Mater. Adv, 2022, 3, 7687-7708

View Article Online

Materials Advances

(ACE-NLC) hydrogel with high stability. In addition, ACE-NLC
could penetrate deeply into the skin and keep the skin com-
pletely intact.>®

The multifunctional nanoplatforms designed by Li et al. are
based on gold nanoparticles (Au NPs) encapsulated by 5th
generation (G5) polyamine dendrimers to achieve the anti-
oxidant co-delivery of anti-inflammatory TNF-o siRNA and
tocopherol succinic acid (o-TOS) to macrophages.”® The
amine-terminated G5 dendrimer macromolecule was continu-
ously connected with 1,3-propane sulfone (1,3-PS) through a
PEG spacer and PEGylated FA o-TOS was functionalized, and
then encapsulated with NPs. Also, the generated Au DENPs,
which were functional, showed FA-mediated targeting specifi-
city, and the antifouling property of vitellin was compatible
with double cells, enabling serum-enhanced siRNA to be trans-
ported to M1 macrophages.

5. Nano-drug delivery platform for
systemic lupus erythematosus

SLE is an autoimmune connective tissue disease, which mostly
occurs in young women.”” Its pathogenesis is low tolerance to
autoantigens. The continuous production of pathogenic auto-
antibodies will cause damage to tissues and multiple organ
NP-based therapies have been proven to effectively slow down
the development of the SLE disease.”®'° There are some
reports on nano drugs that play an important role in the
pathogenesis of SLE. Here, apoptotic cells were encapsulated
in a simulated Au NC by coupling phosphatidylserine (PS) to
the surface of liposomes. Then, the LXR agonist T0901317
was used as the carrier. Au NC was reasonably designed and
prepared, which could correct the damage of apoptotic cell
clearance in SLE. Firstly, uniform Au NC with a size of 69 +
5 nm were prepared via the current displacement process
between HAuCl, and a sacrificial template such as Ag NC.
Au NC and T0901317 were incubated together and the solvent
was removed from Au NC@T0901317 by vacuum freeze-drying.
To improve the biocompatibility of Au NC, liposomes with high
mobility and interfacial tension were coated on them based
on the interaction between the liposomes and Au NC. Here, 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC) was chosen to
form liposomes together with 1,2-distearoyl-sn-glycero-3-[phospho-
L-serine] (sodium salt) (DSPS) and 27-hydroxycholesterol because
DSPS can be recognized and bind to PS receptors on macrophages,
whereas 27-hydroxycholesterol constitutes an endogenous ligand
for LXR. As shown in Fig. 7a, liposomes with a thickness of 4 nm
were successfully coated on Au NC@T0901317 and formed
relatively stable PS-lipos-Au NC@T0901317. Mer is a tyrosine
kinase of phagocytosis-related receptors. It plays a key role in
phagocytosis and the clearance of apoptotic cells. In SLE, it is
downregulated on macrophages, leading to an autoimmune
response to autoantigens and developing into chronic organ
damage and inflammation. Their findings demonstrated that
the PS-lipos-Au NC@T0901317 NP-based drug delivery systems
that mimic apoptotic cells could specifically target macrophages

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic illustration showing the preparation procedure of T0901317-loaded PS—-lipos—Au NCs. (b) Transmission electron microscopy

images of Au NCs and PS-lipos—Au NCs (upper right corner). (c) Cell viabilities of BMDMs incubated with different concentrations of lipos—Au NCs and
PS—lipos—Au NCs for 24 h. (d) Confocal laser scanning microscopy images of the uptake of FITC labeled lipos—Au NCs (upper) and PS—lipos—Au NCs
(lower) by BMDMs after co-incubation for 2 h. (e) Expression level of Mer protein in bone marrow-derived macrophages (BMDMs) of lupus mice.
(f) Expression level of Mer on the surface of BMDMs from lupus mice. (g) 24 h urinary protein excretion levels of lupus mice injected twice weekly from
16 to 32 weeks of age. Adapted and reprinted with permission from ref. 63 Copyright 2020, Elsevier Ltd.

and significantly enhance the phagocytic clearance of apoptotic
cells by increasing Mer expression on bone marrow-derived
macrophages (BMDMs) and splenic macrophages. Phagocytosis
of these NPs was further assessed using confocal laser scanning
microscopy (CLSM), which was consistent with the results of
flow cytometry. Simultaneously, they also demonstrated that the
phagocytosis of PS liposome Au NC was largely dependent on
PS receptors, such as Mer. Given that BMDMs show similar
biological characteristics to normal macrophages, they used

© 2022 The Author(s). Published by the Royal Society of Chemistry

BMDMs in this study to investigate whether lipos-Au NCs and
PS-lipos-Au NCs were toxic to normal macrophages. After
incubation with lips-Au NCs and PS-lips Au NCs for 24 and
48 h, the cell viability of BMDMs was determined by CCK8. The
viable BMDMs remained at levels of 74.2% and 74.4% even
at the concentration of 10 umol L' in the lipos-Au NC and
PS-lipos-Au NC treated groups, respectively, after co-incubation
for 24 h. Therefore, it effectively slowed down the progression of
SLE in mice, helped to reduce the production of anti dsDNA
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autoantibodies, reduced systemic inflammation, and alleviated
kidney damage. Thus, drug delivery systems based on apoptotic-
mimicking NP provide a promising strategy for SLE treatment by
addressing the key pathogenesis of this refractory disease
(Fig. 7).%

Scientific research has presented new methods for the
fabrication of nano-drug delivery systems. A monomethoxy-
(polyethylene glycol)-poly(p,i-lactide-co-glycolide)-poly(i-lysine)
(mPEG-PLGA-PLL) nano-delivery system was constructed and
used to deliver microRNA-125a (miR-125a) to splenic T cells and
participate in the treatment of SLE. Their experiments proved
that the miR-125a-loaded mMPEG-PLGA-PLL (PEALp,ig.1254) NPs
could protect miR-125a from degradation and had good bio-
compatibility to prolong the circulation time of miRNA in vivo.
Moreover, PEALnir125a NPs preferentially aggregated in the
pathological spleen organs of SLE and effectively transported
miR-125a to spleen T cells. To explore whether peal or pealmir-
125a NPs have toxic effects on T cells, dexamethasone (Dex) was
used as a positive control, which could directly inhibit T cell
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proliferation and induce T cell apoptosis (Fig. 8b). The experi-
mental data showed that peal and PEAL,ir-1252 NPs had negli-
gible effects on T cell proliferation and apoptosis. On the
contrary, Dex inhibited T cell proliferation and induced apop-
tosis. The PEAL,ir-1252 NPs significantly inhibited the progress
of SLE. Compared with the same dose of free miR-125a in the
mouse model after four weeks of systemic medication, the
PEALir125a NP nano-drug delivery system wonderfully
improved the treatment effect of miR-125a in vivo and had good
safety.’®’ In addition, studies have shown that PEAL 1250 NPs
offer a treatment strategy for SLE. Thus, this formula may also be
more widely used in other immune diseases (Fig. 8).

Exosomes are extracellular vesicles (EV) encapsulated by
nano lipid bilayers. Because of their inherent ability to shuttle
lipids, proteins, and genes between cells and their natural
affinity with target cells, they have attracted increasing attention.
Their inherent characteristics, such as biocompatibility, stabi-
lity, low immunogenicity, and the ability to overcome biological
barriers, have prompted researchers to be interested in using
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(a) Schematic illustration of microRNA-125a-loaded polymeric nanoparticles alleviate systemic lupus erythematosus. (b) Splenic T cells were

incubated with Dex or different concentrations of PEAL or PEALr-1252 fOr 24 h. Then, the percentage of apoptotic T cells was analyzed by flow
cytometry. (c) Tregs were induced by PBS, free miR-125a, PEALmir-125a OF Dex, plus TGF- for 72 h. (d) TEM images of PEALnc NPs. (e) Proteinuria was
measured at different intervals. (f) Representative fluorescence images of organs from MRL/MpJ mice and MRL/lpr mice. (g) Skin lesions from SLE mice
with different treatments. (h) IHC images of kidney sections for renal deposition of anti-C3. Adapted and reprinted with permission from ref. 101
Copyright 2020, the American Chemical Society.
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exons as drug carriers. Especially in gene therapy, exons play a
significant role in immune tolerance, stimulating and regulating
immune signals and inflammation. Thus far, exon-based nanocar-
riers have been developed to treat common autoimmune diseases.
Various evidence showed that the existence of EV-specific patterns
and their products plays an important physiological and patholo-
gical role in SLE.'** Thus, EV have great potential for the diagnosis,
prediction, prognosis, and targeted treatment of SLE.

Glucocorticoids can be used to treat SLE, but their adverse
reactions offset their therapeutic advantages. A new nano hydro-
gel for the continuous administration of Dex was designed to
ameliorate the duration and reduce the dosage of the treatment.
Hydrogel is a soft material composed of water swelling cross-
linked polymers. The insertion of a cyclodextrin (CD) moiety
increases the location of the hydrophobic drug complex. Poly-
amine amine (PAA) is a biocompatible and biodegradable
polymer, and it is easy to generate CD in hydrogels. In vitro
experiments revealed that upon pretreatment with Dex for
24-48 h under simulated inflammatory conditions, the -CD/
PAA nanoscale gel inhibited the adhesion of Jurkat cells to
human umbilical vein endothelial cells (HUVEC). The results of
in vitro experiments showed that compared with the free drugs,
the CD/PAA nano Dex preparation was more effective and
showed an effect faster at lower doses. In addition, the f-CD/
PAA nanogel inhibited COX-2 expression in Jurkat cells induced
by phorbol 12-myristate 13-acetate (PMA) + A23187. The nano-
gel showed an effect in Jurkat cells in the concentration range
of 107®-10"> M within 10 weeks, while Dex was only effective at
107> M after 48 h of treatment. Therefore, the new nanogel Dex
preparation combined with faster action and a lower dose
indicates that it may be easier to manage than free drugs and
reduce their side effects. The morphology and physicochemical
properties of the Dex gel are suitable as sustained release
ophthalmic drug delivery systems. Therefore, for eye diseases
caused by SLE, Dex in CD/PAA gel represents a potential new
strategy for preparing eye drops, which can make up for the
shortcomings of drugs (Table 1)."%?

6. Nano-drug delivery platform for
ulcerative colitis

UC is a chronic nonspecific inflammatory affecting the rectum
and colon.'®*'% The injury of the intestinal epithelium is due

Table 1 Application of nano-drug delivery platform in RA and SLE
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to the inflammatory reaction of lumen microbiota caused by
the activation of the immune system and the production of
cytokines. UC can lead to a variety of complications, such as
abdominal pain, diarrhea, and rectal bleeding. If the patient
does not get treatment in time, UC may further lead to color-
ectal cancer.'®

ROS are a pool of chemically active oxygen-containing
molecules produced by the normal metabolism of oxygen.
Although low levels of endogenous ROS are required to main-
tain normal cellular function by regulating oxygen homeostasis
and cellular signaling, their overproduction is closely related to
the pathogenesis and development of inflammatory diseases.
Both experimental and clinical evidence indicate that ROS
overproduced by infiltrating inflammatory cells in the intest-
inal mucosa may amplify the inflammatory response, trigger
mucosal damage, and accelerate mucosal ulceration in the
pathogenesis of UC.'”” The traditional and current popular
treatment options for UC include amino salicylates, immuno-
suppressants, antibiotics corticosteroids, and biologics.
Treatment with antioxidants or free radical scavengers may
also reduce colitis. However, due to various reasons, only
limited success has been achieved thus far. Recently, nanome-
dical methods have been proven to have great potential in the
diagnosis, prevention, and treatment of various diseases. For
the treatment of gastrointestinal diseases, NPs also show
special advantages, such as protecting payloads from instability
or hydrolysis, improving bioavailability, and increasing drug
release/retention at disease sites.'®® Thus, to overcome these
limitations and to solve these problems of UC, researchers have
developed a drug delivery system based on nanotechnology.
Cyclooxygenase-1 (COX-1), which helps reduce inflammation,
fever, and pain, and reduces side effects, is closely related to
COX-1 inhibition. Celecoxib (CLX) is an NSAID, which cannot
affect COX-1 and inhibit cyclooxygenase-2 (COX-2). CLX treat-
ment may have an effective therapeutic effect on UC and reduce
the side effects of traditional NSAIDs. However, although CLX
has many advantages, it still has some shortcomings, such as
low oral bioavailability, large distribution volume, and poor
water solubility. Thus, to solve these problems, Khan et al
developed NLC to encapsulate CLX. In nano lipid formulations,
a colloidal lipid carrier containing solid lipids with an average
particle size of 100-1000 nm, dispersed in water or aqueous
surfactant, is a solid lipid nanoparticle (SLN). SLN has the
advantage of protecting active ingredients and regulating the

Diseases Nanomaterials Average size (nm) Drugs Ref.
Rheumatoid arthritis VIP-HA-Au NR@CuS NPs Length of 98.9 and width of 22.7 MTX 81
Rheumatoid arthritis TCZ-PNPs 190 £ 5.6 TCZ 88
Rheumatoid arthritis MOFs 50.0 MTX 91
Rheumatoid arthritis PCL-PEG-PCL 31.0 MTX 92
Rheumatoid arthritis FA-Ag NPs 0.8-0.9 MTX 93
Rheumatoid arthritis HYA-HAMT-NPs 274.9 + 64 MTX/TEF 94
Rheumatoid arthritis Au DENPs 2.1 a-TOS 96
Systemic lupus erythematosus PS-lipos-Au NC 69.0 £+ 5.0 T0901317 63
Systemic lupus erythematosus mPEG-PLGA-PLL 118.9 + 1.45 miR-125a 101
Systemic lupus erythematosus B-CD/PAA 314 + 3.5 Dex 103
© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv,, 2022, 3, 7687-7708 | 7697
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release of drugs. However, there are only solid lipids in tradi-
tional SLN, and these solid lipids have some limitations, such
as limited drug loading function, poor stability, and low release
rate during storage. Alternatively, NLCs have storage capacity
for numerous drugs with very few ordered lipid matrix defects.
Thus, it is an effective solution to these problems including low
oral bioavailability, large distribution volume, and poor water
solubility because it is easy to produce and contains no organic
matter. The aim of one study was the preparation of CLX-
loaded Eudragit S100 (EUD S100)-coated NLC to treat colitis in
Swiss albino mice induced by dextran sodium sulfate (DSS).
NLC was prepared with glycerol monostearate (GMS) as a solid
lipid, geraniol as a liquid lipid, and PF-127 as a water-soluble
emulsifier. Besides, the main requirement of colon-targeted
preparation is to resist erosion in the acidic environment of the
stomach and deliver it to the colon successfully. After the CLX-
NLCs were formulated, they were coated with gastric-resistant
colon-specific polymer EUD S100 to ensure that the CLX is
protected from the acidic stomach environment. Simulta-
neously, NLC loaded with CLX could be specially delivered to
the colon. In this study, they successfully developed a novel
celecoxib drug biocompatible nano formulation with colon-
specific properties. Notably, the nanocarriers were developed
using generally recognized as safe (GRAS) compounds approved
by the Food and Drug Administration (FDA), which are non-
toxic, available to the human gut, and cost-effective, and thus
the nanocarriers are reliably safe. Their study also demon-
strated that EUD S100-coated CLX-loaded NLC is a convenient
nanoparticle that can adequately target colonic tissue. NLC has
good properties, showing the sustained release of CLX in
physiological buffer solutions, and is compatible with normal
cells. EUD S100-coated CLX-loaded NLC can play an effective
role in the treatment of DSS-induced inflammation, which has
a good prospect in the treatment of UC."%®

Mice treated with CLX alone and treated with EUD S100-
coated CLX-loaded NLC resulted in significant weight gain
compared with the DSS group, and the length of the colon
was observably shortened with the DSS treatment. However,
EUD S100-coated CLX-loaded NLC restored the length of the
colon. Meanwhile, NLC cured with EUD S100 coated with CLX
could protect the colon by promoting sulphomucin secretion
and its conversion to sialobacilin."®® Khan et al. used EUD 5100
to coat CLX to protect drugs from the harsh stomach environ-
ment, while they also used EUD S100 to coat NPs to bypass the
worn stomach environment.

The aim of Khan et al. was to prepare an oral drug delivery
system that bypasses the hostile gastric acid environment and
can locally target the inflammatory colonic epithelium by
preparing 5-aminosalicylic acid (5-ASA) gelatin NPs and wrap-
ping these NPs on the intestinal coating polymer EUD S100.
Simultaneously, 5-ASA can produce and promote an anti-
inflammatory response. In this study, EUD S100 gelatin NPs
loaded with 5-SAS exhibited the most ideal physical and
chemical properties. The transmission electron microscopy
(TEM) micrographs showed that the final NPs were nearly
spherical in diameter from 225 nm to 250 nm without any
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aggregation. Moreover, the NPs showed a slightly positive zeta
potential. A high zeta potential value is conducive to particle
rejection, preventing particle aggregation and avoiding particle
sedimentation, thus providing good stability for the dispersion
of NPs. In addition, in the study by Khan et al., NPs showed
considerable cytocompatibility both in vitro and in vivo possibly
mediated by the modulation of inflammatory cell activation
and accumulation and subsequent improvement in inflamma-
tory biomarkers. Considerable cytocompatibility plays a protec-
tive role in mice. This may be through the accumulation
and activation of inflammatory cells, thereby improving inflam-
matory symptoms. Thus, 5-ASA NP has an excellent anti-
inflammatory capacity and may be another supplement to treat
UC.109

In addition to using EDU S100-coated NPs, polylactic acid-
glycolic acid copolymer (PLGA) can be directly used as a carrier
of the agent without the need for coating EDU S100. As a Food
and Drug Administration (FDA)-approved polymer, PLGA has a
great ability to biodegrade, increase the solubility of hydro-
phobic drugs, effectually transport more drugs to the diseased
part, and slowly release encapsulated drugs. Zhang et al. and
Ma et al. both used PLGA-loaded drugs to synthesize NPs.

Zhang et al. developed a PLGA NP delivery system targeting
P-selectors. Natural compounds are a great source of anti-
inflammatory drugs. Resveratrol (Res) is a naturally occurring
styrene-like substance (a polyphenol), which has been shown in
animal models to improve damage in several diseases, includ-
ing cardiovascular disease, inflammatory bowel disease (IBD),
ischemic injury, and cancer. According to some research,
Res can inhibit UC in mouse models. Meanwhile, it has also
been observed that dietary triterpene birch acid (BA) can lower
myeloperoxidase (MPO) in the colon and the levels of
lipid peroxide, and can also restore colitis mice catalase and
superoxide dismutase (SOD), drop low glutathione levels, and
significantly diminish inflammation media such as matrix
metalloproteinases and the expression of prostaglandin E2.
Besides, BA alleviated visceral ache caused by mustard oil
and acetic acid in mice. The results showed that the effect of
Res on UC was complementary to Res, suggesting that the
combination of BA and Res may have synergistic effects on UC.
PLGA as a drug delivery carrier, has excellent biodegradability,
biocompatibility, and good sustained drug release and other
advantages, and simultaneously, the drug-loaded PLGA not
only makes the NP PEG polymer have good stability but also
helps NPs avoid removal by the reticuloendothelial system,
making NPs has a longer cycle time in the body. In addition,
the simple modification of PEG provides additional targeting
capabilities for NPs. Importantly, PLGA-based carriers are
particularly advantageous for the delivery of hydrophobic
drugs. They can effectively improve the solubility of hydropho-
bic drugs and have high encapsulation efficiency, making them
the best carrier for Res and BA. P-Selectin is expressed on the
endothelial cells of most tissues, which is a membrane glyco-
protein. It is worth noting that in ulcerative colon inflammation
parts, higher P-selectin expression is found but is absent in
healthy human and mouse tissues, showing that P-selectin is a

© 2022 The Author(s). Published by the Royal Society of Chemistry
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possible nano drug to the colon conveying a specific target to
treat UC. To prepare P-selectin-targeted NPs co-delivered by BA
and Res to colon endothelial cells, Zhang et al. prepared surface
P-selectin binding peptide (PBP)-modified PLGA NPs and
bound them with two lipophilic dyes (Fig. 9).>*

The NPs had a size of 184.3 £ 7.1 nm, a narrow poly
dispersion index (PDI) of 0.051.

The total concentration of DiL and DiD was adjusted, and
the measured fluorescence intensity increased from 60 pM to
80 puM. A strong fluorescence signal was observed at 670 nm,
and the highest energy transfer efficiency was obtained
(Fig. 9¢), a negative zeta potential, and the characteristics
of sustained-release in vitro. HPLC analysis showed that BA
and Res had high entrapment rates in NPs. In addition, the
polymer-coated co-delivery systems effectively improved the
anti-inflammatory role of individual BA or Res, and p-selectin-
mediated targeting increased the accumulation of NPs in
the inflammatory colon. This approach provides a potential
co-delivery system for the transport of natural nanomedicine to
achieve UC-targeted therapies and provides a non-invasive and

© 2022 The Author(s). Published by the Royal Society of Chemistry

highly sensitive method for precisely observing inflammatory
illness.

Ma et al. also used PLGA as a drug carrier. S100A9 is a
potential target molecule to treat colitis, but thus far, no
effective targeting method has been found. The research goal
of Ma et al. is to develop an effective and secure drug transport
system targeting S100A9 nanometers. Then, they developed
an oral nano transport system to synthesize PLGA-TAS NPs
using PLGA-loaded S100A9 inhibitor Tasquinimod. TLR4 over-
expressed macrophage membranes (MMS) were used to wrap
NPs to prepare MM-PLGA-TAS, which allowed the nano-
particles to accumulate specifically in the area of colitis.
According to dynamic light scattering (DLS) measurements,
the average diameter of MM-PLGA-TAS NPs was 207.2 nm
and that of the uncoated PLGA-TAS NPs was 168.1 nm.
PLGA-TAS and MM-PLGA-TAS are spherical materials with
an average diameter of 162 nm and 181 nm, respectively.
TEM showed that the thickness of the macrophage membrane
is about 11 nm. The drug loading and entrapment efficiency of
TAS in PLGA were 6.37% + 0.26% and 67.42% =+ 1.79% pg mg ™",
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respectively. In addition, these nanoparticles were stable under
the storage condition of 4 °C, and their particle size and zeta
potential remained stable in deionized water for one week. These
results indicate that the synthesized nanoparticles have suitable
particle size and stability and have a good cell membrane coating
effect. Simultaneously, they also show that the modified nano-
system is a feasible scheme for the treatment of UC.""*

Ma et al. proposed a convenient oral-targeted colitis delivery
system for the treatment of mice with UC. This system encour-
aged the drug to accumulate in the inflamed colon tissue,
reducing the risk of systemic exposure, and thus is an effective
treatment for UC. Ma et al. used a TLR4 overexpressed macro-
phage membrane (MMS) to coat NPs to prepare MM-PLGA-TAS
with a certain targeting function."'* Similarly, Gao et al. devel-
oped and designed a food-derived microoral delivery system for
UC, which also utilized the macrophage targeting capability of
B-1,3-p dextran microcarrier yeast cell wall particles (YPs). They
formed nanoparticles (EMO-NPs) by coating emodin (EMO)
with lactoferrin (LF) targeting intestinal epithelial cells, and
then loaded them in YPs to form the final formulation with
two outer and inner targeting layers (EMO-NYPs). Notably, YPs
and LF are both food-derived nanocarriers, and YPs have good
ability to protect the stability of EMO-NYPs in the gastric
environment and control the release of loaded EMO NP around
the colon. For the inner layer targeting strategy, EMO NP loaded
with LF ligand can target LF receptor (LFR) on the surface of
intestinal epithelial cells, increase the uptake efficiency of EMO
NPs by cells and enhance mucosal repair effect. These external
and internal targeting structures may play a role in enhancing
the anti-inflammatory capacity of EMO and mucosal repair,
respectively. Based on cellular uptake assessment, EMO NP and
EMO-NYP target the DECT-1 and LF receptors on the cell
membranes of Caco-2 cells and macrophages, respectively.
According to these results, EMO-NYPs are a safe and effective
oral drug delivery system against UC (Fig. 10)."**

Gao et al. constructed EMO-NPs and EMO-NYPs to realize
dual-targeting NPs. The dual biological response of Rhein (RH)
in promoting the repair of colonic mucosal injury and control-
ling inflammatory response was combined with a dual-targeted
oral nano drug delivery strategy (intestinal epithelial cells and
macrophages) for the effective treatment of UC. Briefly, CP/HA/
Rh NPs encapsulated in LF were modified with calcium pectin
(CP) and HA carbohydrates. The CP layer made CP/HA/Rh NP
steadier, which could protect them from the acidic environ-
ment of the gastrointestinal tract, and then release HA/Rh NPs
to the site of colonic lesions. Because Rh had no obvious
fluorescence, they used Cg as a fluorescent probe for tracking.
When the concentration increased from 6.25-100 ng mL " and
the time increased from 0 to 4, the fluorescence intensity of Ce
in HA/C6 NPs increased significantly, indicating that the
uptake of C4 NPs by HA/Caco-2 cells was concentration and
time dependent. After Caco-2 cells were incubated with free Cg,
Cs NPs, or HA/CgNPs at a Cg concentration of 100 ng mL ™" for
4 h, the fluorescence intensity of C6NPs or HA/CsNPs was
significantly higher than that of free C¢ tested by FCM (p < 0.01).
However, there was no significant difference in fluorescence

7700 | Mater. Adv., 2022, 3, 7687-7708

View Article Online

Materials Advances

intensity between C¢ NP, C NP, and HA/C¢ NPs. In contrast, when
Ce NP or HA/Cs NP was exposed to Caco-2 cells, the intracellular
fluorescence decreased significantly (p < 0.01). Caco-2 cells were
pre-incubated with free LF, and LF bound to the receptor site on
the surface of Caco-2 cells in advance. According to the results of
the cell uptake assessment, the NPs specifically targeted with the
LF and HA ligands increased uptake rates. The experimental
result showed that CP/HA/Rh NPs inhibited the TLR4/MyD88/
nuclear factor kappa-B (NF-kB) signaling pathway to observably
reduce inflammation and accelerate colon recovery (Fig. 11). The
nanostructures were specifically designed for the pharmacological
effects of RH in the anti-inflammatory response and repair of
colonic mucosal damage. Simultaneously, all the nanomaterials
in the NP, such as CP, LF, and HA are food grade and eco-friendly.
In addition, the preparation method of NPs is relatively simple,
and the drugs and polymers are relatively cheap and can be
used in large quantities. It is worth mentioning that most oral
nanoparticle drug delivery systems only target one site or one cell.
This study provides a new strategy to target two different cells
simultaneously based on different mechanisms of UC treatment.
Finally, they observed that RH could inhibit the expression level of
proinflammatory cytokines and improve DSS-induced colitis in
mice. Therefore, nanosystems are an effective, safe and relatively
simple oral drug delivery system.""

The preparation of nanomaterials not only needs to over-
come the wear of the gastric environment but also needs to deal
with the significant degradation of therapeutic drugs caused by
the lysosomal environment. pH-responsive nano bomb delivery
system can significantly improve the efficiency of drugs in the
cytoplasm and effectively reduce the degradation of enzymes in
lysosomes, but previous pH-responsive nano bombs are often
complex and expensive. Therefore, the goal of Zhang et al. was
to build an r-arginine pH-activated nano bomb system loaded
with PS (HA-PS@NPs) modified by HA to cure UC. The mecha-
nism of action is r-arginine-CO, (L-Arg-CO,) in HA-L-Arg
at lysosomal acidic pH-CO,@NPs, the carrier releases carbon
dioxide and produces a ‘“nano bomb effect”, triggering the
escape of PS lysosomes. Meanwhile, the inflammatory colon is
effectively targeted by CD44 receptors overexpressed in colonic
epithelial and macrophage cells. Oral administration can
reduce inflammation and UC symptoms by down-regulating
the expression of pro-inflammatory cytokines HA-NP and
HA-PS@NPs. In summary, the pH-activated nano bomb delivery
system has curative effects and provides an effective targeting
strategy to treat UC.""?

7. Nano-drug delivery platform for
autoimmune hepatitis

AIH is an autoimmune liver disease caused by autoantibodies
and autoreactive T cells produced by the body."'*'** It is also a
type of pathology that can make use of nano agents for
targeted liver treatment. Chronic progressive hepatitis may
develop into cirrhosis if not treated well. Its chronic nature
requires continuous and nearly chronic medical treatment to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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slow the progression of the disease and avoid liver transplan-
tation if possible.''® In many circumstances, most of these
diseases are treated with steroid anti-inflammatory drugs, but
long-term use will lead to serious side effects.""” The wide
distribution of steroids in the body easily crosses the bio-
logical barrier, causing AIH patients to abandon treatment
due to severe steroid-related complications. One possible
solution is to concentrate the pharmacological activity in the
liver, improve the utilization efficiency of drugs and reduce
the use of drugs, and thus there is a need to identify solutions
that can concentrate drugs in the liver and lower the level of
untargeted drugs.''®*"°

© 2022 The Author(s). Published by the Royal Society of Chemistry

Avidin-nucleic-acid-nano-assemblies (ANANAS) are a type of
poly anti-biotin NPs based on the high affinity-driven nucleation
of avidin units around non-coding plasmid DNA. ANANAS are
biodegradable and highly tolerated and show a high degree of
liver affinity with no need for liver targeting elements. The role of
drug-loaded ANANAS depends on the binding of biotinylated drug
ligands to biotinylated binding sites (BBS) that bind anti-biotin
proteins on the surface of drug NPs. The distance between the
biotin and the drug portion determines the interval length from
ANANAS to the protein core. If the drug uses short-spaced biotin
ligands, it will be located near the surface of the granular protein
(inner surface layer); however, if a long-spaced ligand is used
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(e.g., 5 kDa PEG), it will be located near the outside of the surface
layer. In ANANAS-carrying Dex (ANANAS-Dex) for AIH therapy,
these drugs are attached to the vector via a long-chain (5 kDa)
PEG biotin ligand using unstable hydrazone bonds, allowing
these free drugs to be released after internalization by the target
cell via the endosomal-lysosomal pathway.''®

Morpurgo et al investigated Dex-loaded biodegradable
avidin-nucleic acid nanocomposites. They focused on nano-
particle-modified biotin-Dex alternative adhesives and assessed
the properties of the junctions between biotin and drug com-
ponents and their impact on the in vivo and in vitro effects of
ANANAS-Dex preparations. They also studied the hydrazone
bonds used in the drug formulation, i.e., hydrazone (Hz) and
carbamate hydrazide-hydrazone (Cb Hz). Therefore, they devel-
oped four new biotin-Dex complexes as Dex~ANANAS tethers.
All conjugated compounds were Dex-ANANAS tethers. All the
conjugated compounds were evaluated for their hydrolysis
stability in vitro and the most resistant conjugated compounds
selected to ameliorate the second generation ANANAS-Dex.""®

7702 | Mater. Adv, 2022, 3, 7687-7708

The results showed that the hydrolysis stability of the Dex
hydrazone is significantly affected by the chemical environment.

When ANANAS-Dex was close to the avidin-biotin binding
sac, it stabilized the hydrazone bond and prevented hydrolysis,
especially in the Hz and Cb-Hz forms. The other momentous
finding is that small changes in ao-biotin-PEG in the © end
significantly affected the properties of the polymer. Especially,
the introduction of six carbon spacers at the ® end of 5 kDa
PEG could influence the solubility and lower the colloidal
protection of the polymer. Therefore, in the formulation of
the new generation ANANAS-Dex-L, considered, it contained
low and high molecular weight binders and biotin methoxy-
lated polyethylene glycol for colloidal protection. Compared to
the first-generation ANANAS-Dex-A, this generation has high
drug load and hydrolytic stability and similar colloidal stability.
In principle, ANANAS-Dex-L should be a more outstanding
choice for treatment because of these properties. Although
the persistence of free drugs and their in vivo levels in different
organs depends not only on the biological distribution and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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pharmacokinetics of the carrier but also on the hydrolytic
stability of Hz-Dex, bond Dex-response genes are activated
primarily in the liver after the administration of NPs, which
is consistent with the hypothesis of a more goal-centered
effect."®

Morpurgo et al. studied ANANAS, and their research mainly
focused on the effective treatment of patients with liver inflam-
mation using Dex-carrying nanoparticles based on ANANAS to
develop a comprehensive platform to assess the efficacy of
ANANAS in an ATH mouse model.""*”

They also prepared ANANAS-Hz-Dex by blending biotin—
PEG-Hz-Dex with a core of NPS30% BBS (ANANAS-Hz-Dex30)

View Article Online

Review

coverage. The efficacy of ANANAS was studied mainly through
in vivo and in vitro experiments using ANANAS-Hz-Dex.

Their results showed that in the animal models, ANANAS-
Hz-Dex NPs were more efficacious than the free drugs in illness
control; meanwhile, the NPs did not release steroids in any
other body area except the liver, indicating that they are a
suitable carrier to control chronic liver inflammation with great
promise. Moreover, ANANAS-Hz-Dex has relatively durable free
drug availability, and even low concentrations of Dex are
sufficient to control disease characteristics. It should be
noted that despite repeated administration, the use of ANANAS
alone had no measurable negative effect on liver function.
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(a) Scheme of the pH-dependent release of Dex from ANANAS—Hz-Dex30. (b) Schematic illustration of biodegradable avidin-nucleic-acid-

nano-assemblies in an autoimmune hepatitis murine model. (c) Anti-CYP2D6 IgG levels were analyzed in serum collected at euthanasia. (d) Confocal
microscopy liver images from healthy mice sacrificed 30 min and 24 h after ANANAS and ANANAS—Hz-Dex. (e) In vivo optical imaging of mice treated
with Alexa633, ANANAS, or ANANAS—Hz-Dex and scanned 24 h after treatment. (f) Collagen | and CD4 T cell staining on liver sections from mice.
Adapted and reprinted with permission from ref. 119 Copyright 2019, the American Chemical Society.
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This indicates that the carrier itself has neither toxicity nor pro-
inflammatory effect (Fig. 12)."*°

Selenium (Se) is an essential trace element for human
beings and animals. It is a dietary nutrient that plays a
significant part in lots of aspects of health, especially its
antioxidant activity. It is a component of more than 25 sele-
nium proteases and enzyme-catalyzed sites in vivo and plays a
vital part in protecting tissues and cells from oxidative damage,
but Se deficiency has been linked to a variety of diseases,
including liver damage."*°

Selenium nanoparticles (Se NPs) have aroused increasing
concerns because of their excellent properties and biological
activity. Se NPs are considered a potential selenium supplement
because they show great potential in nutritional supplements,
chemoprevention, chemotherapeutic, and nanomedicine deli-
very applications. The liver-protective effects of Se NPs seem
promising because they can protect animals from liver damage
induced by chemicals or pathogens through their antioxidant
capacity.'**

Bai et al. prepared chitosan-stabilized Se NPs (CS-Se NPs) by
rapid ultrafiltration and evaluated their free radical scavenging
and antioxidant abilities.

In addition, the protective effects of spray-dried CS-Se NP
powder on autoimmune liver disease, such as reducing liver
edema and improving hepatocyte necrosis, were also studied
in the mouse model of liver injury induced by concanavin A
(Con-A). In their study, CS-stable selenium NPs had strong free
radical scavenging ability and certain antioxidant activity,
which could effectively protect mice from Con-A-induced auto-
immune liver injury. In conclusion, CS-Se NPs are worthy of
further development as nutritional supplements or even nano
drugs, which can have a good effect in the protection against
liver injury induced by autoimmune diseases. Meanwhile, Se
NPs may play an important role in antioxidant activity and liver
protection of Se NPs.**

Nano drugs based on major histocompatibility complex
(pPMHC) peptides are molecules that can bind to specific
receptors on immune cells and may be able to reprogram
adaptive immune responses or innate responses to cure cancer
and autoimmunity. NPs coated with pMHC molecules related
to autoimmune diseases could effectively solve the inflamma-
tion in a variety of organ-specific autoimmune disease models
and have a certain effect on AIH without damaging normal
immunity‘lZO,IZZ,lZS

Santamaria et al. and Khadra et al. both carried out relevant
studies on pMHC NPs. Santamaria et al. mainly studied the
properties of pMHC NPs. NPs coated with major histocompati-
bility complexes (pMHCs) of autoimmune disease-related pep-
tides could suppress autoimmune diseases by reprogramming
homologous effector T cells into regulatory T cells, and then
scaled up. To better understand the correlation between phar-
macodynamics and bioavailability, they developed a new way to
quantify the absolute amount of activity of the drug products.
PMHC coating with protein corona orientation could protect it
from protein hydrolysis and recognition by anti-drug anti-
bodies, which is conducive to protecting its biological efficacy.

7704 | Mater. Adv, 2022, 3, 7687-7708
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Subsequently, they measured the protein corona coating pMHC
using a series of characteristic quantitative local methods, and
they provided clues to the structure of the ligand coating on
nano drugs based on pMHC. Their series of measurements
showed that the directional coupling between ligands and the
NP surfaces overcomes the potential negative effects of plasma
protein adsorption on the connecting properties of these
compounds with their homologous receptors on the specific
target cells. They developed a special and highly sensitive
method to quantify intact drugs in biological samples. They
used tissue ultrasound to release the compounds captured by
cells for quantification and developed sensitive quantitative
methods for drug products to measure the bioavailability of
drugs. The measurement showed that pMHCII NPs would
quickly leave the microcirculation of the liver and spleen, but
would not leave the lungs, because these compounds were not
observed to be captured in cells. Considering that the blood
volume of mice has time to pass through the whole vascular
system about 4 times in the first minute, cell scavengers in
organs such as the liver and spleen have enough opportunity to
capture these compounds and remove them from the circula-
tion, and thus it can be concluded that pMHCII NPs have a
short bioavailability. The experimental results proved that,
surprisingly, these compounds have short bioavailability and
a fast PK spectrum. In addition, the type of cell responsible for
retention and organ capture was identified, and the capture of
homologous T cells and the formation of T-cell receptor (TCR)
micro clusters in vivo were also recorded by them.'*°

Meanwhile, Santamaria et al. also focused on whether the
destruction of hepatocytes and/or bile duct cells in autoimmu-
nity stimulates autoreactive T cells, which can respond to
disease-related and unrelated PMHCII-based nano drugs. They
realized that nano drugs showing different liver universal
antigen peptides triggered the formation and expansion of
T-regulatory-type-1 (Tr1)-like cells in mice experiencing all types
of liver autoimmune diseases and in NSG mice humanized with
PBMC from primary biliary cholangitis (PBC) patients. Thus, by
suppressing liver inflammation, these nano drugs effectively
slowed the incidence of AIH primary sclerosing cholangitis
(PSC) and primary PBC, in different genetic contexts, even
when disease severity was at its peak. Importantly, the inhibi-
tion of liver inflammation by these nano drugs does not impair
immunity against viruses (vaccinia and influenza), intracellular
bacteria (Listeria) or metastatic (liver) allogenic tumours. Trl
like CD4+ T cells triggered by pMHC-based nano drugs can play
a regulatory role only when they bind to homologous pMHC
class II professional antigen-presenting cells (APC) carrying
endogenous autoantigen. These APC must capture the auto-
antigens released by damaged hepatocytes, and thus they only
exist in a large number in target organs or drainage lymphoid
tissues, and the distal APC coordinating these immune
responses is not loaded with liver-derived autoantigens. Thus,
PMHC-based nano drugs will not damage the immunity to
systemic infection or vaccines."*?

NPs can display peptides of the major histocompatibility
complex II molecules associated with autoimmune disease and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Application of nano-drug delivery platform in UC and AlH

Disease Nanomaterials Average size (nm) Drugs Ref.
Ulcerative colitis CP/HA/RH-NPs 172.0 RH 54
Ulcerative colitis 5-ASA NPs 225.0-250.0 5-ASA 109
Ulcerative colitis EMO-NYPs 157.99 + 0.13 EMO 110
Ulcerative colitis MM-PLGA-TAS NPs 207.2 Tasquinimod 111
Ulcerative colitis PBP-PLGA-NP 184.3 £ 7.1 BA/Res 112
Ulcerative colitis HA-PS@NPs 279.9 + 0.934 PS 113
Autoimmune hepatitis ANANAS 123.0 Dex 118
Autoimmune hepatitis ANANAS-Hz-Dex 125.8 £ 1.2 Dex 119
Autoimmune hepatitis PMHC NPs PMHC 122

trigger the formation of homologous Trl cells that reverse
organ-specific autoimmune responses. This shows that pMHCII-
NPs of the mitochondrial protein epitope can slow down the
progress of AIH and can play an effective therapeutic role in
various animal models affected by autoimmune diseases.
Simultaneously, some studies have shown that Tr1 cells are very
effective in inhibiting autoimmunity, where they mediate organ-
specific immune regulation through it. However, recent proof
suggests that when experimental autoimmune encephalomyelitis
(EAE) and AIH occur simultaneously in animal models, pMHCII-
NP treatment can produce quite confusing results, which may
depend on the type of autoantigenic peptides displayed on NPs.
Therefore, Khadra et al. established a zonal population model of
T cells in comorbid mice to determine the mechanism. They
conducted time-series simulation and bifurcation analysis and
compared and analyzed different behavior patterns. The final
results showed that the delayed distribution of CIR-1 cells in the
central nervous system in mice with trea-1-dependent inflamma-
tion could finally be explained by the delayed distribution of
CIR-1 cells in the central nervous system compared with that in
mice with trea-1-dependent inflammation. The experimental
result showed that local Tr1 cell retention, homologous and
autoantigen expression play an important role in effectively
regulating the function of cells. Therefore, these results provide
new ideas for the regulation of Tr1 cell recruitment and its self-
regulation function (Table 2)."**

8. Conclusions and perspectives

With the continuous development of modern medical techno-
logy, the treatment of autoimmune inflammatory diseases has
made some progress in recent years, but its poor prognosis is
still one of the factors endangering human health. Because the
pathogenesis of the this disease is indeterminacy, there are no
specific therapeutic drugs at present. Clinical treatment mainly
aims to alleviate or reduce disease activity and minimize the
damage to the body caused by the side effects of long-term
medication. In recent years, with the in-depth understanding of
the pathogenesis of this disease, various new targeted therapies
designed for the key pathways and molecular mechanisms
involved in its pathogenesis have gradually emerged and
attracted extensive attention. This is intended to overcome
the limitations of low bioavailability and non-specificity of
traditional drugs and improve the therapeutic effect of drugs.

© 2022 The Author(s). Published by the Royal Society of Chemistry

The development of nano drug loading technology makes it
possible to realize real drug-targeted therapy.

According to the different interaction modes between nano-
carriers and the body, they can mainly be divided into three
types, ie., active targeting, passive targeting, and stimulus
response (single stimulus and multi stimulus-response).
Compared with passive targeting, active targeting has higher
targeting to diseased tissues through antigen-antibody binding
reaction in vivo. Stimulation-responsive nanocarriers can give
certain stimulation according to the change in the microenvir-
onment in the diseased tissue or outside to realize the
controlled-release treatment of drugs. After the principle of
action is clear, the design and preparation of nanocarriers with
excellent performance is the first problem to be solved. Sec-
ondly, the surface modification and modification of carriers are
also factors affecting their performance. In addition, drug
loading, stability after drug loading, and carrier metabolic
clearance after treatment are also the main challenges. There-
fore, how to adjust the size, morphology, and surface decora-
tion of nanomaterials in the process of preparing carriers, and
further improve the effectiveness of specific targeted therapy
based on successfully obtaining qualified nanocarriers should
be the research focus in the future.

Although nano-drug carrier systems and packaging techno-
logy still face many problems, with the development of modern
science and technology, their unique advantages will show
better prospect. To date, the research on nanodrug carriers is
still in the theoretical stage, and few drugs can be used in
clinical treatment, which seriously limits the wide application
of nano-drug carriers. In the future, we should be committed to
developing nano-drug carriers with easy synthesis, high effi-
ciency, high drug loading, low toxicity, low cost, and clinical
application value. By combining the synthesis of nanocarriers
with the modification of surface groups, a new drug delivery
route is established, which is conducive to the development of
interdisciplinary comprehensive research and gives full play to
its scientific and market value.
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