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Potential roles of hyaluronic acid in in vivo CAR T cell
reprogramming for cancer immunotherapy

To overcome the complexity of conventional adoptive

cell transfer procedures in which T cells are collected and
modified for CAR expression ex vivo, viral- and polymeric-
based nanoparticles containing CAR transgenes have

been developed to target circulating T cells. Injectable
nanoparticles that incorporate targeting ligands can deliver
the loaded genes specifically to T cells for CAR expression.
The nanoparticle gene delivery system enables the in vivo
genetic modification of T cells for cancer immunotherapy.
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Chimeric antigen receptor (CAR) T cell therapy has recently shown unprecedented clinical efficacy for
cancer treatment, particularly of hematological malignancies. However, the complex manufacturing pro-
cesses that involve ex vivo genetic modification of autologous T cells limits its therapeutic application.
CAR T cells generated in vivo provide a valid alternative immunotherapy, “off-the-shelf”, for cancer treat-
ment. This approach requires carriers for the delivery of CAR-encoding constructs, which are plasmid
DNA or messenger RNA, to T cells for CAR expression to help eradicate the tumor. As such, there are a
growing number of studies reporting gene delivery systems for in vivo CAR T cell therapy based on viral
vectors and polymeric nanoparticles. Hyaluronic acid (HA) is a natural biopolymer that can serve for gene
delivery, because of its inherent properties of cell recognition and internalization, as well as its biodegrad-
ability, biocompatibility, and presence of functional groups for the chemical conjugation of targeting
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ligands. In this review, the potential of HA in the delivery of CAR constructs is discussed on the basis of
previous experience of HA-based nanoparticles for gene therapy. Furthermore, current studies on CAR
carriers for in vivo-generated CAR T cells are included, giving an idea of a rational design of HA-based

rsc.li/nanoscale systems for the more efficient delivery of CAR to circulating T cells.
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1. Introduction

Chimeric antigen receptor (CAR) T cells offer a paradigm shift
in clinical cancer immunotherapy using genetically modified
T cells with synthetic receptors that recognize target antigens
to mediate tumor rejection.”” CAR T cell products have been
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commercially available since 2017 for the treatment of blood
cancers, including tisagenlecleucel (Kymriah®, Novartis), axi-
cabtagene ciloleucel (Yescarta®, Gilead), brexucabtagene auto-
leucel (Tecartus®, Gilead) and mostly recent lisocabtagene
maraleucel (Breyanzi®, Juno Therapeutics).® All products share
the same characteristics in which the patient’s T cells are col-
lected, genetically programmed and expanded in a lab, before
being reinfused into the patient, so-called adoptive cell trans-
fer (ACT).*” Individualized approaches with complex and
labor-intensive manufacturing processes and the requirement
for accredited GMP laboratories to control and ensure the
quality of the products lead to a costly treatment course that
limits accessibility for some patients.”® In addition, cytokine
release syndrome could occur up to 25% of patients after
receiving ACT, leading to multiple organ failures, neurologic
disorders, or severe immune reactions.”® To address these
limitations, a novel concept of in situ or in vivo programming
of CAR T cells has been introduced in which CAR constructs
are administered to patients, allowing de novo genetic modifi-
cation, expansion, and then attack of tumor cells.*® Due to
this ‘off-the-shelf’ approach, individualization can be over-
come, and the products can be manufactured in a large batch
and delivered to a large number of patients. The comparison
scheme between adoptive CAR T cell transfer and in vivo CAR
T cell programming is illustrated in Fig. 1.
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Fig. 1 Comparison between adoptive cell transfer and in vivo cell programming in CAR T cell therapy. For adoptive CAR T cell transfer (upper left),
T cells are isolated from patients, so-called leukapheresis, using an apheresis machine. The obtained T cells are then transfected to express CAR
(lower left), before expanding, controlling the cell quality in a certified laboratory, and re-administration to the patients. In the case of in vivo pro-
gramming of CAR T cells (upper right), the CAR constructs are loaded into nanoparticles, which can be either viral or non-viral vectors, and the
nanoparticles are administered to the patients. The nanoparticles are designed to specifically bind to circulating T cells and release CAR constructs
to the cytosol or nucleus of T cells. Transduced T cells express CAR to target and eliminate cancer cells (lower right).

Expression of the CAR transgene in primary T cells can be
achieved by the cellular delivery of CAR constructs, which can
be plasmid DNA (pDNA), messenger RNA (mRNA) or CRISPR/
Cas (clustered regularly interspaced short palindromic repeats/
CRISPR-associated protein). Entrapment of loaded genes into
a complex using polymers is required to protect them from
endogenous enzymes and facilitate cellular internalization.
CAR-loaded nanoparticles are typically administered intra-
venously, which means that the nanoparticles should enable
specific delivery to circulating T cells. A rational carrier design
can prolong the retention time in the bloodstream by prevent-
ing the early elimination of nanoparticles.”"® After cell uptake
of the nanoparticles through receptor-mediated endocytosis,

17822 | Nanoscale, 2022, 14,17821-17840

delivery systems could aid in cell trafficking within the cells by
releasing payloads from endosomes into the cytosol before
CAR translation and expression (Fig. 2).

Typically, in vivo applications of nanoparticles should be
aware of the biodistribution and accumulation in the major
organs, such as the lungs, liver, spleen, and kidneys, which are
dictated by the physical properties of the nanoparticles,
including their size, surface charge, and shape."* For T cell
reprogramming, nanoparticle delivery could be limited by the
innate characteristics of T cells, including the small cell size,
the high nucleus-cytoplasm ratio, and the non-phagocytic
nature."” Internalization through receptor-mediated endocyto-
sis could be limited due to the low expression of surface recep-

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Cellular uptake and CAR expression of CAR after nanoparticle administration. Step 1: The nanoparticles are injected intravenously and are
specifically recognized by circulating T cells. Step 2: Cellular binding and internalization of nanoparticles occurs via receptor-mediated endocytosis,
and the nanoparticles are entrapped in endosomes. Step 3: The nanoparticles mediate the disruption of the endosomes to release the loaded gene
cargos into the cytosol. The remaining nanoparticles are packed in lysosomes as a cellular waste. Step 4: The loaded genes are taken up by the
target organelles. Step 5: The mRNA is translated to proteins by the ribosomes. Step 6: The expression of the CAR receptor on the surface of T cells.

tors in a naive state."*> More importantly, circulating T cells,
which are the main target of CAR programming, are present in
very small numbers in the blood,'* resulting in a low popu-
lation of reprogrammed cells.

In this paper, nanoparticle-based delivery systems for gene
delivery targeting T cells are reviewed, focusing on polymeric
nanoparticles. Hyaluronic acid (HA) is one of the polymers
that has potential as a component of delivery systems for tar-
geting T cells. An addition of HA to the formulations of gene
complexes can reduce the cytotoxicity, improve transduction
activity in vitro and in vivo, guide the nanoparticles to the
target sites, and prolong the stability of the gene products.
Additionally, HA is a versatile biomaterial that allows a rational
design of nano-formulations with desired physicochemical
and biological properties.'® Although to our knowledge, there
are no HA-based carriers designed specifically for T cell deliv-
ery, especially for in vivo CAR T cell immunotherapy, the roles
and functions of HA as a gene carrier, as well as the strategies

This journal is © The Royal Society of Chemistry 2022

to apply HA to enhance T cell targeting properties, will be dis-
cussed. Studies relating to nucleic acid-loaded HA-based nano-
particles, as well as the delivery systems serving in vivo CAR T
cells, will be mentioned to give an idea of the development of
an efficient carrier for in vivo programming of T cells.

2. Immunotherapy based on T cells
for cancer treatment

The concept of cellular immunotherapy is to use host immune
systems in tumor eradication. Typically, immune cells are
responsible for the elimination of foreign bodies, including
pathogenic microorganisms, as well as cells with abnormal
proliferation, termed cancer immunosurveillance or cancer
immunoediting. The fundamental concept is that the
expression of cancer cells’ antigens is different from normal
cells, serving as rejection antigens in provoking CD8" effector

Nanoscale, 2022, 14,17821-17840 | 17823
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cells and natural killer (NK) cells to eliminate transformed
cells together with innate immune cells, such as
macrophages.'®'” However, the genetic adaptation of cancer
cells and the development of variants could reduce tumor
immunogenicity,'® leading to a high rate of tumor evasion and
a poor prognosis. Tumor cells could suppress the expression of
non-self-antigens or overly express a particular ligand to avoid
immune recognition. The activities of cytotoxic T lymphocytes
(CTL) can be debilitated because of altered tumor microenvir-
onments, namely the release of cytokines that suppress CTL
activities or increase the number of regulatory T cells.'® These
are the reasons that limit the attractiveness of immune cell-
based therapy, even with its high specificity for tumor cells
compared with traditional therapies, such as chemotherapeu-
tic agents or radiation. Therefore, immune cell reprogramming
is used to enhance their activities in the recognition and cyto-
toxicity of cancer cells, and T cells have been focused on in
their key role in cancer eradication.

To date, T-cell-based therapies are commonly based on an
ACT approach, as mentioned above. ACT of tumor-infiltrating
lymphocytes (TILs), which refer to T cells located in tumor
tissues, has been successful in the treatment of melanoma
and other epithelial cancers. TILs can also recoghize neoanti-
gens, indicating their efficacy against cancer mutations.”
However, the number of isolated TILs varies according to an
individual variability in tumor characteristics.’® Therefore,
other approaches have focused on circulating T cells, which
provide more sufficient numbers of antitumor cells.

Isolated circulating T cells can be genetically reprogrammed
ex vivo for the expression of T cell receptors (TCR) or chimeric
antigen receptors (CAR). TCR and CAR are designed to recog-
nize tumor-associated or tumor-specific antigens for tumor-tar-
geted therapy. The difference in tumor association between TCR
and CAR T cells is that activation of TCR T cells is needed for an
association with the major histocompatibility complex (MHC)
molecules. Intracellular antigen can be detected by TCR-engin-
eered T cells, and immune processing through MHC pathways
could be advantageous in tumor cytotoxicity. However, excessive
immune activation could induce cytokine-related toxicities,
known as cytokine storms.>’ Additionally, off-target toxicities
could occur in cells that express antigens identical to those of
target tumors, provoking an autoimmune response that could
lead to a fatal destruction of normal cells.*'*>

Instead of expressing the full length o and B chains as
TCRs, the antigen binding domain of CAR presents only a
single chain variable fragment (scFv). Therefore, the binding
of CAR-engineered T cells is independent of the MHC mole-
cules. This could be beneficial for the treatment of resistant
tumors in an escape phase, where immune evasion develops
due to the loss of presentation of the MHC-associated
antigen.”® As shown in Fig. 1, the composition of CAR can be
simply divided into 3 elements: (1) extracellular domains,
which are responsible for antigen recognition and binding,
linked to (2) transmembrane domains and (3) intracellular
domains, which impart intracellular signaling and T cell
activation.
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The evolution of CAR is based on the design of intracellular
signaling domains to achieve high efficiency and sustainability
in tumor cytotoxicity by enhancing cytokine secretion and to
facilitate a persistent expansion of T cells. The first-generation
CAR was designed to express a single signaling molecule, such
as CD3(. In the subsequent generation, co-stimulatory signals,
namely CD28 or 4-1BB, have been added.'®** CAR T cell
therapy has been reported to be successful in hematologic
cancers'® and some have been commercialized, namely
Kymriah® for acute lymphoblastic leukemia, Yescarta® for
large B cell lymphoma, Tecartus® for mantle cell lymphoma,
and Breyanzi® for relapsed or refractory large B cell lym-
phoma.? However, efficient CAR T cell therapy for solid tumors
has not yet been reported because irregular antigen expression
and an adaptation of the tumor microenvironment can hinder
target recognition.>* The newly designed CAR currently under
investigation can recognize more than one antigen to cope
with the antigen heterogeneity of solid tumors or activate T
cell cytotoxicity under specific conditions to be specifically
active in tumor tissues.'®>*

3. Gene delivery systems

Direct administration of naked genetic materials is limited by
their anionic characteristics, which prevent an association
with a negatively charged cell surface, resulting in low and
uncertain transgene expression. Furthermore, their instability
to physiological enzymes in serum, namely nucleases, as well
as rapid clearance through renal excretion, drastically reduces
the retention time in the systemic circulation.>®?® In some
cases, pDNA, mRNA, or short-strand RNA can be recognized as
exogenous danger signals by host cells and trigger innate or
humoral immune responses, as well as early clearance through
the reticuloendothelial system.””*® Therefore, two types of
gene delivery system, namely viral-based and non-viral-based
delivery systems, have been introduced as they potentially
serve greater efficiency in mammalian cells. The virus-based
delivery system is known for its high transfection efficiency
due to the inherent properties of viruses in promoting cell
uptake and penetrating the host nucleus. However, the immu-
nogenic properties, random recombination, and potential in a
recurrence of pathogenic variants are of great concerned. In
addition, the development of neutralizing antibodies against
viral vectors by the hosts could limit the clinical applications.>®
The highly recognized and commercialized DNA viral vectors
are Azd1222 and ADS5-nCOV, which are vaccine platforms
against SARS-CoV-2 viruses developed by Oxford/AstraZeneca,
UK and Cansino Biologics, China, respectively. Non-replicating
adenovirus-based cargos were used to deliver DNA for the
translation of viral spike proteins, and acceptable vaccine
effectiveness was reported for both vaccines with mild-to-mod-
erate side effects.*®

To overcome the limitations of virus-based delivery systems,
non-viral approaches, namely cationic lipids and polycations,
offered a safer alternative for gene transfer. Most of the non-

This journal is © The Royal Society of Chemistry 2022
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viral cargos comprise positively charged moieties, such as pro-
tonated amines, which are capable of interaction with the
negative phosphate groups of nucleic acids, resulting in a con-
densation of nanosized complexes. The positive surface charge
of the complexes also enhances cellular uptake through
electrostatic binding to the negatively charged cell membrane.
Furthermore, the vectors can be chemically modified with tar-
geting ligands to improve their specific recognition. However,
the relatively low transfection efficiency, nonspecific binding
to serum proteins, and cytotoxicity of cationic molecules are
the major issues in the development of an effective non-viral-
based delivery system.”* BNT162bl1 and mRNA-1273, the
SARS-CoV-2 vaccines developed by Pfizer/BioNTech and
Moderna, respectively, are mRNA-based vaccines encapsulated
in lipid nanoparticles, and can serve as examples of non-viral
gene delivery systems. Lipid nanoparticles not only improve
the cellular internalization of mRNA, but also act as a shelter
for mRNA, allowing the practical use of very labile mRNA and
extending its shelf life.*’

Shielding the cationic complexes of DNA or RNA and lipids
(lipoplexes) or polycations (polyplexes) with uncharged or
counter-charged polymers is an approach for a reduction of
surface charge density, resulting in a lower non-specific
binding, longer retention time in the bloodstream, and
reduced toxicities. The most common polymer for complex
shielding is polyethylene glycol (PEG), so-called PEGylation,
and the obtained nanoparticles are referred to as stealth nano-
particles. Even though PEG does not possess a specific ligand
of biological receptors, the introduction of targeting groups by
a chemical conjugation of PEG chains could enable the target-
ability of nanoparticles.”* In addition to PEG, other negatively
charged polymers, namely hyaluronic acid (HA), chondroitin
sulfate, polyesters, and polyglutamic acid, are utilized as
shielding polymers by either simple electrostatic interaction or
chemical conjugation with cationic lipids or polymers. Among
these polymers, HA-based DNA or RNA complexes have been
widely explored for their in vitro and in vivo efficiency and
safety,®®> confirming a promising non-viral polymeric gene
delivery system for clinical uses.

4. Designing HA-based nanoparticles
for gene delivery

HA is a naturally derived polysaccharide with a disaccharide
monomeric unit that contains N-acetyl-p-glucosamine and
p-glucuronic acid residues. Biological HA serves as a com-
ponent of the extracellular matrix in mammals, and is highly
present in synovial fluid, vitreous humor, and skin. Its physio-
logical functions include supporting cell proliferation, differ-
entiation, migration, and tissue repair.>® The lists of studies
that involve HA in gene delivery are presented in Tables 1 and
2, categorized by the forms of HA (original versus chemically
modified formats) used for nanoparticle formation.

Because of the negatively charged characteristic of HA, it is
difficult to form polyplexes with DNA or RNA unless the

This journal is © The Royal Society of Chemistry 2022
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polymer is formed with other cationic molecules prior to the
addition of HA or there is modification of the HA structure to
enable the potential for complexation. As shown in Table 1,
cationic polyplexes or lipoplexes are formed before shielding
with HA, which results in a lower surface charge of the
complexes.>**® Minimizing the positively charged complexes
dramatically decreases cytotoxicity’®*' and immunogenicity,*?
and prevents coagulation with serum proteins,”™*> avoiding
complement activation and a rapid clearance from the sys-
temic circulation. In addition, anionic shielding improves
penetration through the layer of negatively charged glyco-
proteins, such as mucin, to the target tissues.*® The most
common polycation for polyplex formation is polyethyl-
eneimine (PEI), a polymer containing amine groups that can
be protonated over a wide range of pH, allowing
electrostatic interaction with the phosphate groups of DNA or
RNA® and facilitating endosomal escape from the proton
sponge effect.””

However, due to the inherent cytotoxicity and non-biode-
gradability of PEI, chitosan, a naturally derived cationic poly-
saccharide with biodegradability and biocompatibility pro-
files, offers a safer alternative to use with HA in the formation
of gene complexes.” The major limitations of chitosan are the
variability in molecular weight and the degree of deacetyla-
tion, which affect the affinity for the entrapped gene. Tirelli,
N. and colleagues have used chitosan for the entrapment of
RNA and have observed the targeted tumor treatment when
the polyplexes are shielded with HA. Their findings revealed
that chitosan with a low degree of deacetylation, related to a
lower positive charge, possessed a lower affinity for RNA,
resulting in a loose complexation and a high exposure to
physiological nucleases. In contrast, a high molecular weight
chitosan could better stabilize RNA, but a strong electrostatic
interaction led to poor decomplexation, lowering RNA release
and transfection efficiency. The size of the entrapped gene
can also affect the affinity for chitosan, with long-stranded
mRNA binding to polyplexes tighter than short-stranded
siRNA.>***® Balancing the molecular weight and degree of
deacetylation of chitosan with DNA or RNA of different sizes
to achieve high transfection efficiency and stability could be a
major issue in designing HA- and chitosan-based delivery
systems.

Nanoparticle formation using counterion complexation is a
simple, one-pot approach, but the weak and transient electro-
static interaction can be easily disturbed. An early dissociation
of the entrapped gene in the presence of negatively charged
serum proteins leads to an exposure of naked genes to circulat-
ing endonucleases, resulting in lower gene availability at target
sites.’®?**° Therefore, nucleotide-loaded polymer-based nano-
particles, such as the covalent conjugation of nucleotides to
polymers>>>! or polycation-modified HA, as shown in Table 2,
result in a predictable gene encapsulation efficiency as well as
a reliable transfection efficiency. Furthermore, the size of the
gene-loaded modified HA nanoparticles was in a range of 100
to 200 nm, which is suitable for cell internalization and in vivo
biodistribution to target cells,”* compared with larger electro-

Nanoscale, 2022, 14,17821-17840 | 17825


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nr05949e

View Article Online

Nanoscale

Review

UONENIUAIJIP G 'GP+
7L o1u23093150 V/N SOSINA 18y 01 G'TT+ L'06T-0'€ST e 0T (ea 00T) UBSOIYD (8eT-TTIUIUE) YNHTW
0'9¢— (on1
8% V/IN V/IN 91T-LOH 01 0'Fh— 0S€-S6T B 08T (e S89) UBSONYD  NUR) VNRIIS ‘(9NT) VNIW
STI[00 ‘UoneWWR[FuUL 8'6T—
194 [eunsajug I sajoouards asnour ‘T-)T, 016 LT— 19T-¥¥1 V/IN surwrejoxd ‘sowosodr (1@ urPAd nue) YNAIS
sorw urreaq S LT+
veT JusUNEaT) I9DURD -Towng, 014914 01T TT+ 6 LIT-SFIT V/N surwreyoxd ‘sawosodry (onT nue) YNIS
[opowt
asnow
£/  BWOI3 JO JUSUNEBALL BWOID DINZ8N ‘TSTN ‘D86L 78— £700T B S saponredoueu pidry (12I'1d nUR) VNS
oorw 3urreaq
€€t JUSUIIRAT) J9OURD -Towng, V/IN 6'9T— 0ST-00T V/IN 9 payipow vad (12I'1d nUR) VNS
T-dHL ‘T-ONVd ‘DIANH ge—
8 V/IN V/N ‘6¢-LH ‘AdH ‘9TT-LOH ‘T-DdSV 03 0%~ 0S¢ B 08T (ea 959 B 5¢) uesonyDd (g urrydoroo nue) vNAIS
(e ¢'€)
0TS+ apruendiq sua[AyIowexay
23 JUSUIBAT) 190URD V/N AdH ‘9TT-1D0H 0) §'pe— S/T-0TT e €8T A10d ‘(e 959) UBSOIYD (SVDI nue) yNYIS
sorw 3urreaq [oxeyroed
TeT JUSWIIRAT) T9OURD -Towng, 1€T-GIN-VAN ‘TLY £T— S6T B 6 p1oe o10d1[-y1d-1ad (£IVLS DUB) VNIS
6'TE+ (T1rRUS NUE ‘GID
1€T JUSWIIRAT) T90URD V/IN LE6T-IH 01 1°0T— 9°0ST-8°0ST B 0T DHJ-paye1d-uesoyDd  Nue) YNYIS (dd0) vNad
Zurreaurdus
VL anssn 93e[IeD) V/N saifoo1puoypd jqqey PITTH ¥°6ST B 09T (e 0S) uesoNYD (rd-aoL ‘da5) vNad
0€T V/N V/N LE6TMAH TS+ 01 ST+ S/1-9%T B ¥9 B S¢€ ‘LT (e <) uesonyDd (aao) vNad
8T+ B OTT (asepisoroeres-g
17 A1da19p 9ud3 18[Nd0 V/N DHN-YEOI ‘4DH 03 0g— SET-€01T BB 01> (B[ 0LT B B TT-0T) UBSONYD ‘a1o) vnad
(asepisoroeres-g
6¢1  Araarep aual 1emoQ snqqed €LE/HIN ‘ADH LT+ 01 6T+ 66T-2ST B 04T (e@ 01T B BAY 21-0T) UBSONYD ‘ddo) vNad
STILIYLIROIISO 0¥+
8¢l JO jusunealy, V/IN seyfdoIpuoyd 3qqed 03 SHE—  8F9E-9°STT B OT> (e 0S) uesoNYD (aao) vNad
uonojsuer) 9'FH—
0ct as1aaa1 aseyd-p1os V/IN [-YNH ‘£-SO0D 03 9'6E— €TI8¢-S'€€E€ B 00£T-00% (e 7°9¥) uesoNYD (on1) vNad
pioo reurds 8°/S+
79 93 03 A19A1[9p SUD syed SDSN 9SnON 01 ¥'6E+ €TLE-LTVT VIN uesoNYD (on7) vnad
SHIIYITB0ISO (3stuoderue
0L JO JuaUIIRAL], V/N $9)4001A0UAS Je1 ATRWIII  GE+ 03 ST+ 00S-0%T eQ S€ (e <) uesOIYD 103daoar 1-11) vNad
JjusuIIesn) 1-SOD ‘£-ID0N 0°LT+
8¢ 190U®D I5BAIG V/IN ‘SET-GIN-BAN ‘TEC-AN-VAN 03 68T~ 68£-81C Q@ LT (e $2) 14d paydueId (aao) vNad
oorwr 3urreaq
96 JUSWIIBAL) 190UBD -Iowng, 9td V/N 00T V/N (ea ov) 144 TeaUI] (a4sD-D ‘dao) vNad
oorwr urreaq or—
oy JUWIIEAT) 190URD) -rowiny, 91g 0] 8F— 002-0L V/N (e 57) 14d Teoury  (4SD-NO ‘onT ‘d4D) vNad
UUME MECNQQ € LE—
(57 JuUIIRAI) 1dURD -Towng, 91d 0} £'9%— 008-00€ V/N (eay s¢) 194 TeaUIT (on71 ‘ado) vNad
Gurroourdud 0T+
se anssn age[nIeD V/N SOSING UeWwnyg 018G+ 0ST-0Z B 8°S (e 57) 14 Teaury (6x0s) vNad
BEN| suoneordde oama ur Lo4q1a ug (Aux) (wru) az1s (MIN) VH s1awiAjod/spidiy otuonen speojAed
pasodoig adreyd
Aouaro1jo UONRDJSURI) JO UOTIeN[eAq SONISIIOBIBYD uoneuro] aonredoueN
oontedoueN

VH payipowun ayy woJj pajedlige) Aiaanap auab ul sa)dipiedoueu paseq-yH Jo SisiT T dlqeLl

'30URD1T PALOdUN O'E IDBLULIODUON-UOING LY suowwo aAes.) e epun pasusolisiapnesiy L |IEREEL (20)
"98:/G'8T 9202°70"LZ U0 POPROIUMOQ 2202 60 UO PRUSIIANd DIy Ss800y usdO

This journal is © The Royal Society of Chemistry 2022

17826 | Nanoscale, 2022, 14,17821-17840


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nr05949e

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 09 2022. Downloaded on 27.04.2026 18:57:36.

(cc)

View Article Online

Nanoscale Review
Gl 2 o 9 E‘ cL:ng ! E o statically formed HA nanoparticles. Polyamines, namely PEI,
~ N o= Q . . .
oo - ES25EL 9 spermine and pDMAEMA (poly[2-(dimethylamino)ethyl meth-
EEEEERES
-2 =<0 ) acrylate]), were popularly grafted onto HA to provide proto-
EENT25E . L
5 L o= 990 YEMEEE . nated amines for electrostatic binding to DNA or RNA.
=] o o EecoEmol =) =
9] ob B .2 SRt . .
g § “ é o g g g =@ g %é Furthermore, some studies revealed that the negative carboxyl
2] b S) S s 5 Z=32 3 . .
<& g g = Tt 2 T‘; 2 2 5.3 g:‘&a'i & groups of HA can loosen the electrostatic complexation
= =} == ~935 .5 . . .. .
28|86 . £528% SSE=ooEAT between nucleic acids and cationic molecules.*® Decreasin
8Ll § BEgEg TEETERGSE
SE s £ 8 < g < o E g 5223 38 the negative charge density by introducing non-ionic moieties,
= 2 g ; 1
RSl O ESES g TR L8 paete such as PEG, was applied, and the findings showed an
- 0 = =9 ® . . . .
Y g g = g o g £ B E enhanced transfection efficiency and a longer retention time
¥= = 2 TME2Ne2 g . . 52-56
8SE<g S o in the circulatory system.
& .bew CEQEETEES ; eystem.” .
S| 88 5888 § NE'Z gwé S E Stimulus-responsive moieties were introduced to enhance
= f= f= — Pl @) o= . . .
z 2 E _ﬁg’ § E _ﬁg’ 5 _ﬁg‘ - g E 55% - the site-specific release of the entrapped genes. Cleavable di-
S =l > ) . S . .
5 S5 ~58 488 ° sulfide or diselenide linkages with redox responsiveness were
k3 29282888
Q = . . . .
= $E8x & e widely used, because of the different reductive environment
L] n.s o = .
g 2= g :% s 8 3 % between the extracellular space and the cytosolic compart-
= i [} = . . . .
b é g £ E - % Rl g ment. The intracellular glutathione is in the range of
9] 3] - . . . .
“é = ) '2 3 % g < E B p 1-10 mM, which is much higher than the amount in the extra-
= =] S~ KO o e . s
g ; SEg g2 ny € cellular matrix (in the micromolar range).””® Redox-sensitive
= 7 [} . .
kS % w SE= 38 P2 bonds can be directly linked to DNA or RNA,***' bonded
5 = U“’°’8°§§»%fvs : 59-61 :
S = 8 L T Sé ST 8= between HA and polycations, or  cross-linked
[ 7 5 . . . .
Ei S|E s ¢ % Mz %5 S & %‘Eé nanoparticles,'®*° leading to bond cleavage after internaliz-
< 2| © L} ! = = a 8 .
& =l £ Z = 2zs_Sce b = ation and subsequent payload release.
83 oESTmER g
o s .= Bce 2P g 'g
Q =] g0 c s -2
+ ESSEERT
3 S5 8¢ =i . .
bola 2 o cEEE225% 5. Roles of HA del
el B - sS5 28858 . oles o IN gene aetuver
Ezld 5 g 3 TEEESSTEE 9 y
I o
L | SELT ¥ Euhawzo,gg Systems
v.g g=z<so ; KRR EE
IR 283 9 % =q
2.2 < . . .
=l = 5o an2z g HA could play a vital role in nanoparticle-based formulae for
28| E 2 ESzEsgER s
§‘§ Elg v et E% ZETEX gene delivery due to its anionic characteristics and inherit
< Q| w =3 =3 =} — o [SIRcIRSRen . . . . . . .
i S [ags -~
< 2l 2 8 g = = E S = g ‘5@ 9 physicochemical properties. As illustrated in Fig. 3, the size of
) g g=2cg8¢gsd HA-based nanoparticles is tunable depending on the polymer
TEELSERS T ; icati i i
ESAS T o <5 i chemistry and the fabrication process, as discussed previously.
o s ©.2 o3 P . .
. E- 85 &2 ﬁcé The advantages of HA in improving the safety of delivery
2 = cSREeE®™l 58S ili irecti
s A EREoEC 2323 systems and the stability of products and directing to target
28 = s939ssgEa"]
5 2o < < 5 ?; 2 AED =7 sites are discussed below.
s vV Z =z 8o g 203N
EDpgsExCg - . .
BeESE_ B3~ 5.1. Cell viability and transfection efficienc
822 _.5hw o=
g — 2 E Q0T
< . . el 1 .
5 = 820 29D 887 In vitro. In vitro cytocompatibility tests confirmed enhanced
= Y g Ew 87w
= 5 N7 . as . .
5 = SE220uge cell viability after the exposure to HA-shielded nanoparticles,
L} - =) g \_/% g )
[~ Q < & 5} -~ Q . oo . . . s
& s £ E /e é DR LETE significantly decreasing the inherent cytotoxicity of
£ s 2 5 §%q %’@"EEEE polycations,*®®* or cationic lipid nanoparticles,*® due to
= = =} — Q=
S 9 = = g ) = 2=5Z= . . . ..
& 6= S 3 2 § E =8 % &% < electrostatic neutralization of the HA. The effects on cell viabi-
%) (=] — — . . . .
Sle $BE 2 ~ S5 EEE 25 lity were varied depending on the cells, because of the unique
k= ® B o . = 982 cc =0 o .
= 2 £17 g 8 % E3s? g & characteristic of the cells and the different amounts of HA
Ll Tg 2 & o BF8 = o . .
Elo E 22 = <=8 S528+ E recognition moiety present on the cell surface (HA as a ligand
S| = — =2’ ] -9 . . . ;
Elg £59 2 L0 EEETRTE of cell surface receptors will be described in the next section
S|& SEL & TFIbE,.gogs p ’
[P . . . . .
o= 5] é £ & & Z which affect the internalization of HA. A study of Yin, H. et al.,
g=.S = . . R
- 2 ¢ = 23T B é z i% ga% in which the cell viability of two human breast cancer cell
N~ L] © OV —~"» = . .
2 2w % g MEPE L %E S lines, MDA-MB-231 and MCF-7, exposed to HA nanoparticles
< =} 9 = = o 5 . . oy
=~ = & £ 2 9 g g CEsCER was compared, revealed a different ICs, (50% inhibitory con-
] 5 £ 5 @ o8 ~8 - . .
s & & & ¥ = SSZ2FZ 5 £ a3 centration), even though both were known as highly CD44-pre-
() (=)} (=)} (=)} (=)} T A = . . .
§ S 2 83 g 3 3 g 32 e g8 g % senting cells.*® de la Fuente, M. et al. compared the cell viabi-
B O O QO OF SESvpE—3573 . . . .
- g 3 E E E E ) ETE 55 i %-E lity of two highly CD44-expressed human corneal epithelium
2 2 2 2z 2 Eg ;é’i %5 i o ®a cell lines, HCE and IOBA-NHC, and the findings showed a
< < .= 0o [ =y .
e Z 18 8 8 8Z J288EESER lower ICs, value for HCE; IOBA-NHC was discussed as secret-

This journal is © The Royal Society of Chemistry 2022 Nanoscale, 2022, 14,17821-17840 | 17827


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nr05949e

View Article Online

Nanoscale

Review

(sdnoid o1y pue [Aypowin

(148 JUOWIEDI} I90UBD  IJIW SULIBI]-I0WN], TLY ‘0TA9Td 0T+ 01T VH pa3esn{uod LvL UM POlIPOW) UBSOIYD (€Iv1S ‘T'T-ad) VNS
0L—
47 JUOWIIEAI} 190URD)  9JIW JULIBd]-IoWN, 6CLH 0} 02— 8/7-€9  VH PazI[euonounj [0Yd31eD aeydsoyd wnroren (onT nue) VNIIS
UOTRNUISPIP VH pazifeuonouny (q8pTaru)
6€1 21u23091S0 V/N SHSIA UBWINE] 71— 1z (sururedop) [oyoaieDd aeydsoyd wnioe) VNTw ‘(z-dng) vNad
spuoq
SPYINSIP S[qBABI[D Y3Im
9¢ JUSWIESI I90URD  dTW Juliedg-Iown,, 6VSY 92— 0€T VH pozi[euonouny auky[y sowosodI] PalIpowW-apIZY (uralaIns nuUe) YNAIS
T'Sh—
T JUSWIEDI} I90UERD VIN AdH ‘OTI9Td 03 €F9— 0TF-06T  VH Pa3e3n[uod [0193s3[0YD ursjoxd 3urpulq-vNd qz dX¥ DUB) VNRITS
(GED)
spuoq 1JUB) 9p1N03I[NUOII[O
59 VIN V/IN €6C-MAH V/N 002-99T  SPY[NSIP [qBABS[D YIM VH QurwEeloid asuaspuy
Spuoq dpIudasIp
19 juaunean I1adue) Ehlie MCCN@QLOE:F 6VSV 9'vZ— T8T olqeAes[d YIIm VYH IWVINVd mmévm Uﬁmv VNUIS
spuoq
0S V/N V/N €LE/HIN ‘9TT-LOH V/N 861  OPYINS