N

N

Advances on non-invasive physically triggered nucleic
acid delivery from nanocarriers
Hai Doan Do, Brice Martin Couillaud, Bich-Thuy Do, Yohann Corvis,
Nathalie Mignet

» To cite this version:

Hai Doan Do, Brice Martin Couillaud, Bich-Thuy Do, Yohann Corvis, Nathalie Mignet. Advances
on non-invasive physically triggered nucleic acid delivery from nanocarriers. Advanced Drug Delivery
Reviews, 2019, 138, pp.3-17. 10.1016/j.addr.2018.10.006 . hal-02123133

HAL Id: hal-02123133
https://hal.science/hal-02123133
Submitted on 22 Oct 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.science/hal-02123133
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S0169409X 18302540
Manuscript_04b7eb7¢0f7b924e459c2b6daaael0d

Advances on non-invasive physically triggered Nucleic Acid delivery from nanocarriers
Hai Doan Dd, Brice Martin Couillaud, Bich-Thuy Doanh, Yohann Corvi§ Nathalie Migne't”

Chemical and Biological Technologies for Health (UTCBS), CNRS, INSERM, Paris Descartes University, Sorbonne-Paris-
Cité, Chimie ParisTech, PSL Research University, F-75006 Paris, France

*Corresponding author. Paris Sorbonne Cité, Paris Descartes University, Faculty of Pharmacy, Team Vectors for Targeted
Therapy and Molecular Imaging, CNRS UMR 8258, INSERM U1022, 4 avenue de I'Observatoire, 75270 Paris Cedex 06,
France. Tel.: +33 153739581.

E-mail address: nathalie.mignet@parisdescartes.fr (N. Mignet).

Abstract

Nucleic acids (NAs) have been considered as promising therapeutic agents for various types of diseases.
However, their clinical applications still face many limitations due to their charge, high molecular weight,
instability in biological environment and low levels of transfection. To overcome these drawbacks, therapeutic
NAs should be carried in a stable nanocarrier, which can be viral or non-viral vectors, and released at specific
target site. Various controllable gene release strategies are currently being evaluated with interesting results.
Endogenous stimuli-responsive systems, for example pH-, redox reaction-, enzymatic-triggered approaches have
been widely studied based on the physiological differences between pathological and normal tissues. Meanwhile,
exogenous triggered release strategies require the use of externally non-invasive physical triggering signals such
as light, heat, magnetic field and ultrasound. Compared to internal triggered strategies, external triggered gene
release is time and site specifically controllable through active management of outside stimuli. The signal
induces changes in the stability of the delivery system or some specific reactions which lead to endosomal
escape and/or gene release. In the present review, the mechanisms and examples of exogenous triggered gene
release approaches are detailed. Challenges and perspectives of such gene delivery systems are also discussed.
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Abbreviation: AAm: acrylamide; AIDS: acquired immune deficiency syndrome; AMF: alternating magnetic field; CPPs:
cell-penetrating peptides; EGFP: enhanced green fluorescent protein; GFP: green fluorescent protein; HA: hypocrellin A;
LCST: lower critical solution temperature; MNP: magnetic nanoparticle; MRg-FU: magnetic resonance-guided focused
ultrasound; MRI: magnetic resonance imaging; NA: nucleic acid; NIPAAm: N-isopropylacrylamide; NIR: near infrared; NP:
nanoparticle; NPE: 1-(2-nitrophenyl) ethanol; PEG: polyethylene glycol; PEI: polyethyleneimine; PTC: photo-activatable
ternary complex; ROS: reactive oxygen specB®&NTs: single-walled carbon nanotub@m: transition temperature; TNF:

tumor necrosis factor; UCNPs: upconversion NPs; UV: ultraviolet; VEGF: vascular endothelial growth factor.
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1. Introduction

Nucleic acids (NAs) are among the most importaatralecules. Their main function is to store andrémsfer
genetic information. Although being discovered vegyly in 1869, esearches invoiwg in NAs have achieved
amazing progress in the past few decades. In nmeliblAs are considered as promising therapeutintager
various types of diseases, from hereditary diseis@squired diseases such as cancer, degenedigmelers
and AIDS Therapeutic NAs can be categorized into DNA thewics (antisense oligonucleotides, DNA
aptamers and gene therapy) and RNA therapeutiaxdmiNAs (miRNA), short interfering RNAs (SiRNA),
ribozymes, RNA decoys and circular RNAS) [$]nce the first successful and accepted nucleag gansfer in
humans in May 1989, a lot of nucleic acid-basedtinents have been fabricated and taken into clitizds
[2]. In 2012, Glyber&, an adeno- associated viral vector engineeredxpoess lipoprotein lipase for the
treatment of lipoprotein lipase deficiencwas approved as the first gene therapy treatmamsdle in the
European Union [3]. Until 2016, there are approxgha2600 gene therapies clinical trials [2] and@b20
clinical trials using miRNA and siRNA-based theepi4]. Moreover, in 2016, the firsk-vivo stem cell gene
therapy, Strimveli8", was accepted in Europe for Severe Combined Immeficiency due to Adenosine
DeAminase deficiency treatment [5].

Efficient cell delivery of NAs ishampered byheir charge, high molecular weight and instabilitybiological
environment.Many strategiehave beemproposedto obtain effective gene delivery to targetcells [5]. An
effective gene delivery system shotiidve the following properties: (i) be able tmrry and to protect the
therapeutic genes; (i) accumulate at tazdedtssues, andii() release thentrappedpayload at the targeted
tissue. There are two kinds of vector for geneveeyi: viral and non-viral vectors. Viral vectoreasutstanding
candidates for gene delivery due to their highgfection efficiency and ability to incorporate thelivered gene
into the host genome [6]Although serious side-effects of viral vectors liegdto patient death and
lymphoproliferative disorder were encountered |ffer numerous modifications and innovations, meingl
vectors with improved efficiency, specificity andfesty have been developed and transferred intacalitrials.
Today, \ral vectors are used in approximately two thirdgyene therapy trials performed [2Jowever, there
are stillsome drawbacks the use of viral vectoisuch as: the complexity and high cost of productan the
limited size of transgene inserted in viral vectf8s Meanwhile, non-viral vectors areighly interesting
delivery systems due to their large versatilityethcan be composed of organic materials (for exampl
polymers, liposomes, peptides...), carbon nanotubesorganic nanoparticles (such as gold NPs, ntagne
NPs (MNPs)...) [6]. They can be designed to trandiiéerent and large transgenes.[8]

After administration, an-viral vectors are usually uptaken by the cditetigh endosomal pathway. Because of
harsh environment inside endosome (low pH, digestivzymes), NAs risk to be degraded before readhizig
site of action. Endosomal escape and triggeredisel®f theentrappedgene atthe target site, therefore, are
important requirements for an effective NA-baseshtment. For that reason, stimuli-responsive gestiealy
systems areinder evaluationStimuli-responsive vectorshouldhold off the release function while they are in
the blood streanand releaseentrapped genegside the cells undezxposureto stimuli source which can be
internal or external triggers. Internal triggere &ased on abnormalities of pathological area sisctifferent
pH, redox potential, temperature and over exprassfasome molecules like enzymes. For instancéyréast
and pancreatic cancers, there is a significaneas® in the expression of phospholipase A2, arflammatory
area, there are some soluble extracellular enzypuels as lysozyme, cathepsins and matrix metalleprases
[9]. A metalloproteinase 2 responsive block copolyroemposed of poly(ethylene glycol) (PEG), matrix
metalloproteinase 2 (MMP-2)-degradable peptide ALA&Z3, cationic cell penetrating peptide polyarginine
ro and poly¢-caprolactone) (PCL) was employed for siRNA agaipsto-lie kinase 1 (Plk1) delivery. The
micelle carrying siRNA showed enhanced gene siten@nd tumor growth inhibition. About 49% of cells
treated with metalloproteinase responsive siRNAvde} system underwent apoptosis while that of trethted
with unresponsive system was only about 24%. Furibee, PIk1 mRNA levels was significantly lowerririce
treated with responsive system compared to thdt wiresponsive system (p < 0.0Q%p]. Beside, de to
hypoxia, pH may drop to around 6 in the tumor 4163 or inflammation tissues [12].aking advantage of this
difference, Du et al. designed nanomicelle system based on poly(ethylgiyeol)-co-poly[(2, 4, 6-
trimethoxybenzylidene-1, 1, 1-tris(hydroxymethyldthane methacrylate-co-poly(dimethylamino glycidyl
methacrylate) PEG-PTTMA-P(GMA-S-DMA) (PTMS) for pkesponsive siRNA release strategy. In acidic
environment, PTTMA polymers undergoes hydrophobitytdrophilic transition leading to the disassembly



the nanomicelle and therefore the siRNA releassulRefromin vitro experiments showed that in cells treated
with PTMS nanomicelle-based siRNA delivery systéeré was a highly efficient gene silencing of alffo,
which was even better than that with Lipofectan0€0. This result was also confirmed throughivo study:

in mice group treated with PTMS/siRNA complex, tunggowth was significantly inhibited and about 45%
gene knockdown efficacy was observed. This enhgngane silencing effect was attributed to the eobdn
siRNA endosomal relea$&3]. In addition, in cancer cells, the level dditathione is found to be 100-fold higher
than the normal ranges [14Glutathione, therefore, can be used as a triggerstiomulus NA release. For
example, a DNA delivery nanocarrier called PlureREl-SS synthesized by conjugating reducible didedf
linked PEI (PEI-SS) with Pluronic was fabricatedheTdisulfide link is broken under the action oftgthione.
The Pluronic-PEI-SS system showed the highest DidAsfection efficacy into cells of about 4, 3 ai®dtimes
higher than that of Pluronic-PEI, PEI-SS and PHEteays, respectively. Moreoven vivo experiment, the
Pluronic-PEI-SS nanocarrier also exhibited a sigaiftly higher transfection efficacy than the PEU® [15].
Numerousotherefforts have been carried out to prompt the reledisstrappedyene by internal triggers with
promising results and have been recently summanzathny reviews [12,14,16].

However, triggered gene release by intrinsic plajsend biological factors faces many limitationsheT
environment of the disease site is heterogeneadist@ongly depends on patient’s conditions suchirssss or
diet, therefore the effects are not easy to pretticaddition, after administration, it is impodsitio control or
modify the action of the gene delivery systems. @arad to endogenous triggers, exogenous triggezed g
release is time and site specifically controllatiieough active management of external stimhthn-invasive
external signal like light, heat, magnetic fieldwirasound is applied to the target site from atside source.
The signal induces changes in the stability of dieéivery system or some specific reactions whicidl¢o
endosomal escape and gene release.

In this review, we will go into details of some estial trigger strategies for gene delivery, inchgdultrasound,
magnetic field, light and temperature. In eachtstig, mechanism of action and examples are covered.
Furthermore, challenges and perspectives of thesis bf smart-gene delivery systems are also discls

2. Ultrasound triggered release

Ultrasound can be defined as pressure waves thraugtedium, these ultrasonic signals can be reflecte
deviated and absorbed according to the environifigfit More specifically, it generates three maiffieefs,
hyperthermia, acoustic pressure and cavitationuféigl) leading to molecules motion as the medium is
compressed and decompressed throughout the expdsiioe.
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Fig. 1. Therapeutic effects of ultrasound at the regiomtarest to induce hyperthermia, cavitation anguatic pressure.



Consequently, ultrasound fosters blood vessels gadpifity and cellular uptake of drugss it leads to
mechanical flows and physical forces carrying nae@m drugs through the blood vessel wdll8].
Hyperthermia is related to a temperature above 32,5t is one of the most reported effect in ddaiivery as
numerousNPs are thermosensitive. However, for NA triggeslivery systems, cavitation and acoustic
pressure are preferredrileaseNA from nanocarriers aByperthermia could damage the loaded NA and change
its physical and biological properties [19]. Thraaeges of mediated temperature in human body caletieed,
normothermia, mild hyperthermia and strong hypertti®. Mild hyperthermia is often desired, as itreases
blood vessel pressure promoting drug retentiometdrgeted tumor site without irreversiblgmaginghealthy
tissues. At temperature above 43°C, hypertherndades cells necrosis by denaturation of cellulatemdes,
particularly proteins [20]. However, the thermabkdaused to induce hyperthermic cell mortality clesngp to
factor 10 among different cell types [19], hencérasiound must be calibrated according to the dpecif
environmento avoid cell toxicity Cavitation refers to the oscillation of gas mlbbles in a medium exposed
to ultrasound waves. If the ultrasound oscillatians stable, the cavitation is called stable ardptiobability of
microbubbles explosion is low. As the ultrasourghal turns non-inertial, the oscillations becomersger and
the microbubbles are upset to explosion, resulitingrechanical forces on the surrounding tissuebaecing
drug extravasation through membranes cells [21pustic pressure is related to ultrasonic beamgingefiows
that push NPs towards cells fostering rate of dragsport and drug uptake. A linear flow is expdcit low
acoustic pressure level and a nonlinear flow ah ligoustic pressure level [22]. Hyperthermia, edidh and
acoustic pressure are controlled by two mains petens, i.e. frequency and intensity.

Commonly, ultrasound frequency for gene delivergges from 0.01 to 2 MHz and from 0.1 to 3 Wcm
regarding intensity. Low ultrasound frequencies expected as it provides deeper tissues penetraiibiout
damaging organsWhether ultrasounds are applied continuously, hypentia could appeartherefore
discontinuous low-ultrasounare privileged to release NAs without injuring swmding tissues [23]. Also, the
frequency of ultrasounds must be set accordingh® addition of microbubbles in vivo to enhance drug
targeting,hence ultrasound frequencies should be in agreewidnthe type of microbubbles and the nature of
tissues [24]. Thesynergisticcombination of ultrasound and microbubbles produtésostreams, radiation
forces, andextreme stresses on cells membranes as cavitafiieet is amplified by the presence of
microbubbles that will be destroyed near to thehegia cellsresulting in a provisional tight junction disturlzan
and therefore a better permeabi[@b]. Plasmid DNAs carrying luciferaspsgalactosidase and enhanced green
fluorescent protein (EGFP) reporter genes were dnixith BR14 microbubbles and injected into the CB/B
mice heart while exposed to ultrasound. The autlsbieved that sonoporation-mediated pDNA transfer to
murine heart is greatly enhanced by the use of BRB80 + 310 Relative Light Units/mg protein/10 s)
compared to Optison microbubbles where some miee diter the injection. It was probably explairmsdthe
size of BR14 microbubbles (3 um) that is smalleanttOptison microbubbles (4.5 )rf26]. Other recent
advancements in the synergic combination of ultrtadoand microbubbles for drug delivery have shokat t
this approach can enhance gene targeted-deliveigstees while decreasing dose and systemic tgxititLi et

al. compared three types of ultrasound microbubbleuAéx, Optison and Levovist mixed with plasmid DNA
encoding green fluorescent protein and then injedte mice followed by irradiation with low-intengit
ultrasound (1 MHz) at an intensity of 2.0 W/cfar 2 minutes. The study evidenced tenfold higharession of
plasmid with Optison microbubbles compared to LésfpvAlbunex and without microbubbles after intra-
muscular injection [27]. Similarly, Y. H. Li studiethe elimination of angiogenesis by the downretiptaof
vascular endothelial growth factor (VEGF) expressio prevent the growth of tumors by delivering VIEG
siRNA in NP to hamper VEGF expression in PC-3 celisappears that VEGF-siRNA was significantly
delivered to cells with ultrasound microbubble avHz and 1.2 W/crhfor 20 seconds, the results from this
study revealed that ultrasound microbubble sidecgffsuch as cell apoptosis, capillary rupture emdlysis,
could be drastically reduced to a minimum understtund optimum conditions [28]. This protectivieef was
observed by Q. L Let al. when Green fluorescent protein (GFP) plasmid DA aNFo siRNA was injected
with Optison microbubbles in presence of polyethgienine (PEI)25000 cationic polymer directly intoet
mouse skeletal muscle followed by ultrasound at foesquency and intensity (1 MHz, 3 W/&m60 seconds
exposure). Ultrasound at moderate power combingtl @ptison, also enhanced transfection efficien€y o
plasmid DNA up to 300-fold over naked DNA in mide,addition to the reduction of muscle damages.[29]
Using positively charged lipid-based microbubbled ainiplasmid devoid of antibiotic resistance, Néeet al.
showed a sustained expression of luciferase irlitke after a single systemic injection under wtvand (1
MHz, 40% duty cycle, pulse repetition frequencyktr) [30]. However, other researches clearly prothet
combined low- ultrasound microbubbles without pagacanharmedcells and even be used as a treatment



approach to cure diseases. S. Yahgl. investigated this treatment effects on benign tat@shyperplasia and
observed serious tissues injury and cell apoptasisnly 21 kHz with combined ultrasound microbuisble
compared to ultrasound and microbubbles separg8dly; In addition, preventive measures should eranto

consideration when correlatinig vitro ultrasound parameters to vivo conditions. Indeed, as mechanisms of

interaction with cellsin vitro are different fromin vivo environment which presents solid tissuégsrefore
ultrasound calibration for boiln vitro andin vivo studies are required to optimize the parametdgy. [

Table 1 and 2 obtained from C.R Mayral. data [33], show an overview of gene delivery systevith low
frequency-intensity ultrasound applied to sevemaldgical models.

Table 1. Ultrasound combined microbubbles applications femegdelivery (frequency: 40 kHz to 1 MHz)

Ultrasound Microbubbles | Payload Model Ref.
Conditions
40 kHz, 90 s, 4)None SIRNA(3’-dTdT) 0.33ug, 3.3| Transgenic mice cel 5[34]
kHz,+ G3:K25 90 s ug PEI expressing CTLA4Ig

. Luciferase plasmid DNA, 1.58Human vascular  smoo
956 kHz, 60 s Optison [VLs| muscle cells (HIAS-117C) TSS]
1 MHz Sonovue ABCG2-siRNA 100 nmol/L Breast “cancer cells (MC[_[SG]

7/ADR)

1 MHz, 1,2 W/cm, . Human prostate carcinom
20 s Sonovue hVEGF-siRNA 0.03 pmal/ cells (PC-3) f28]
1 MHz, 2 Wicn, Cy3-siRNA 0.2 nmol .
100 Hz PR, 300 s Sonovue Wistar rats [37]
1 -MHz; 2 Wicnd, 2 Optison siRNA-glyceraldehyde-3- |Male Wistar rats paratld[38]
min phosphate dehydrogenas 4 pgjands

1 MHz in frequency

100 Hz in PR} gonovue Cy3-SiRNA 1 nmol Human prostate - carcinon [39]
2 cells (PC-3)
0.5~3.0 W/cm
i r,r\::;'Z 1.0 Wierf Liposomes NBs | siRNA 0.5 pg Rat C6 glioma [44
1 MHz, 2 Wicn]|, . siRNA  PEG-siPlexes 50Huh7 and Huh7 eGFPLug
. Liposomes MBs . [41]
during 10 s nmol/L Liver cancer cells
1 MHz, 2.5 W/cr, Optison HGF plasmid DNA 2 ng/JSprague-Dawley ot [42]
1 min tissue
Post-angioplastic neointimal
;x:z 2.5 wier, Optison p53 plasmid DNA 5@y proliferation in rat carotig[43]
model
1 MHz, 3 Wicn, . GFP plasmid DNA 10ug .
PW., 20% DC., 60 s Optison TNF-u SIRNA 100yg Mouse limb (C57 B10) [29]
1 MHz, 2 Wicm, . luciferase plasmid DNA 25 .
PW. 50% DC, 2 mir Optison ug Mouse limb (BALB-C) [27]
1 MHz, 0.6 W/cm, . : Post-ischemic inflammatio
15 min Optison TNFe SIRNA 100ug in Wistar rat myocardium f‘[44]
1 MHz, 2.5 Wicrh, | Optison E2F decoy 10@ Post angioplastic neointimai*3]




2 min

proliferation in rat carotide

1 MHz, PW, 10 -+
50% DC, 1.0 — 2.0BR14
Wicn?, 60 s

Luciferase, B-Gal and GFH
plasmid DNA, GFP siRNA
500ug

b
Mouse

| myocardiun
(C57BL/6)

[45]

1 MHz, PW, 20% optison

and

GFP plasmid DNA 1Gwg Mouse limb (BALB-C) [27]
DC, 2 Wienf, 30's | Sonovue
1 MHz, CWwW, 1.5 . HGF recombinant protein ld)oxgrubmm . induced
W/ent 3 x 10 s Optison ug cardiomyopathy in mougg46]
' model (C57BL/6)

1 MHz, PW, 6% BR14 TIMP-3 plasmid DNA 33 Prevention of porcina[47]
DC, 2 min ug/mL saphenous vein graft model
1 MHz, 50% duty Heart failure in hamster
ratio, 2.0 W/cm2 90 Optison BM-MNCs 1 x 19 cardiomyopathy model[48]
s (BIOTO2)

Human breagt
i MHz, 1 Wert, 20 Fluorocarbon SiRNA-GFP 25 ug adenocarcinoma (MDA-MB-[27]

231)
1.03 MHz, 1 W/crh, | Cationic SiRNA- Forkhead box protejry (MCF7)|  [49]

2min

porphyrin MBs

Al 30 pumol/L

Table 2. Ultrasound combined microbubbles applications fmeydelivery (frequency: 1 MHz to 5 MHz)

UItra_sqund Microbubbles Payload M odel Ref.
Conditions
3 MHz, 2 Wicm, 1 .
min3+A4:E23 MHz, 2 Unknown SiRNA TNF 1 nmol Renal murine (CS7BL/6 1
: GFP)
W/cm2, 1 min
3 MHz, 2 W/cmi, 1 . Dark agouti rat (DA/HanRj
min SV-25 MBs SIRNA TNF-a 800 pmol collagen-induced arthritis [51]
Optison i Angiogenesis in Sprague
1.3 MHz, PW. 20 min VEGF165 plasmid DNAANgiog p - g 52]
120pg Dawley rat myocardium
. - o . Chronically ischemi
1.3 MHz, PW, 10 minCationic lipid| VEGF165 Plasmide DNA
sprague-dawley rat skeletdd?2]
every5s MBs 500ug
muscle
1:3 MHz, PW, ECQ Optison luciferase ang-Gal plasmid Mouse myocardlum[53]
triggered, 2 min DNA 60 pug (BALBI/c)
. _ luciferase plasmid DNA 600Wild-type lean Zucker rat
1.3 MHz, PW, 20 min |_|posome MBs ug myocardium [54]
1.3 MHz, PW, 20 min Optison and lipid Luciferase plasmid DNASpragueTDawIey Rar[55]
MBs 350ug myocardium
1.3 MHz Optison B-Gal Adenovirus 1.0 x 16 W|Id-typ§ lean Zucker rat[56]
pfu/mL myocardium




Cationic lipid|{ chloramphenicol Closed-chest mongrel dg¢ ?57]

1.3 MHz, PW MBs acetyltransferase 6./§/kg | heart
1.6 MHz Phospholipid HGF plasmid DNA 2 mg Wistar rat myocard mfarctLiSS]
MBs model
C57BL/6 mice and 33
1.7 MHz, PW, 3 . .
min/1.0 MHz, CW, g Optison luciferase plasmid DNA 1OOSprague—DawIey rats [59]
min 19
1.75 MHz, PW, puls¢Cationic lipid| Luciferase plasmid DNA 2 .
every 7 s for 15 min | MBs —100ng Sprague Dawley Rat limb [60]
VEGF121 plasmid DNA“ngiogenesis after
1.8 MHz, PW Optison 2000 P myocardial infarction in[61]
hg Wisrtar rat model
9 . _ : .
1,8 MHz, CW, 45 s Fluorocarbon 20x10° mol/l siRNA-Acid | A549 adenocarcmom%z]

coated per- fluoropentane | human

African  green  monkey

fibroblast cells (COS-7).

2 MHz, intensity 2.5 pCMV-GL3 and 3ug siRNA

None Embryonic fibroblast cells[63]
Wient, 10's S kg (NIH3T3). Myoblast cells
(C2C12).
2.2 MHz, CW, 30 s 1 | g I
. p-Gal and eNOS plasm . .
MHz, 2.5 W/sz, 1| Optison DNA 20 g q:’orcme coronary arteries [64]
min
: luciferase angs-Gal plasmid .
2.2 MHz, CW, 30 s Optison DNA 20 ug Rat limb [39]
3 MHz, 2 Wicrd, 1 SIRNA TNF-a Renal murine (BALB/(
. Unknown hvmi [23]
min « amount not given» athymic)
SiIRNA TNF-o, F
3 MHz, 2 Wicn, 1 SV-25 MBS Rat collagen |nduced[24]
min arthritis

« amount not given»

BM-MNCs: Bone marrow-derived mononuclear cells; CAT: @@himphenicol acetyltransferase; CW: Continuous Wave
Doppler; EGFP: enhanced green fluorescent pro@iP: Green fluorescent protein; HGF: Hepatocytevgrdfactor; LV:
Left ventricle; MB: Microbubble; NB: Nanobubble; NQitric oxide; PR: Pulse Repetition; PW: Pulsed wawepmler;
siRNA: Small interfering RNA; TIMP: Metalloproteinasehibitor; TNF: Tumor necrosis factor; US: Ultrasound; VEGF:
Vascular endothelial growth factor.

3. Magnetically triggered release

Magnetic field is considered as one of the besgfgaiing strategies for an externally responsivegfdyene
release from drug delivery systems. Contrary tbtlighich meets limitation of non-invasive applicatifor deep
tissue, magnetic fields are able to deeply peretirto the whole bodyThe penetration depth depends on
wavelength and decreases by increasing the freguirdrops from 17 cm at 85 MHz to 7 cm at 220 M@3].

On the other hand, magnetic field seems to be #ad@iks to less interaction withological tissuegompared to
other strategies such as light, ultrasound or ebedttield.

Magnetic field was used the first time as a stinmidiger from drug delivery system by Hsietral. In this work,
a magnetic sustained-release system was preparechibgdding 1.4 mm-diameter size magnetic steelsbiad
the polymer along with the drug. Without magnetield, drug was sustained released from the system.



Interestingly, the system released up to 100% rdoug when activated by an oscillating external imagnet
than when the magnetic field was discontinued [6&jwever, use of big magnetic particles causesifignt
heating of surrounding tissue which can lead tdticlp of the vasculature. Therefore, MNPs have been
employed to overpass this limitation. In a magnediicnuli system, MNPs, which are encapsulated in or
conjugated with the carriers, act as a remote obmtodality. When exposed to an external magnaedid f
therapeutic gene can be released from the systemsgh thermal or non-thermal effects dependinghentype

of magnetic field. Some works on the magneticallygered release of NA are overviewed in Table 3.

Table 3. Summary of studies on magnetically triggered idaaf nucleic acid.

Carriers Payload MNPs Magnetic field | Results Ref
- Gradient 0f~38 | 8%in vitro DNA
Alginate ferrogels pDNA F©,10 nm A2 release [67]
Pulsatiled DNA releasq
Poly(D,L lactic acid) profile: about 4.5% of
based multi-reservaoir Fe.0, 160- DNA released when
devices and porous | DNA 2230 ;m 0.15; 0.5; 0.8 T | apply magnetic field, | [68]
polycarbonate sealing compared to about
membrane 100% without
magnetic field
N-isopropy! Fe;0,-PEG-
acrylamide -co- siRNA diphosphate Zg‘;)mkHz, 9.6 80% siRNA release [69
acrylamide hydrogel 80 nm
glr?zgciﬁlsrﬂ;%ag_ic} DNA Oleic coated | 50kHz; 0.8, 1.2,| Increased DNA release [70]
poly P Fe0, or 2.0 kKA/m of up to 80%
PAA;
Increased siRNA
delivery, and gene
Thermosensitive silencing: mMRNA level
cationic liposome 423 kHz. 10 decreased to 40%, cel
composed of DPPC, | siRNA FeO,10 nm KA/M ' apoptosis increased up [71]
MSPC, DSPE- to ~ 48% (only ~1% in
PEGyoo control group).
Inhibited tumor growth
of ~2. times
Amine- | 0.55-3 kw Increase DNA release
functionalize | induction L T
Dextran-coated R®, | DNA d dextran- heater. 400 kHz invitro andin vivo: up [72]
oligonucleotide coated FgO, | (in Vi'[l’(’J) 338 to 160 mM (<40 mM
4 / without magnetic field)
50 nm Hz (in vivo)
Gold coated MNPs DNA F&0.@Au | 800 W, 20-25 60-70% DNA release [73
70 nm kHz

DNA: Deoxyribonucleic acid DPPC: 1,2-dipalmitoyl-snglycero- 3-phosphatidgthe, DSPE-PEG; 1,2-distearyl-sn-
glycero-3-phosphoethanolamine-N-  [methoxy(polyethglglycol)-2000] MNPs: magnetic  nanoparticles;MSPC:
monostearoylphosphatidyl-cholinggDNA: plasmid deoxyribonucleic acid; PEG: polygéne glycol; P&-b-PAA
poly(styrene-block-allyl alcohol); siRNA: Small infering ribonucleic acid.

3.1. Genetriggered release by non-thermal effects

Entrappedgene can be triggered release from magnetic resgomshicles through non-thermal effect when
exposed to low frequency or static fields. Thislegagpion was developed based on the motion of MNRdger
magnetic field causing mechanical deformation & darriers which leads to the release of the loaded
[74,75]. Alginate, a natural polysaccharide, hasrbased for a long time in various biomedical aggtions
especially in drug delivery systems. In 2010, Zlehal. worked on an alginate ferrogel with adipic acid
dihydrazide as covalent cross-linkers. These macoys gel presented a hierarchical structure withnfin
Fe;0, NPs coated with pluronic F127 homogeneously disted inside. The body force on MNPs caused by
magnetic field gradient leaded to the motion ofplaeticles and consequently the collapse of thegpor the gel
visualized by the large and prompt deformationhef gel. When the pores collapsed, they generaferta on
water in the pores to flow out of the gel stron@wgh to trigger the release efitrappedpDNA. In fact, a
significant increase in the releaseeofirappecoDNA was obtained when magnetic field was appliechgared



to un-treated samples. Nevertheless, there waslesgythan 8% of encapsulated DNA released aftgcles of
magnetic stimulation. One reason for this low DNerse can be the ionic interaction between catlyroyps
of alginate and amine groups of PEI used to corel@@NA before beingntrappednto the gels. Therefore,
further experiments should be performed to cartytbe best conditions for the capture and rele&d2NA in
ferrogels [67].

With the ability to move under magnetic field, MN&an also be used as switchers for the releasebstrates
through the pores of porous carriers. In the wadfrlkCai et al., polymeric multi-reservoir devices based on
poly(D,L-lactic acid) as the biodegradable substrahd porous polycarbonate as the sealing membvere
developed. 196.1 nm-g@, NPs and DNA were loaded in the reservolrs.this device, MNPs acted as a
switcher which opened or closed the pores of thenlbmane, leading to switching on or off the relea$e
entrapped DNA. Results showed ttize release of DNA from the devitevereversible pulsatile profile when
alternatively exposing to a magnetic field for dh/state only 4.5 - 4.6 % of DNA released when apply
magnetic field, compared to about 80 - 100% withmaignetic field or with small amount of MNPBurther
studies on the controlled DNA release propertiemfthis kind of devices should be performed on shuapsize
and concentration of the NPs and the magnetic flefwsity and strength [68].

3.2. Genetriggered release by thermal effects

The heating effect of magnetic particles in anrafiing magnetic field (AMF) is mainly due to hyssis losses
or relaxational losses. For magnetic particles withmeters of about 10 nm, the critical mechanisnthie
relaxation losses which are divided in two kindsNgel losses due to reorientation of the magnatienent in a
particle; and (ii) Brownian losses due to reoriéinta of the magnetic particle itself in the fluidhese
mechanisms are both characterized by relaxatioastiwhich depend on particle and magnetic field @rigs
[76]. Itis illustrated that the heating potentiad mechanism for energy deposition of MNPs in 84FAlepend
on the conditions of the applied AMF and the préipsrand concentration of the particles in theugsgr7].
Within a certain range, the heating potential canirbproved by increasing the magnetic field strengmnd
frequency. However, there is a limitation for thgpked AMF, which above a certain level, can canse-
specific heating due to eddy currents in tissueer&tore, guidelines for limiting exposure to magmetnd
electromagnetic fields were published by the Iriéomal Commission on Non-lonizing Radiation Préitet
(ICNIRP) for a safe use of electromagnetic fieltheSe guidelines were developed on the basis ofddry
studies of cellular, tissue, and animal systemssag to electromagnetic fields in the frequencyeaaof 100
kHz—300 GHz. They are applied for magnetic resoeamaging (MRI) but they can be translated inténestes
of maximum allowable magnetic field amplitude amdguency product. According to them, the maximum
magnetic field amplitude and frequency product toié damage to skin should be 8.1 X¥A@Qm.s) at 13.56
MHz and 1.2 x 18/(m.s) at 200 kHz [77].

Efficiency of magnetically responsive gene delivesystem also depends on the development of
thermoresponsive carriers which can be polymemsbmes, dendrimers... MNPs are encapsulated in or
decorated with cationic moieties which can easilgken complexes with negatively charged DNA/RNA
backbone. Magnetic field is then applied to remotegger the release of NA from the system (Figixe
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Fig. 2. Magnetically triggered gene release by thermatatff(A) Nucleic acid and magnetic nanoparticleNfd) are
entrappedn thermoresponsive polymer based vesicles. Bel@aldiver critical solution temperature (LCST), thdypmers

are soluble, while above LCST the polymers colldpa€ing to the release ehtrappedyene. (B) Nucleic acid and MNPs
are entrappedn thermosensitive liposomes. When heated to abloedransition temperature by MNPs under an externa
magnetic field, the phospholipid membrane undergoeisange in conformation and passes in liquidtahyghase leading to
the release of thentrappedyene. (C) Nucleic acids are decorated on the vesidataining MNPs through thermosensitive
linkers which are easily broken when heated. (D)g&i nucleic acid strands were covalently attacteedhe vesicles
containing MNPs, then the complement strand wag@a@ehd formed duplex. When heated, they duplexesianybridized
resulting in the release of the nucleic acid stsand

Thermoresponsive polymer based systems are o ghost well studied smart carriers for stimulip@ssive
gene delivery system. These materials contain thersponsive units which exhibit phase transitioa specific
temperature called lower critical solution temperat(LCST) [78]. Below this temperature, hydrogemmds
between hydrophilic parts and water molecules ntlakm soluble in water. When the temperature isdigfan
LCST, due to the strengthening of the interactiebwleen hydrophobic parts, the polymer will contraict be
insoluble in water leading to the release of thetrappedgene. Magneto-sensitive gel based on N-
isopropylacrylamide (NIPAAmM) and acrylamide (AAngrtaining MNPs was studied as a promising candidate
[69]. This gel had LCST slightly above the body pamature (about 4Q). In this work, hydrogels were
constructed of two layers of poly(NIPAAmM-co-AAm) thi N,N'-methylenebisacrylamide as a cross-linkér. 8
nm diameter-polyethylene glycol coated MNPs wergealdto the monomer solution before gelation. Tiselts
showed that almost all the siRNA was retained & bn-irradiated magnetite hydrogel while approxaha
80% of the encapsulated siRNA was released 7 nsnafter magnetic field application. Moreover, ortce
irradiation was stopped, siRNA was slowly releaech the system by diffusion. When the magnetitdfizas
applied again, the hydrogel started to collapserapitlly release the encapsulated siRNA.

Many polymeric micro/nanoparticles such as polymenicelles, polymersomes and nanocapsules alsbiexhi
potential thermoresponsive properties for magngiggered applications [79—-81]. Using double enarisi
approach, Huet al. prepared well dispersed and uniform nanocapsfiedbout 260 nm based on copolymer
poly(styrene-block-allyl alcohol). pDNA wasntrappednside the water core of the nanocapsules with high
efficiency. Meanwhile, oleic coated MNPs were trapetween the two copolymer layers. Without magnet
field, these systems showed a sustained drug ecfrafile with only 7-25% of the encapsulated pDMeased
after 2 days. A significant boost in the DNA releasas obtained when high-frequency magnetic figlds
applied, and the higher the magnetic field strengie more DNA released. However, the effect on the
nanocapsule structure depended on the magnetitgttreAt lower magnetic strength (0.8 or 1.2 kA/thg
thermal effect did not influence the structure vbhineant that there was no DNA released after shopthie
magnetic field. In opposite, when the field stréngfas set up at 2 kA/m, heat from MNPs leaded tmmpaent
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damages in the hydrophobic shell of the nanocagsatiucing a continuous release of DNA even in absef
magnetic field applied [70].

Another type of thermoresponsive carrier are theemeitive liposomes, which are heat-trigger-based
liposomes. In fact, all liposomes are inherentlgrthosensitive. All phospholipids are defined byirtigel phase

to fluid phase transition temperature (Tm). To Ififeative for drug or gene delivery, liposomes slibbke
designed to have a Tm slightly above’@7 After the liposomes are targeted at the tumt®, $ocal mild
hyperthermia is applied to release the therapewfent. Yanget al. performed a study on thermal and magnetic
dual-responsive liposomes composed of DPPC:MSPUREG, encapsulating siRNA-CPPs and;Bg
MNPs. For higher translocation efficiency, cell-pmating peptides (CPPs) were conjugated to siRKfvre
being encapsulated in the liposomes. The role ofPKIM this system was both liposome targeting agedt
heating source. The siRNA-CPPs encapsulated lipesdrad size of about 90 nm and encapsulation efiigi

of approximately 87%. Fronn vitro experiments, they found that when activating tpesomes by AMF,
higher cellular uptake efficiency, stronger celtutfistribution, increased gene-silencing and apsiptevere
obtained as compared to unactivated system. Tlesdts were also confirmed by vivo studies where the
most intense tumor distribution of siRNA and thettentitumor effect were found in mice treated vatRNA-
CPPs magnetic liposomes exposed to AMF. Thesetsesujgest that this system can be potential fectee
and efficient delivery of siRNA in cancer treatmé§nt].

Recently, NA conjugated on surface of inorganic KBge been widely developed for triggered releaspgse
[82,83]. Liuet al. performed a novel strategy for remote-controtieldase of DNA using AMF. In their work, 6-
carboxyfluorescein-labeled diblock DNA were decedabn the surface of 70 nm4E@Au NPs via the
gold/adenine affinity. The latter was easily brokenrelease DNA because of heat release from MNRsnw
exposing to AMF. Under the magnetic field of 2043z, 800W in 30 min, about 60-70% a$sociatedNA
was released from the system. Until 800 W, theeiase in the power of AMF leaded to a faster DNA&aseé.
However, this trend no longer existed when the pomas increased from 800 to 1500 W. The magneticall
responsive release behavior was still maintaindiyiimg cells [73].

NA can be remotely triggered from gene deliverytesiysnot only by breaking thermal responsive linket also
through dehybridization of the duplexes under slimfiexternal agents like laser or magnetic fieldith such
strategy, Derfugt al. used superparamagnetic NPs as transducers tert@xernal electromagnetic energy at
400 Hz into heat to dehybridize complement NA sigrin this system, single DNA strands were couaten
attached to the surface of NPs using 4-(N-Maleimdthyl)cyclohexane-1-carboxylic acid 3-sulfo-N-
hydroxysuccinimide ester sodium salt as the cnolssti then the complement dye-labeled DNA strand wa
added and formed duplex through specific hydrogemdb(Watson-Crick interaction). Fluorescent DNA was
released rapidlylue to heat-induced dehybridization of the dupleafter being exposed to an AMF of 400 kHz,
1.25 kW for 5 minutes. When the field stopped, fllnerescence decreased due to the re-hybridizatfcthe
complement DNA strand. Interestingly, they foundttthe release property was also dependent on N ch
length and guanine-cytosine content. This rengessible the controlled release of multiple drughie same
system.In vivo study presented a significant growth in penetratiapth of the fluorescent DNA into
surrounding tissue under magnetic field applicatdoreover, the distribution of MNPs was obtaingd\bRI.
Based on all of these evidences, this kind of MNWAzonjugate can be a potential candidate for diamglous
diagnosis and remotely triggered release of thertapgene [72].

Beyond the application in cancer treatment and telyoatriggered release, it has been pointed out tha
hyperthermia also has effects on the immune regpahsge to enhancing antigen presentation, therefore
increasing the activity of dendritic cells [84]. kmver, it can also increase the recruitment ofpllyatyte into
tumor, make cancer cells more sensitive to lysisN\Byor CD8+ cells [85]. Toraya-Browet al. demonstrated
that local hyperthermia treatment using iron oxiles and AMF induced CD8+ T cell — mediated restsan
against distal and secondary tumors [86]. Takingaathge of various effect of MNPs, it could be pising to
fabricate a multi-functional cancer treatment basedVINPs: target the system at tumor site, triggégase of
entrappedene and simultaneously induce hyperthermia unplgyamg an AMF, and boost innate immunity.

4. Lighttriggered release

Photo-responsive release is a very popular on-dérgane release strategy thanks to its non-invgsigperty
and ability to precisely control with regard to &ion, dose and time at which therapeutic geneseteased.
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Light spectrum used to trigger gene release rafrges ultraviolet (UV) (10-400 nm) to near infraréNIR)
regions (650-900 nm). Nevertheless, UV irradiaieomore cytotoxic than other regions and can berhles by
endogenous chromophores (such as hemoglobin, lipittd water) which prevent UV irradiation from
penetrating into deep body tissue. On the othed hBilR has excellent tissue penetration up to 10acih is
more compatible with cells than UV and visible li¢7].

Various nanocarriers have been studied for liginttgt gene delivery, for example: polymeric NPstigaic
liposome, dendrimer, gold NPs... Besides, there amynapproaches during the development of light-atedi
gene delivery. They can be divided into three med#tegories: photochemical, photoisomerization, and
photothermal triggers [88] (Figure 3). Summary afrks on light-triggered release of NA is proposed able

4,

Table 4. Key information of studies on light responsive gelelivery system.

Light
Approaches Vectors Payload SOUrces Key results Ref
Cationic NPs based on Light tr|rgeg|;ee;§g SIRNA
U(\'/SOCr:?;\rlla[?fllit?)rl];Fk))?epgl-le SIRNA Uv Enhanced gene silencing yp [89]
nitrobenzyl bond) to 50% afte_r 3005 of UV
irradiation
Cationic liposomes basef
on lipids composed of
either two different
groups, Lysine—Glycine—
Glycine (KGG) and Stimuli responsive capture
Glycine—Glycine—Glycing and
(GGG) and three different siRNA or UV release of nucleic acid: up [90]
hydrocarbon chain DNA to 55.1 - 62.9% of DNA or
lengths (C6, C10, or C14) siRNA release after UV
terminated by a UV light exposure
responsive 1-(2-
nitrophenyl)ethanol
(NPE) protected
carboxylic acid
Photochemical S”i_ca cqated-UCN_Ps_ Enhanced siRNA release hy
functionalized by cationig . about 2 folds
e SIRNA NIR . . [91]
photosensitive o- Enhanced gene silencing by
nitrobenzyl linkers about 10 folds
>80% of siRNA release
Mesopourous silica after 5 cycles of 30-min
coated UCNPs covalently intervals light exposure
bound thin membranes df SIRNA NIR [92]
polyethylene glycol Down regulated mRNA ang
(PEG) viaa protein expression by
photocleavable linker 26.5% and 23.8%
respectively
Endosomal escape
Three-layered polyplex Enhanced gene expression:
micelles composed of tri ~44- and 88-fold higher
blocks copolymer PEG- ODNA Visible gene expressionn(vitro) 93]
PAsp(DET)-PLys, pDNA light Protein expression: ~4.4-
and dendrimer fold higher fluorescence
phthalocyanine than the non-photo-
irradiated tumouri( vivo)
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NPs based on ROS-
responsive polymer

Visible

Endosomal escape
increased ~4 folds after 5
min of light

p(TPECM-AA-OEI)-g- PDNA light exposureEnhanced [94]
mPEG transfection efficiency up to
~68%,
Enhanced transfection
efficiency by ~42000 folds
) , Endosomal escape
MSM with PS-conjugated h q
chondroitin sulfate and |  EGFR- NIR Enhanced EGFR gene | [g5]
polyethyleneimine based ~ shRNA silencing: EGFR mRNA
binary complexes and protein level down to
~10%
Reduced tumor growth of
about 3 times
Temperature sensitive
polymers (Y-shaped . .
with LCST at 39 °C and|  siRNA NIR 20 49 P [96]
RGD shell with LCST at o
43 °C) coated gold and cell apoptotic ratio of
nanorods 16.9%
Light-triggered gene releage
o of 70%
Tat peptide-lipid coated SiRNA NIR Endosomal escape [97]
gold nanoshells ] _
Enhanced gene silencing fo
80%
Light induced shape
transformation and DNA | [98]
Gold nanorods DNA NIR release of ~70%
Localized gene expression
Selective release of two
distinct DNA from two
different nanorods [99]
Photothermal Gold nanorods DNA NIR depending on laser
wavelength, triggered DNA
release up to 60-90%
Light-triggered release
Oligonucleot oligonucleotide
Gold nanorods g e NIR Controlled gene silencing] [100]
protein level decreased by
55%
ili ight-tri de[101
Mesopourous silica SIRNA NIR Light-triggered gene releage[101]
coated gold nanorods and gene silencing
Thermally triggered DNA
Gold nanoshelis or aold release of 100% (nanorod
nanorods g DNA NIR Thermally and non- [102]
thermally induced DNA
release of 100% (nanoshell)
~ Visible Light-triggered DNA [103]
41-57nm Gold NPs DNA light release of 20-90%
Citrate-coated 16 nm DNA Visible | Light-triggered DNA [104]
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Gold NPs light release up to 100%
(depended on laser power

Light-triggered DNA

Lipid (DOTAP, DOPE, release of 79.4%
Cholesterol, PEG2000- 25.9% of cells underwent
DSPE) coated Cas9-sgPlk-1 Visible | apoptosis compared to on y[105]
pDNA/TAT peptide plasmids light 6.68% in control
modified gold NPs

65% down regulation of thg
PIk-1 protein compared tg
the control

1%

complexes

Light-triggered DNA
release

Enhanced gene expressig
of 7.3 or 4.5 times

PEI-Chol modifed carbo TP53 NIR Incrtlalased apoptotic rate of 106
nanotubes plasmid cells of ~2.3 times and
necrotic rate of ~4 times

Reduced mice death ratioj

53.5% of mice still alive
while 100% died in control

group

>

Catanionic system
composed of

photoresponsive Increased transfection
Photo- . azobenzene. efficiency up to ~40%
isomerization trlmet_hylammomum DNA uv (~20% without UV) [107]
bromide surfactant,
sodium

dodecylbenzenesulfonate
or sodium dodecylsulfate

AA: aminoacrylate; DNA: Deoxyribonucleic acid; EGF&idermal growth factor receptor; MSM: multifursial shielding
material; NIR: near-infrared; NPs: nanoparticles;|:Oddigoethylenimine;PAsSp(DET): poly(aspartamide) derivative
with a 1,2-diaminoethane moietyyDNA: plasmid deoxyribonucleic acid; PEG: polyetnyé glycol; PEI-Chol:
poly(ethylenimine)-cholesteroP’Lys: poly(L-lysine); PS: photosensitizer; ROS: reactive oxygen spesigBNA: short
hairpin ribonucleic  acid;  siRNA: Small interfering ibonucleic  acid; TPECM: 2-(1-(4-(1,2,2-
triphenylvinyl)phenyl)ethylidene)malononitrile; UCNPupconversion NPs; UV: ultraviolet
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Fig. 3. Light triggered gene release through three maiegories. (1) In photochemical approach, nucleidsa(NAS)
interact with cationic moieties which are covalgntbnnected to the vectors through photocleavahleis. Upon light
irradiation these links are broken leading to tbkease of NAs. These vesicles can also containoplositizers which
generate reactive oxygen species upon exposinght ifradiation to disrupt endosome membrane. (2photothermal
approach, NAs are covalently decorated onto phetotal agents (such as gold nanoparticles) throbghriosensitive
linkers. When light is applied, heat generated ftbmphotothermal agents breaks the links or dedligied the double strand
NAs, resulting in the NAs release. (3) In photoisoization approach, NAs are loaded into carrienstaiaing materials
which undergo a molecular structure change betvisemers due to photoexcitation. The changes betuseners cause

destabilization of the carriers to boost the redeafsNAS.

4.1. Photochemical

Following this approach, genes are remotely trigdefrom gene delivery system when the covalent sond
which link gene and carriers are disrupted by liglatdiation. Some common photoresponsive moiatieh as:
o-nitrobenzyl, coumarin-and pyrene-derivatives cam taken into account [108-110]. For example, 2-
nitrobenzyl ester bond was used as a photolabitigérto link a hydrophobic tail and a cationic heHdan
amphiphile which self-assembled into NPs. With tiotéc shell, these NPs could make complexes witk N
such as siRNA through electrostatic interactiortse Toaded siRNA was controllably released fromshstem
by applying an UV irradiation. Energy from UV lightoke the ester bonds, therefore, leading to duygatiation

of the NPs of about 72% after 300 seconds of Uadiation. Moreover, up to 50% of gene silencingetffivas
obtained after treating cells with the photo-séwsiNPs and UV irradiation. This value was sigrafitly higher
than that of the treated group without UV exposlg%) [111]. In another work, UV light responsivgZt
nitrophenyl) ethanol (NPE) was used to prepareuiiresponsive cationic lipids. These lipids sedsambled
into cationic liposomes which could make complexgth either DNA or siRNA. Under UV irradiation, the
NPE protecting groups were cleaved to release ggle groups at the end of hydrophobic chain pitls. As
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a result, the lipids were switched from cationicnteutral or negative charge which destabilizesctiraplexes
resulting in NA release [90].

After reaching the target tissues, gene deliverstesys are uptaken by the cells via endocytosistioero
pathways (for example membrane fusion). In endogydithways, gene delivery systems are accumulatéuei
early endosomes (pH 6.3) and then the late endas{pht5.5) before entering the lysosomes (pH 4I2]. In
this pathway, the therapeutic genes are at highafislegradation instead of being transported &ir thite of
action. Therefore, thesntrappedgene must successfully escape from endosomes witegradation.
Photoresponsive carriers are employed for this geeghrough photochemical disruption of the endofpmal
membrane, termed photochemical internalization .[93} conjugating a reactive oxygen species (ROS)-
responsive linker with a photosensitizer, Yuial. observed a concurrent light-induced endo/lysos@seape
and DNA unpacking upon light irradiation. This dgsicould be an effective tool for efficient gendidery
[94].

However, due to the drawbacks of UV light on livesties, recently, NIR light has been employed imyna
photo-triggered release strategies thanks to #pelepenetration capacity and its lower damagéisitg cells.

In this strategy upconversion NPs (UCNPs, which asaally composed of lanthanide- or actinide-doped
transition metals) has been used. UCNPs absorbotwaore low energy photons (usually NIR) and cotver
them into a photon at higher energy (UV to visibdgion) [113]. Yanget al. developed complexes between
siRNA and synthesized Si-UCNPs functionalized biyocéc photosensitive o-nitrobenzyl linkers. Thdiséers
were cleaved by the upconverted UV light emittednfrUCNPs upon 980 nm laser irradiation leading to
significant sSiRNA release from the complexes. Gsitencing efficacy was also increased considerablyells
treated with si-UCNPs-siRNA followed by 2 hours NIlight irradiation compared to the ones withouthtig
exposure [91]. Similarly, lanthanide-doped UCNPated with mesopourous silica were used to load siRhd
photosensitizer hypocrellin A (HA), and the obtaimreomplexes were wrapped by polyethylene glycolGPE
membrane througb-nitrobenzyl photocleavable linkers. When exposm@80 nm irradiation, the UCNPs emit
UV light which broke photocleavable linkers and éblemissions which activated HA to generate ROS.
Therefore, by combining two photosensitive moietid®e on-demand siRNA release and endosomal escape
could be achieved at the same time. This combindg¢iaded to a significant enhancement in geneaiigrand
gene therapeutic efficacy [92].

NIR irradiation can also be used as a stimuli fodasomal escape. To accomplish this goal, photdizms
have been developed. They can interact with endasomembrane or produce ROS which destabilize
endosomal membrane after exposing to NIR lightkRtiral. prepared a photo-activatable ternary complex
(PTC) consisting of multifunctional shielding mag&trwith photosensitizer-conjugated chondroitinfatd and
PEI based binary complexes containing epidermaltirdactor receptor (EGFR)-shRNA delivery for CD44
targeted cancer therapy. Here, pheophorbide-a wed as a photosensitizer which disrupted the emdalso
membrane by inducing ROS. The transfection efficyeaf PTCs upon NIR irradiation was much highemtha
the one without light treatment. In addition, theters found that when the laser irradiation powas above
0.5 J.cr, the higher the laser power, the lower the trasiisfe efficiency. Furthermore, more shRNA diffusion
and endosomal disruption were achieved after trgatells with the complexes and NIR light. As aufgghere
was an enhanced gene-silencing and toxic effeaataer cells and significant tumor growth inhikitian
complexes and laser treated groups [95].

4.2. Photothermal

In contrast to photochemical triggered releaseghiatothermal triggers, genes are released from delieery
systems not directly by light irradiation but byetlheat generated from photothermal agents upor ligh
irradiation. A photothermally triggered gene detivesystem is composed of two main parts: a chrorooph
(photothermal agent) which can convert light enargg thermal energy and thermoresponsive matetiels
exhibit changes upon temperature variations.

As mentioned in Part 3, thermoresponsive matedafs be polymer, liposome, inorganic NPs... Besides, t
most popular photothermal agents used in photothlrrniriggered gene delivery are gold NPs thankstgo
manageable optical and photothermal propertiesrikpe on their size and shape. There are some commo
shapes of gold NPs: spheres, shells, hollow spterdsods. Hollow nanospheres and nanoshells caveco
light at different wavelengths ranging from visitite NIR by adjusting their size [114]. Meanwhilgnorods
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seem to be more selective and effective than naflsgii15] , and nanorods can be reshaped intosmpreres
upon exposure to laser [116,117].

An effective drug/gene delivery system for canceatment must be stable in the circulation, accateut site
of action, and be selectively uptaken by tumorscetealth NPs based on PEGylation are very pofaiaheir
long circulation time. However, the PEG layer oe Hurface of the NPs hinders the uptake of thedyR=ncer
cells. For this reason, sheddable PEG coronas,hwtém change the surface state due to endogenous or
exogenous stimuli have been employed. Zhetraj. performed smart gene delivery systems which taalth,
specifically uptaken by cancer cells and photo-eesfve by combining many components in a partiCleese
smart nanocarriers were constructed with photomesige DNA Y-motifs as scaffolds to carry both Doxbicin
and siRNA, gold nanorods as a photothermal agehtemperature sensitive polymers whose surfacelsl ¢xu
switched between PEG and RGD (a tumor cell-targefiaptide) states via photothermal conversion. rAfte
accumulating at tumor tissue through enhanced pbifity and retention effect, the systems were éxdb
39°C by the gold nanorods under mild NIR irradiaticesulted in the collapse of PEG coronas and thexefe
exposure of RGD. After internalization, the NIRdapower was increased leading to an increasengfeeature
and consequently the switch from RGD- to Y-motiffaue state, when the loaded Doxorubicin and siRi¢ke
released. This design is a promising tool for gbeeapy [96].

NA is usually coated on the surface of gold NPsuihh Au-S link. For photothermally triggered stoptethis

link is cleaved by either heat release from the NiPlsot electron interaction with the ligand [978) 1Different
from gold nanoshells, gold nanorods have a vergrésting property that is shape transformation ugéR
irradiation. Taking advantage of this property, €beal. prepared conjugates between EGFP - a plasmid DNA,
and gold nanorods through Au-S bond. Energy ofldéiser transforms a single nanorod into nearly spaler
NPs. When treating cells with EGFP-gold nanorodjugates, GFP expression was observed only in cells
exposed to NIR irradiation [118]. Moreover, by usitwo different gold nanorods with different longtinal
surface plasmon resonance (SRR Wijayaet al. obtained selective release of two distinct DNAustls from

two different nanorods depending on laser wavelef@f].

Beside Au-S bond cleavage, another possible mestmaid thermal dehybridization of double-stranded. NA
When exposing to NIR irradiation, the temperaturthe gold NPs increases. When the temperaturdesaitie
melting temperature of the double-stranded oligtenties, the antisense oligonucleotides are retkas
[100,101]. In photo-induced dehybridization procesmthermal mechanism can give some contribubae to
laser irradiation, hot electrons from the NPs sgfare transferred to the DNA, leading to the iaseein the
electrostatic repulsion between two DNA strands tedefore the dehybridization of the DNA [102} fact,
there are many studies indicating that both Au-8dbdeavage and dehybridization contributed toréhease of
NA from the conjugation [103,104,118].

CRISPR/Cas9 system is a very powerful gene edigognology [119]. However, due to its large sizeyivo
delivery of CRISPR/Cas9 system has been challengiaag solution, plasmid encoding Cas9/sgRNA hasbe
developed. Thermal responsive system can be a giragrtiool for effectively delivery of Cas9/sgRNAagmid.
Wanget al. designed complexes betwe€as9-sgPlk-1 plasmids and Tat-AuNPs, then coateddamplexes by
lipids and PEG2000-DSPE. When exposed to 514 ner lasmdiation, the NPs acted as localized heatcssu
for pDNA release from the complexes. Photo-trigdePNA release leaded to significant enhancemeoih
gene knock-out and tumor inhibition compared tortbe-irradiated group [105].

Recently, carbon nanotubes exhibited many uniqopgrties which give much potential for development
novel gene delivery. Single-walled carbon nanotuf@&/NTs) can be wrapped with a cationic layer which
makes conjugate with anionic DNA/siRNA. Koagal. found that PEI-Cholesterol modifed SWNTs/pDNA was
uptaken by cancer cells through caveolae-depemqmghivay. Under NIR laser irradiation, the carbonatabes
exhibited a photothermal conversion which promdDadiA release. This effect leaded to more apoptoss a
necrosis of treated cells and higher tumor growtfibition in comparison with the control groups ¢1.0

4.3. Photoisomerization

Photoisomerization is the introduction of a molecidtructure change between isomers due to phatatan.
In gene delivery, reversible isomerization can léadtabilization/destabilization of gene delivesystem and
therefore can be applied in photo-remotely trigdegene release. Azobenzene derivatives, for instase
composed of two phenyl groups connected by N=Naljgk which undergoes transition fraimans to cis
conformation upon UV light irradiation (300 — 40énn The transition process is reversed upon exgosur
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light irradiation at longer wavelength (above 40M)n[120]. Based on this mechanism, photoresponsive
catanionic vesicles composed of azobenzene trifaatiigonium bromide cationic surfactant, anionic actdint
and EGFP DNA were prepared by Lai al. In trans conformation, the cationic azobenzene-containing
surfactants are relatively hydrophobic and seleagde into vesicles which can establish stable dexas with
DNA. Upon exposure to 350 nm UV light, the surfatsawere converted into the relatively hydrophiis
conformation, which destabilized the vesicles legdio DNA release. For cell transfection, UV irratitn
exposure following endocytosis leaded to significamhancement in the transfection efficiencies. édoer, the
authors also indicated that the structure and curaton of cationic and anionic surfactants wargartant
parameters for the vesicles to make complexes®DIRA and to be internalized by endocytosis [107].

5. Hypothermiatriggered release

As mentioned in Part 3 and Part 4, thermosensitiaterials can be used for remote-triggered reled$e¢A.
Besides release by hyperthermia, gene release gthgrmia can be developed based on a treatmdet cal
“cold-shock” (Figure 4). In this strategy, thermosigive polymers with LCST of lower than body termgtere
are employed. At temperature above LCST, they altapsed so they form dense NPs which can encapsaia
complex with NA. When the temperature is reducelbiveer than LCST, they are soluble in water andefore
increase the distance between core and shell,coedre the volume of particles leading to endos@®ehpe.
PNIPAAmM has been widely used thanks to its thermsitge properties. To prolong circulation time whas
PEGylated. Yangt al. used PEG-PNIPAAM and33dN-(N’, N'-dimethylaminoethane)-carbamoyl] cholesterol
to encapsulate siRNA at high encapsulation efficaty37°C, the complex size was about 200 nm with a
spherical shape. When the temperature was belowT| @ polymer became water soluble and started to
dissociate from the surfackn vitro release of sSiRNA was significant enhanced afesaited by a 15 minute cold
shock at 4C. About 2.2 folds higher siRNA release after 7 day cold-shock treated group was obtained
compared to the control group. Moreover, a coldckhalso significantly enhanced luciferase silencing
efficiency [121].

The thermoresponsive conformation changes undéerstadck have also been developed for endosomapesca
By using pluronic/poly(ethylenimine) Lest al. prepared thermally reversible volume expansiamonapsules
which are at collapse state and positively charged3?”C. SiRNA was conjugated on the surface of
nanocapsules through electrostatic interaction. édiately after endocytosis, a cold-shock treatmeas
applied. When the temperature was below LCST, theocapsules went through rapid volume expansion
leading to endosomal membrane eruption. Gene sgilgnwas greatly enhanced after a brief cold-shock
treatment at 1% [122].

In fact, the cold-shock treatment seems to beieffién vitro or ex vivo cell therapy, however, it is not easy to
apply to practicaln vivo and clinical useOne possible application of hypothermia-triggeredeayrelease is in
cell based delivery. In this protocol, cells dedJeom human (stem cells, for example) could battd with a
brief cold shock after gene transfection. Thenriwalified cells are multiplieth vitro and readministrated to the
patients.
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Fig. 4. Triggered gene release by “cold-shock”. Thermasgaspolymer based nanoparticles are formed atptrature
above the lower critical solution temperature (LC8f)he polymer, while at temperature below LCSEytkexpand, disrupt
the endosome membrane and releaseth@ppeducleic acids.

6. Conclusion, Challenges and per spectives

Mild Hyperthermia or therapeutic hyperthermia (40@) is already used in clinic to treat cancerpanticular
peritoneal metastases using heated perfused cherapyh or hepatic metastases using radiofrequency.
Combination therapy of hyperthermia with radiatitverapy is currently being investigated in a phiadeor

soft tissue carcinoma of the limbs with a compatilagnetic field.

Magnetic resonance-guided focused ultrasound (MBpi§ also being investigated for the thermal treat of
cancer. In this technique, a transducer is spgai@igned to focus a beam of low intensity ulttersbenergy at
a specific target site in the body. Therapeuticenfrermia is provided into a small volume by theuied
ultrasound, while MR is used to provide real-tihertmal mapping and delineate the tumor. The fdégilwas
proposed for soft tissue carcinomas, but unforelgatwvas withdrawn (Clinical trial NCT03007771).
Interestingly, a first pilot study in rectal canaeas recently proposed (Clinical trial NCT025281#bpvaluate
the feasibility in this cancer. Association of MRA with Doxil (liposomal doxorubicin) is also ewalted in
phase | clinical trial for its safety for the trewnt of pediatric and young adult patients withureent and
refractory solid tumors (ClinicalTrial NCT02557854)

Iron oxide NPs and microbubbles have been usedirit @s imaging agents for cancer diagnosis. Mdggn
thermoablation has also been proposed in a phaseren with prostate cancer. The safety and locabio
escalating doses of iron oxide injection withouatheras evaluated (NCT02033447), unfortunately rsulte
were posted. If the NPs would not reach surroundissues, the next step would be to design the gorop
instrument to activate the NPs. One can easilyeséma the main issue is to conceive instrumentiswtvill
provide hyperthermia without any toxicity for thestues.

Hyperthermia by itself is being investigated in daler applications as can be read above, howevbr,ooe
application to release drugs from a carrier hastred clinical trials. ThermoD@X is a thermosensitive liposome
containing doxorubicin. The company Celsion reacith ThermoDo® phase I/l in combination with
microwave in treatment of breast cancer [123], phihsas adjuvant therapy with thermal ablation (RR&A
colorectal cancer in the United States, and tertatha phase Il in hepatocellular carcinoma withARF China.
Among the main adverse effects, neutropenia aridbfgnia were reported for 16.3 and 5.5 % of the (3&aple
treated with liposome + RFA group as regard to @%sham + RFA. Feasibility of combining ultrasound-
mediated hyperthermia with ThermoD®xvas also shown [124].
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Apart from the delivery of small molecules, the dBned approach of hyperthermia with NA deliveryteyss
has not reached the step of clinical trial, althgugom all these literature reports that have baescribed in
this review, one can easily see the potential if éipproachNAs more than other any molecules suffer from
degradation, need protection and cell transferaksg require an additional help to be releaseec#tffely from

its carrier which should deliver its payload from aptimal transfection efficiency. Drug deliveryssyms
reported have shown efficient in vitro profile, mather lowin vivo efficiency in preclinical studies, in particular
due to the low amount of NA delivered to the targjies. Combining triggered delivery to these delveystems
gives a clear improvement as reported in the ptessiew. As mentioned above, with the developnaémhany
fields of science recently, numerous drawbacksxtdraal triggered NA delivery systems have beerrayvae.
For example, the poor penetration depth of UV iatidn and the harmfulness of high laser power iierngere
avoided by using photosensitizers that respondgbeh wavelength irradiation or upconversion namtglas
which can absorb two or more low energy photonsiglig NIR) and convert them into a photon at higher
energy (UV to visible region). Moreover, stabilapd passive targeting ability of microbubble carebhbanced
by reducing its size from micro-size to nano-simanobubble) [125]. Meanwhile, cold-shock triggei¢ds
release could be further studiedeiwivo cell therapy, for example, thanks to its very iagting properties.

Targeting capacity of NA delivery systems is alwaylsig obstacle. Many strategies using targetirengsgsuch
as aptamer, peptide, antibodies, or small molecudes been developed. Furthermore, multi-triggesitngtegy

which combines external and internal stimuli regpes moieties can be applied for better specifioitytumor.

The internal triggers are based on the differeretevéen tumor tissue and normal tissue, therefarecétiular

uptake and action of the system will be more speoifi tumor cells. Cell internalization can alsodshanced
by not only using cell-penetrating peptide but alswaging the protecting groups (like PEG) or clivamng
surface charge of the system at lower pH. Suchskaidlelivery system were reported in the literatiar drug

delivery [126-129], and could also be promisingNigx delivery.

Combination of multiple functional groups in onestgm should be an ideal strategy, work of Zhetrad. [96] is

a good example. This system was composed of PEsEea#th coating for prolonging circulation time, RG a
tumor cell targeting peptide for tumor selectivigyd light responsive material. The unique of #yistem is that
the action of each component is controlled at esiabe. At first, PEG layer was expand to proteetdjistem
from opsonization during circulation time. Whematached tumor tissue, PEG layer was collapsedesept the
targeting agent RGD. Finally, after internalizatidtoth PEG and RGD were contracted to expose theeac
agent which then was triggered released underraofitaser. Further studies on this kind of strgtelgould be
explored and transferred to clinical trials.

The limited translation of stimulus triggering NAeltvery system from preclinical to clinical trial be
explained by their complexity in large-scale mawtfee, reproducibility and quality control. The faifilty in
upgrading the stimulus condition from in vitro erpgent to clinical practice is also a big challengé least
three parts should be improved in order to find Wesy to high NA expression. First, drug deliverystgms
should be designed as to be good responders tagger. Second, equipment should be adapteddgeridrug
delivery for preclinical and clinical studies. Lastucial information are still missing on the lewd energy
required to deliver the NA. Cellular or/and nucleaembranes should be destabilized transiently witho
toxicity. The variation between patients must barsixed to develop personalized triggered releasaldlifery
system. Moreover, when set up a clinical trialjgrdatcompliance should be considered. Advancesieset most
important points will help gaining a step towardmsfer of NA delivery systems.
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