Journal Pre-proof

Nanodelivery of Natural Isothiocyanates as a Cancer Therapeutic

Qi Wang, Yongping Bao

PII: S0891-5849(21)00142-8
DOI: https://doi.org/10.1016/j.freeradbiomed.2021.02.044
Reference: FRB 15107

To appearin:  Free Radical Biology and Medicine

Received Date: 31 August 2020
Revised Date: 31 January 2021
Accepted Date: 26 February 2021

Please cite this article as: Q. Wang, Y. Bao, Nanodelivery of Natural Isothiocyanates as a Cancer
Therapeutic, Free Radical Biology and Medicine, https://doi.org/10.1016/j.freeradbiomed.2021.02.044.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2021 Elsevier Inc. All rights reserved.


https://doi.org/10.1016/j.freeradbiomed.2021.02.044
https://doi.org/10.1016/j.freeradbiomed.2021.02.044

Graphical abstract

Inhibition of phase | enzymes,
cell proliferation, cell
migration and invasion,

angiogenesis

Activation of the Inhibition of the
NRF2 pathway NF-kB pathway

\ Antl—
mflammatory

Induction of phase
Il enzymes, cell
cycle arrest,
apoptosis and

autophagy
Model ITC nanodelivery system \
o A
o e
Micelle Liposome Polymeric Silicon
Nanoparticle Quantum dot

.




N

o o A~ W

\l

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

REVIEW ARTICLE

Nanodelivery of Natural Isothiocyanates as a Cafberapeutic

Qi Wang {<)* and Yongping Baox()*
1 Norwich Medical School, University of East Anglidorwich NR4 7UQ, UK

E-mail: Q.Wangl@uea.ac.uk, Y.Bao@uea.ac.uk

Table of Contents

I [ 1 do o ULt 1o ] o PP PP PP PP PPTPPIN 3
2 Biological activities of natural isothioCyanates...............ueeiiiiiiiie i 4
P2 AN 10> T =T = Tox 1Y/ Y 2SS 4
2.2 Anti-inflammatory aCtiVILY ............vvuieeeiiiieee it 5
2.3 ANLI-CANCET ACTIVILY ..eeeiiiiiiiiiiiiie e e eee it e e e e e e e e e e et e e e e e ee b e bbb s e e e e e e e e e aeeaeas 5
3 Natural isothiocyanates in human clinical trials..............ccooooiiiiiiii e, 7
3.1 Clinical trials of natural isothiocyanates BNCEr..............oovvveeevviviiiiiiiee e eeeeeeeeenn 7
3.2 Clinical trials of natural isothiocyanates ther diSeases..........cccceeeeveeiieeeeeeeeeeennnnns 8
4 Combinatorial strategies of natural isothiocyasah cancer therapy ...........ccccceevvvvnnee. 12
4.1 Combinational use of ITCs and chemotherap@utigs .............ccccceeiiiiiiiiiiiiiiiinnen 12
2 T I 8 O = g To I [ o] F= 1 S 12
4.1.2 ITCS AN TAXANES ....eeiieeiiiiiiiiieeeeeirr et e e s e e e e e e e s s s me e e e s e e e e e aas 13
4.2 Combinational use of ITCs and other anti-caBgENLS ...........ccooeeeeeeeiiiiiiiiiiiiiiieees 14
5 Nanodelivery of natural isothiocyanates in catlierapy. ..........couuuvveeiiiiinieeeeeees s 14
5.1 NaNOdelivery Of AITC .....u it e e e e e e e e e e e e e e eeeeeeeeeeeaeennnnes 16
I =Yg To o (=1 11T oY o = I 18
5.3 Nanodelivery Of PEITC ... .ccoooo ittt e e e e e e e e eeeeeeeeeeeaeennnne 19
5.4 NaNOAEIIVEIY OF SEIN ....ueiiiiii et 20
6 Therapeutic advantages of nanodelivery SyStems........cccovvveeeeeeieiiiieeeeeeieeeeeenenns 28
6.1 Increase solubility and bioavailability................ooeeeviiiiiiiiii e, 28
6.2 Enhanced Stability .........ooooiiiiiiii e 28
6.3 IMmproved tUMOr targetiNG...........uu e ieieeeeeeiiiiii s e e e e e e e e e e e e e eeeeeeeeeeaeenanne 29
6.4 Minimize the risSk Of NOIMESIS.........coimmmme e 29
6.5 Combinational tNEraPY ..........uvuueiiirrrr e as 29



32
33
34
35
36
37

38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

55
56
57
58

7 Conclusions and fUtUre PErSPECLIVES .....ccucmmmmiiiieeeeiiieieeieeiiiiita e 30

R () (=] (o =TT 31

Abstract

Natural isothiocyanates (ITCs) are phytochemichisdant in cruciferous vegetables with the general
structure, R—-N=C=S. They are bioactive organosutformpounds derived from the hydrolysis of
glucosinolates by myrosinase. A significant numbérisothiocyanates have been isolated from
different plant sources that include broccoli, Bels sprouts, cabbage, cauliflower, kale, mustard,
wasabi, and watercress. Several ITCs have beenmdgrated to possess significant pharmacological
properties including: antioxidant, anti-inflammatpoanti-cancer and antimicrobial activities. Due to
their chemopreventive effects on many types of eanlCs have been regarded as a promising
anti-cancer therapeutic agent without major toyicibncerns. However, their clinical application has
been hindered by several factors including their &mueous solubility, low bioavailability, instaiby

as well as their hormetic effect. Moreover, theidgpdietary uptake of ITCs consumed for promotion
of good health may be far from their bioactive ¢gtotoxic) dose necessary for cancer prevention
and/or treatment. Nanotechnology is one of besbogtto attain enhanced efficacy and minimize
hormetic effect for ITCs. Nanoformulation of ITGsads to enhance stability of ITCs in plasma and
emphasize on their chemopreventive effects. Thigewe provides a summary of the potential
bioactivities of ITCs, their mechanisms of action the prevention and treatment of cancer, as agell
the recent research progress in their nanodelisgagegies to enhance solubility, bioavailabiland
anti-cancer efficacy.

Keywords:  Natural isothiocyanates, Allyl isothiocyanate, Benzyl idottyanate, Phenethyl
isothiocyanate, Sulforaphane, Apoptosis, Cancés,dgancer therapeutic, Nanoparticle, Nanodelivery
system.
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1 Introduction

Naturally occurring isothiocyanates (ITCs) are btgitally active hydrolysis (breakdown) products of
glucosinolates from cruciferous vegetables (CVSLd are abundant in a variety of vegetables such as
broccoli, Brussels sprouts, cabbage, cauliflowate kmustard, wasabi, and watercress. They aretbiea
organosulfur compounds, responsible for the shagpetof vegetables and active ingredients in their
defense systems [1]. In CVs, ITCs occur as gluadaias and are hydrolyzed to ITCs by the action of
myrosinase enzyme, which is expressed on the etteunface of plant cell walls [2]. Additionallyhey
can be released by the action of intestinal mioraflpresent in humans [3]. Each glucosinolate faams
different isothiocyanate when its hydrolyzed. Fomample, sulforaphane (SFN) is derived from the
hydrolysis of glucoraphanin. SFN was first isolafesim broccoli in 1992 [4], and is one of the most
studied ITCs. Sinigrin, the glucosinolate precursballyl isothiocyanate (AITC), is abundant in rtarsl,
horseradish and wasabi [5, 6]. The pungent tastaustard and wasabi is a characteristic of AITGs It
also commonly called mustard oil. Garden cressids n glucotropaeolin, the precursor of benzyl
isothiocyanate (BITC), while watercress is a goodree of gluconasturtiin, the precursor of phenethy
isothiocyanate (PEITC) [7, 8]. The chemical stroetuof ITCs are summarized in Figure 1. Upon
ingestion, ITCs are rapidly conjugated to glutatieigGSH) in the gut epithelium or liver [1]. Thengdhen
metabolized in the mercapturic acid pathway, anduestially excreted in the urine mainly as
N-acetylcysteine (NAC) conjugates. In cultured egltl animal models, isothiocyanates have demoedtrat
strong antioxidant and anti-inflammatory activifias well as potent anti-cancer activities[1, 21, This
review summarizes the antioxidant, anti-inflammgatand anti-cancer activities of ITCs with the foars
recent progress of ITCs nanodelivery systems iceaimeatment.

4 No )
/\/ ) \C\\S

Allyl Isothiocyanate (AITC)

Dietary Source: mustard, \ Phenethyl isothiocyanate (PEITC)
radish, horseradish, and N Dietary Source: Watercress and
P Turnip

\ wasabi R

~C
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Figure 1. The basic structure and main types of natural isothiocyanates
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2 Biological activities of natural isothiocyanates

As shown in Figure 1, the chemical structures dfdTconsist of a functional group -N=C=S, named as
isothiocyanate group, with various side chains. Taetral carbon atom of the functional group makes
ITCs as strong electrophiles. In general, ITCs i&@ct readily with sulfur-, nitrogen- and oxygerséad
biological nucleophiles, e.g. the thiol and amimoups of proteins [11]. Thus, the biological adies of
ITCs may be due to the direct reaction with thasectional groups in various proteins. The biolobica
activities of ITCs and the underlining mechanismes shown inFigure 2which will be discussed in the
following subsections.

Inhibition of the Inhibition of phase |
NF-kB pathway biotransformation
enzymes
Activation of the T

NRF2 pathway ~ Anti-
inflammatory

Induction of phase Il
detoxifying enzymes

Inhibition of cell

= proliferation

Induction of cell cycle
arrest, apoptosis and
autophagy

Inhibition of cell
migration and invasion

Inhibition of
angiogenesis

Figure 2. Themain biological activities of isothiocyanates

2.1 Antioxidant activity

Many naturally occurring isothiocyanates, and imtipalar sulforaphane (SFN), have shown antioxidant
effects via the activation of the nuclear factor-rElated factor 2 (Nrf2)-dependent pathway [12-14].
Binding of ITCs to sulfhydryl groups of Kelch-likeCH-associated protein 1 (KEAP1) blocks the cyéle o
KEAP1-dependent Nrf2 degradation, resulting in thlease of Nrf2, and is followed by translocatidn o
Nrf2 to the nucleus. Nrf2 could then bind to thei@idant response element (ARE) located in the
promoters of genes encoding antioxidant/detoxify@mgymes, which includes glutathione S-transferases
(GSTs), thioredoxin (Trx), NADPH quinone oxidorethse 1 (NQO-1), and heme oxygenase 1 (HO-1)
[15]. In a number of animal studies, SFN was showvhave cytoprotective effects on many tissues and
organs by activation of the Nrf2 pathway [16, 1For example, sulforaphane reduced oxidative
damage-induced vascular endothelial cell injurg itype 2 diabetes mellitus mouse model by upreigualat
of the Nrf2 pathway [17]. Another example includles attenuation of cellular damage caused by axilat

stress in lenses and lens cells by SFN though ulatgn of the Nrf2 pathway [18]. Studies have
4
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demonstrated that the upregulation of Nrf2/ARE delgat gene expression by ITCs was mediated by the
mitogen-activated protein kinase (MAPK) pathway][19

2.2 Anti-inflammatory activity

Isothiocyanates, especially sulforaphane exhibigtbng anti-inflammatory activity though Nrf2
activation. The anti-inflammatory activities of Krfinclude transcriptional upregulation of enzymes
encoded by Nrf2-target genes, such as leukotriehed@&hydrogenase [20], but also the blocking of
pro-inflammatory cytokine transcription, such as-6lLand IL-B [21]. In addition, to direct
anti-inflammatory effects mediated through Nrf2ngiting, SFN may impair the redox-sensitive DNA
binding and transactivation of the pro-inflammatanclear factor kappa-light-chain-enhancer of atéd

B cells (NF«xB) [22], which altogether can lead to a decreaséidrmatory response. BITC has greater
affinity to inhibit the NFxB than SFN due to the presence of additional bestzykcture [23]. The ITC
modulation of Nrf2 and NkB pathways are especially important in chemopréeenbecause both
oxidative stress and inflammation are significasmtdbutors to the progression of cancer.

2.3 Anti-cancer activity

Cancer has been a major research focus over selemratles [24]. The increasing understanding oferanc
biology has led to a molecular approach to treaceaand develop prevention strategies. AITC, BITC,
PEITC, and SFN have been proven to exhibit antceneffects against several different types of eanc
[25-32]. Over the last decade, strong efforts haeen made to understand the molecular mechanisms of
ITC anti-cancer activities. SFN is the most studied that acts on several hallmarks of cancer, g&ms=s
chemopreventive and chemotherapeutic potentiaBEd3The hallmarks acquired for tumor evolutions ar
genomic instability, sustained proliferative signg] growth suppressor evasion, resistance todeslth,
replicative immortality, deregulated metabolismmtr-promoting inflammation, immune system evasion,
angiogenesis and tissue invasion and metastagisg86h in vitro andin vivo experiments demonstrated
that SFN protects cells from DNA damage, which @my mediated by its activity on Phase |l detokify
enzymes. Phase Il enzymes are regulated by thekddp system to maintain the homeostasis of cellula
levels of GSH and Trx, which scavenge reactive exygpecies (ROS) and reactive nitrogen species
(RNS) in cells [37]. The most prominent chemopréiveneffect of ITC is associated to its ability to
activate Nrf2 with the subsequent induction of BhAsnzymes. Molecular studies have shown that the
induction on these phase Il enzymes from ITCs dép@m the ARE and that the regulation is associated
with disruption of Nrf2-KEAP1 interactions and MAP&Ctivation [38]. A lot of studies have proved that
ITCs possess strong abilities to induce the agtivitimportant Phase Il enzymes including NQO1, GST
UDP-glucuronosyltransferase (UGT) and glutamatdedys ligase (GCL) [4, 10, 27, 39, 40]. However,
recent studies on tumor cell biology demonstrase Mrf2 activation is not always leads to positaféect
(anti-cancer) in cancer cells, for example aber@mtivation of Nrf2 often results from is a common
mutations in non-small cell lung cancer (NSCLC) aisd associated with chemoresistance and
radioresistance [41]. Constitutive activation of2Nin cancer cells induces pro-survival genes, mtas
cancer cell proliferation and avoidance of apogtoius increasing cancer therapeutic resistaredd

43]. The controversial role of the Nrf2-Keapl padlyvin cancer prevention versus cancer progresssn h
been explained by Kensler and Wakabayashi using -ghdgded dose-response curve [42]. They
hypothesized that the chemopreventive effect onbus when the expression level of Nrf2 falls witlai

5
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specific pharmacological range, while outside tlaisge the risk of cancer is increased. In facteten
mutation of Nrf2/Keapl induces permanent activatioih Nrf2 signaling pathway causing cancer
therapeutic resistance. In contrast, the transietivation of Nrf2 due to administration of ITCssha less
harmful effect [42].

There is now sufficient evidence from animal modelsshow that certain ITCs can also modulate the
activity of phase | biotransformation enzymes, esly those of the cytochrome P450 (CYP) family. [2

In a primary rat hepatocyte-based model, AITC, BIPEITC, and SFN have been found to downregulate
CYP3A2 mRNA expression [44]. Also, PEITC could itieate CYP2E1 through heme destruction and
protein modification [45]. It is suggested thatibition of specific CYP enzymes involved in carajem
activation could prevent the development of cancer.

ITCs have also been found to modulate the expnessiothe cell cycle regulators, cyclins and
cyclin-dependent kinases (CDK), as well as indysmap#osis in a number of cancer cell lines by attiea
both extrinsic and intrinsic pathways [46]. AITC sMound to induce mitochondrion-mediated apoptosis
human bladder cancer cells, which depended entiwelymitotic arrest and was mediated via Bcl-2
phosphorylation at Ser-70 [47]. In a mouse modetabrectal cancer, PEITC reduced both the number
and size of polyps, which was associated with ttigvation of the CDK inhibitor, p21, inhibition of
various cyclins and induction of apoptosis [48hds been widely demonstrated that SFN inducesisasp
activation, elevating expression of pro-apoptotot-B proteins, which induces PARP cleavage andeauicl
chromatin condensation in several cancer cell [j48s52]. Apoptosis induction by sulforaphane colid
also mediated by the MAPK signaling pathways, €88 in melanoma cells [51], or ERK and JNK in
prostate cancer cells [53].

Several studies have also suggested that ITCmhthit cancer cell migration and invasion. For
example, AITC reduced cell adhesion, migration anetalloproteinase (MMP) gene expression in
SK-Hepl cells [54]. In another study, AITC suppeskshe epidermal growth factor (EGF) induced
invasion and migration in HT29 cells [55]. In a &€ cancer xenograft mouse model, BITC inhibiteghhi
fat diet-driven promotion of breast tumor growtls, &ell as lung and liver metastasis [56]. In a neous
model of breast tumor metastasis, PEITC inhibitexirhigration of tumor cells to the brain after atjen
into the hearts of mice [57]. The anti-migratoryeef of SFN was associated with suppression of MMP
[58] and down regulation of epidermal growth faateceptor (EGFR) [59]. SFN inhibited the migration
and invasion of triple-negative SUM159 human bremsicer cells through suppressing the Hedgehog
signaling pathway [60]. The epithelial to mesenchytnansition (EMT) describes a process of epitteli
cell transformation in which the primary tumor selbse their polarity and adhesion properties while
gaining migratory and invasive properties. It isesoof the common properties of tumor invasion and
metastasis [61]. SFN inhibited EMT in thyroid cancells is associated with upregulation of E-cather
and downregulation of SNAI2, vimentin, MMP-2 and N#\® [62]. Angiogenesis is a crucial process in
tumor progression where new capillaries develomfpre-existing blood vessels to support tumor gnowt
ITCs have been shown to prevent the formation chstapillary-like structures from human umbilical
endothelial cells, as well as inhibition of the eegsion and function of hypoxia inducible factardHs)
that control angiogenesis [63].

In conclusion, AITC, BITC, PEITC and SFN havei@ént chemopreventive and chemotherapeutic
effects. The chemopreventive effects of ITC ar@esased to its capability to activate the Nrf2-KeaRE

6
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pathway with the final induction of Phase Il enzgmidrf2 has a double-edged role in the contextater
management. The transient activation of Nrf2 byauedutical intervention of ITCs could be benefidal
healthy people or an at-risk group who is exposed pbtential carcinogens. Moreover, the
chemotherapeutic effects of ITC are associatetstahility to modulate cell cycle arrest, inducegipsis,
and inhibit angiogenesis and tumor metastasis. Mewelinical trials are needed to ascertain thesjisde
beneficial effects of ITCs for adjuvant therapy iaga cancer, which will be discussed in the followi
section.

3 Natural isothiocyanates in human clinical trials

3.1 Clinical trials of natural isothiocyanates amcer

A number of Phase | and Il clinical trials on naluisothiocyanates are in progress or have beeipleted
to assess their safety, tolerance, pharmacokinetict therapeutic benefit in the context of car{@able
1). To date, there are around twenty trials on SieN trails on PEITC, and one which is not specifi
These clinical trials are mostly focused on breasicer and prostate cancer, but also include sdnes o
cancer types including colon, lung, pancreaticdtéa, etc.

In a recent intervention study, the total sulfdrane metabolite concentration in urine was 0.08npi
creatinine in women with abnormal mammograms whtsumed ~81.7 g/d of cruciferous vegetables [64].
The study has also found that higher cruciferougetable intake is associated with decreased cell
proliferation in breast ductal carcinoma in situQI3) tissue, but not in benign or invasive ductal
carcinoma (IDC) tissue. The same group has alsmieveal bioavailability and chemopreventive activofy
supplemental SFN in breast cancer patients [65RITBulforaphane metabolites in plasma and uriter af
consuming 224 mg glucoraphanin as the SFN sourae We5 pM and 1.06 uyM/mM creatinine,
respectively. This study suggested that glucoraphsupplementation is safe to use for a few weekls b
may not be sufficient to produce changes in brésstie tumor biomarkers (HDAC3/HDACS, histone H3
lysine 18 acetylation (H3K18ac), Ki-67 and p21).oftmer Phase Il study reports that in patients with
recurrent prostate cancer, administration of g8®l/d of sulforaphane-rich extracts for 20 weeksate,
but it does not lead to significant reduction inAPBvels in the majority of patients [66]. In a ezt pilot
study, Zhanget. al. evaluated the effect of SFN on blood HDAC activitprostate tissue
immunohistochemistry biomarkers and prostate RNAegexpression in prostate cancer patients using
broccoli sprout extract (BSE) supplementation [6Dgspite urine and plasma SFN metabolites being
statistically higher in the BSE supplementationugrdike the breast cancer study there was nofgignt
difference in HDAC activity or prostate tissue biaers. Interestingly, 40 differentially expresgghes
have been identified that correlated with supplagale®8FN, including downregulation of two genes
previously implicated in prostate cancer developgm@&MACR and ARLNC1. Another pilot study to
investigate the efficacy of a dietary supplementdendy broccoli soup on prostate cancer patients
demonstrated some promising results. It has beamneshthat consuming glucoraphanin-rich broccolipsou
for a year affected gene expression in the prostatkis consistent with a reduction in the riskcahcer
progression. The changes in gene expression amdia®sl oncogenic pathways were attenuated in a
dose-dependent manner.
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There are only a handful of clinical trials onlPE to evaluate its potential as an anti-cancenagad
these are mostly limited to lung cancer. A randeabjzplacebo-controlled double-blind Phase |l chihic
trial, involving volunteers who were cigarette srask examined metabolism and excretion of PEITC in
human subjects, as well as the chemopreventiveteffie PEITC on tobacco-specific lung carcinogen
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NINHriven carcinogensis. After daily administratioih
40 mg PEITC, an average of 29% PEITC administeredsed was excreted as
N-acetyl-S-(N-2-phenethylthiocarbamoyl)-L-cysteiffEITC-NAC) in the urine. Overall, the NNK
metabolic activation ratio is reduced by 7.7% WHBITC treatment, which suggested a modest inhipitor
effect of PEITC on NNK induced lung carcinogenicity addition, the effects of glutathione S-tranages
M1 and T1 (GSTM1 and GSTT1) genotypes on metabolsiah excretion of PEITC and its impact on
NNK metabolism have also been investigated in ¢higly. However, the results were complex and are
poorly understood.

In addition, it is worthwhile to mention the steislon commercially available formulations of SENch
as Sulforadex® (SFX-01) and BroccoMax®. These fdatmns, with enhanced SFN bioavailability and
stability, have been evaluated on their own or emigination with other cancer therapeutics, such as
endocrine therapies (ET), aromatase inhibitors)(Anoxifen and fulvestrant. A recent complete@seh
I trial concludes that administration of 300 mg>XSEL twice a day in combination with ET was safel an
well tolerated in patients with estrogen recepiiR) positive and Her2 negative metastatic breastera
[68]. The combinational therapy showed satisfact@mti-tumor activity and prolonged disease
stabilization.

So far, we have seen growing numbers of clirtigals on SFN in forms of dietary supplement aslasl
commercial formulations. However equivalent triats AITC and BITC are still missing. The results of
these clinical trials on SFN only partially confirits promising anti-cancer potential as demondtrate
duringin vitro studies, which could be a consequence of itshiligta low bioavailability, and the different
effects of SFN in the complex tumor microenvironmeviore extensive studies with larger sample sizes
are needed to understand the broad spectrum dtafighs of ITCs in cancer management. Therefare, i
would be interesting to use nanoparticles to enhatsc delivery, which will be discussed in the tate
section of this review.

3.2 Clinical trials of natural isothiocyanatasother diseases

A few clinical trials are in the pipeline to evaleaaSFN in diseases other than cancer includingetiab
(NCT02801448), kidney disease (NCT04608903), skiorder (NCT03126539), blood/vascular disease
(NCT01114399, NCT01715480), asthma (NCT01183923) amtism (NCT01474993, NCT02677051,
NCT02879110). Most of these trials are still onngpivith no results published. Two clinical studas
type 2 diabetes (T2D) patients showed that inte¢reernwith broccoli sprout powder doses (112 or 225
umol/d of SFN equivalents) for 4 weeks, could redseeum insulin concentration [69] and achieve
favorable lipid profiles [70]. In a recent Phasetdkl, daily consumption of broccoli sprout extrac
(containing 150Qumol SFN per dose) effectively reduced fasting blgbgtose and glycated hemoglobin
(HbAlc) in obese patients with dysregulated typdigbetes [71]. In a Phase Il trial on autism speotr
disorder (ASD), SFN treatment (50-1pMol/d) for 18 weeks improved autism-related outceineyoung,
male patients [72]. Findings from these studiesld/@dd valuable insight to incorporate SFN into T2D
and ASD treatment methods.
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Table 1: Summary of human clinical trials on IT@sancer therapeutics in progress or completed.

Isothiocyanate

Cancer type

Phase Status

Inform&emult

Reference

SFN

SFN

SFN

SFN

SFN

SFN

SFN

SFN

Colon Cancer

Pancreatic Cancer

Smoking-Related

Carcinoma

Head and Neck

Cancer

Melanoma

Lung Cancer

Breast Cancer

Breast Cancer

Not Applicable Unknown

Not Applicable Unknown

Early Phase | Active, not
recruiting
Early Phase | Active, not
recruiting
Early Phase | Completed
Phase Il Recruiting
Phase | and Il Recruiting
unknown Completed

To assegsiferous vegetable intake correlates with histsta¢us and histone

deacetylace (HDAC) expression. To measure SFN rolitdbin blood as a

biomarker.

Tedeine the feasibility of the application of SFNdaguercetin in patients

receive palliative chemotherapy.

To determine 1) whether broccoli sprout/Avmacol@reases the urinary
excretion of the mercapturic acid of the tobacawioagens. 2) Avmacol®
upregulates the NRF2 target gene transcripts.e3gfiects of GSTM1 and

GSTT1 genotypes in Avmacol® treatment of detoxifima of tobacco

carcinogens.

To determine 1) the bioavailability of SFN in Avnad®. 2) the level of

NCTO01344330;

clinicaltrials.gov

NCT01879878;
clinicaltrials.gov
NCT03402230;

clinicaltrials.gov

NCT03182959;

pharmacodynamic upregulation of NRF2 target gesrestripts that occurs in the clinicaltrials.gov

oral epithelium of patients.

To determjiraglterse effects with oral SFN. 2) visual andutatlchanges of
atypical nevi. 3) SFN levels in the blood (4) effeESFN on STAT1 and STAT3

expression.

To study 1)fifiects of SFN to former smokers. 2) whether SHihireverse
some of the lung cell changes associated with éutievelopment of lung cancer.
Tordete 1) safety of SFN in doxorubicin (DOX) chemartépy. 2) if SFN

decreases DOX-induced inflammatory responses amahees Nrf2- and

SIRT1-target gene expression. 3) if SFN/DOX treaimeitigates DOX

associated cardiotoxicity.

To investidperotective effects of topical SFN on radiatioduced

dermatitis.

NCT01568996;

clinicaltrials.gov

NCT03232138;
clinicaltrials.gov
NCT03934905;

clinicaltrials.gov

NCT00894712;

clinicaltrials.gov



SFN

SFN

SFN

SFN

SFN

SFN

SFN

SFN

SFN

SFN

Breast Cancer

Breast Cancer

Breast Cancer

Prostate Cancer

Prostate Cancer

Prostate Cancer

Prostate Cancer

Prostate Cancer

Prostate Cancer

Prostate Cancer

Phase Il

Phase Il

Phase Il

Not Applicable

Not Applicable

Not Applicable

Not Applicable

Phase |

Phase |

Phase | and Il

Completed

Completed

Completed

Recruiting

Completed

Completed

Completed

Completed

Completed

Completed

1) SFX-01¢&dex®) 300 mg twice a day was safe and well abdek in
patients with ER positive and Her2 negative metasbmeast cancer.
2) SFX-01 in combination with endocrine therapie$) demonstrated
anti-tumour activity and prolonged disease stedtilis.

14-day imépreof broccoli sprout (SFN) significantly decsea ki67 positive
cells, therefore decreases cellular proliferation.

1) Higher i&tke is associated with decreased cell prolifenan DCIS
2) No significant decrease in HDAC3, HDAC6, H3KX8,67 and p21 activities
between placebo- and SFN-treated interventionalpgo

Tmigtthe oral intake of BroccoMax® (containing SRhNEhanges in
chemicals that feed prostate cancer.

Comsyigiucoraphanin-rich broccoli soup affected gerpression in the

NCT02970682;
clinicaltrials.gov
(68]

NCT00982319;
clinicaltrials.gov
NCTO00843167;
clinicaltrials.gov
[64, 65]

NCT03665922;
clinicaltrials.gov
NCT01950143;

prostate of men on active surveillance. Changegire expression and associatedlinicaltrials.gov

oncogenic pathways were attenuated in a dose-depentanner.

Tedtigate the relationship between ingestion obibactive compounds
from broccoli and garlic, and prostate metabolism

1¥ignificant decrease in HDAC3, HDACG6, H3K18, Ki-&rd p21 activity
between placebo- and BSE-treated interventionalpggo
2) 40 differentially expressed genes have beertiftehthat correlated with BSE
treatment, including downregulation of two genesvpyusly implicated in
prostate cancer development, AMACR and ARLNC1.

To detethersafety and tolerability of single escalatinges of Sulforadex®

To detethensafety and tolerability of multiple doses affSradex®

Ty she effects of administration a high-sulforaph@noccoli sprout extract

on 1) Phase Il enzymes expression, 2) lipid and @X#lation, 3) serum

10

(73]
NCT04046653;
clinicaltrials.gov
NCT01265953;
clinicaltrials.gov
[67]

NCT01948362;
clinicaltrials.gov
NCT02055716;
clinicaltrials.gov
NCT00946309;

clinicaltrials.gov
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SFN

PEITC

PEITC

PEITC

PEITC

ITC

Prostate Cancer

Lung Cancer

Lung Cancer

Oral Cancer

Breast Cancer

Bladder Cancer

Phase Il

Phase |

Phase Il

Phase | and Il

Phase llI

Phase |

Completed

Completed

Completed

Completed

unknown

Recruiting

dihydrotestosterone (DHT), testosterone (T) antbBadiol gluconate(@DG)
levels.

1) 5% ariRkatwho achieve a 50% decline in prostate-speaiftigen (PSA)  NCT01228084;
levels. clinicaltrials.gov
2) The percentage change in PSA from baselineetfirial measured value at the [66]
end of study is 35%.

3) 90% of patients whose PSA has not doubled.
4) The half-life of SFN in blood is 1.8-5.5 hours.

To determiribelinaximum tolerated dose of oral PEITC in smekey NCT00005883;
pharmacokinetics of PEITC during exposure of clinicaltrials.gov
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NINK3) the perturbation of
NNK metabolism by PEITC.

To determjribeleffect of PEITC on urinary levels of NNK miatdism. 2) the NCT00691132;
effects of GSTM1 and/or GSTT1 Genotype on PEITC-NAB§ociation and on  clinicaltrials.gov
the metabolism and excretion of PEITC. 3) the effe¢ PEITC on molecular [74]
markers of cell proliferation (Ki-67) and apoptogiaspase-3 and TUNEL) in
bronchial tissue.

To emarthie effects of PEITC on oral cells with mutab8 p NCT01790204;

clinicaltrials.gov

To exploeeattility of PEITC to improve the restorative effeof radiotherapy NCT02468882;

in breast cancer patients clinicaltrials.gov
To study tvbreincrease of cruciferous vegetable intake withgoal of NCT04548193
attaining desirable urinary ITC levels improve lhadcancer survivorship. clinicaltrials.gov
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4 Combinatorial strategies of natural isothiocyasah cancer therapy

The combination of two or more therapeutic ageatspecifically target cancer signaling pathways is
rapidly growing field of cancer therapy [75, 76].h8&h anti-cancer agents with different effects are
combined, they could achieve greater efficacy Wothier doses. This might be an additive or synerist
effect. A synergistic effect is the effect arisingfween two or more agents that produce an outgpester
than the sum of the individual components. Syngog®mbination therapy allows each anti-cancemnage
to be used at its optimal dose, with reduced sfterts and minimized drug resistance [77]. Thera is
growing interest in natural compounds such as ahtlFCs, which could be used together with
conventional chemotherapeutic drugs in combinatienapy. It has been reported by many studiesthieat
combinational use of natural ITCs and other amieea agents could achieve synergistic anti-cancer
activity [78-82]. In a recent review, Kamat al. have summarized studies on synergistic combination
therapy of sulforaphane and various anti-cancentag83]. For example, SFN significantly enhandes t
anti-cancer activity of gemcitabine (GEM) [84], paxel (PTX) and docetaxel (DTX) [85] in breast
cancer, oxaliplatin (OX) in colorectal cancer [&B]d cisplatin in prostate and pancreatic cancgr [87

4.1 Combinational use of ITCs and chemotherapeitigs

4.1.1 ITCs and cisplatin

Cisplatin (cis-diamminedichloroplatinum II, CDDP3 pne of the most widely used chemotherapeutic
drugs. However, its clinical application is oftemited by low chemosensitivity, systemic side eféel88]

and primary or secondary acquired drug resistan8ed9]. A combination therapy with CDDP and other
anti-cancer agents that enhance tumor sensitinitydeecrease unwanted systemic toxicity would pitesen
significant therapeutic benefit. Di Pascaial. have studied the combination of natural ITCs aBdDe on
non-small cell lung cancer [90]. BITC and PEITCt bhot SFN, are sensitize human non-small cell lung
cancer NCI-H596 cells to various concentrationsigplatin. The effect is synergistic rather thaditide.
They have found that neither cellular platinum awalation nor DNA-platination account for the enhathc
cytotoxicity, suggested the depletionfafubulin with pre-treatment of BITC or PEITC mighe important

for sensitization.

Wanget al. have examined the combination therapy of PEITCasplatin in cervical and breast cancer
cells [91]. Treatment of §M PEITC with 10uM CDDP exhibits a synergistic effect on the indactof
apoptosis in Hela cells. The same effect has atem lIshowed in MCF7 breast cancer cells, but not in
normal MCF-10A cells, suggesting the normal MCF-1&8s are more resistant to the cytotoxic effefts
PEITC plus CDDP than MCF-7 breast cancer cells. Ebéective toxicity of PEITC and CDDP
combination therapy towards breast cancer cellddcba a promising safer strategy for breast cancer
treatment. Such synergistic effect was specifichlbcked by a MEK1/2 inhibitor, but not by JINK o8%
inhibitors, signifying that ERK activation is inwad in the mechanism of synergism. Interestindhg, t
researchers found that N&B signaling pathway is not involved in the synetigiffects of PEITC and
CDDP.

Ling et al. reported that the combination of AITC with CDDMsygistically inhibits cancer cell growth
and induces cell deaihn vitro andin vivo [79]. Their study revealed that AITC and CDDP comnaltion
12
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significantly inhibits cell growth and colony fori@n in comparison to single agent treatment irhbot
OV-2008 ovarian cancer cells and HOP62 lung camedls. The combination therapy also enhances
apoptosis in association with the downregulationanfi-apoptotic proteins Bcl-2 and surviving. The
combination index (CI) was then calculated using@halalay equation to verify the type of interaati
between AITC and CDDP in A549 and Hop62 lung caradls. A high synergistic effect (Cl<0.5) has
been found for the combinational treatment of AldCL0-20 uM and CDDP at 8-16 puM. Furtheivo
study on human lung cancer xenografts demonstrtital combination of AITC with CDDP could
significantly suppress tumor growth without an gliable increase in systemic toxicity in comparisati
single agent treatment. Furthermore, their dateaied that addition of AITC to CDDP changes thdilgro
of G2/M phase arrest and significantly extendsdimation of G2/M phase arrest in comparison witly ks
treatment. Like BITC and PEITC [88], the synergistffects of AITC with CDDP have been found to be
associated with rapig-tubulin depletion and microtubule dysfunction.

In SFN and CDDP combination therapy against paticread prostate cancer, MIA-PaCa2 and DU145
cells were exposed to treatment for 72 h and aadisy MTT assay and morphological evaluation [&7].
was found that SFN increased timevitro cytotoxicity from CDDP in both cell lines. SFN ai@DDP
combined treatment also showed significantly enbdrapoptosis compared to single agent alone. Anothe
study done by Keret. al. reported the enhancement of anti-cancer activitgloDP when combined with
SFN against squamous cell carcinoma cells SCC-tBHaCaT [92]. An increased suppression of cell
proliferation, stem cell spheroid formation, andl ¢eigration was observed in combination treatment
compared to each agent alone. It is worth notiad $leveral studies performed on combination thecdpy
SFN and CDDP suggested their synergistic effechtrtig caused by several mechanisms. Kamigtsli
reported combined treatment of SFN and CDDP in lmuavarian carcinoma A2780 and SKOV3 cell lines
results in synergy and antagonism, respectivelyil&ABFN significantly potentiated CDDP-induced DNA
damage in A2780 cells, it protected SKOV3 cellsimgtaCDDP-crosslinking. Such dual effects of SFN
may be explained by different activation of the Nathway [78]. A later study reveals that SFN and
CDDP combination therapy induced a synergistic-eaticer effect on malignant mesothelioma (MM)
cells by enhancing ROS stress and mitochondrial bnane depolarization [93].

4.1.2 ITCs and taxanes

Nunez-lglesiaset al. investigated the cytotoxic effects of glucosineldegradation products (AITC,
PEITC, SFN, 4-pentenyl-isothiocyanate (4Pl), ibetiB), or indole-3-carbinol (I3C)) in absence or
presence of DTX in androgen-independent human ggmstincer PC3 and DU145 cells. It was observed
that the combination therapy of ITCs and DTX wageneffective in reducing viability of prostate canc
cells compared with each agent alone. The indesupfival rate has been used to calculate the ictiera

of ITCs and DTX. It was found that the combinatminDTX with AITC or PEITC significantly caused a
synergistic sensitization of PC3 and DU145 for Difduced apoptosis and DTX induced cell growth
inhibition [94]. They have also suggested potentimchanism for the synergistic effect, such as
degradation and polymerization @fandf tubulin, modulation of the intracrine metabolisfnamdrogens
mediated by CYP3A4, and the expression of efflansporters and/or GSH activity. Burnettil. studied

the combination effect of sulforaphane with pagkfeor docetaxel on SUM149 and SUM159 breast cancer
cellsin vitro andin vivo [85]. In vitro results suggested that combination of a minimeyfgptoxic SFN
treatment (5uM) with either PTX or DTX lowered their IC50s toskethan 50% of the original valui@
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vivo study with SUM149 implanted NOD/SCID mice alsowhkd similar effects when treated with SFN
and DTX combination.

Overall, natural ITCs are proven to potentiate #ctivity of several classes of chemotherapeutics
including cisplatin, paclitaxel, and docetaxel thgh additive and synergistic effects. Such cominat
therapy has efficacy against a variety of cangeegyin several model systems. Further clinicalistudre
needed to evaluate safety and efficacy of the coatisinal use of ITCs with chemotherapies.

4.2 Combinational use of ITCs and other anti-caagents

Guptaet al. reported synergistic anti-cancer activity of lmiccacid (LA) and PEITC combination in
colorectal cancer via dual inhibition of DNA mettrgihsferase-1 and Histone deacetylase-1. In theQHT2
cell line, treatment with the combination showedueed cell viability with increased apoptotic addlath
compared to LA and PEITC alone. In thevivo study using a 1,2-dimethyl hydrazine induced colon
cancer rat model, combination therapy significanthproved mortality, fecal consistency score, IL-6,
TNF-0, DNMT1 and HDAC1 levels, and attenuated the numdfesberrant crypt foci which depicted a
better prognosis [80].

A recent study combined a classical antihistamiditig, Loratadine (LOR) and SFN using a
self-microemulsifying drug delivery system. Comltioa of a minimally cytotoxic SFN treatment with
LOR achieved a 95% reduction of the LOR IC50 vatukllA PaCa-2 cells and a 90% reduction in Panc-1
cells [95], which suggested SFN largely enhancedahti-cancer activity of LOR in pancreatic cancer.
Another study found that combinational use of satigcin (SAL) and SFN synergistically inhibited cell
viability, proliferation, migration and invasion éenhanced apoptosis in Caco-2 and CX-1 cells.|&imi
results were also seen in the xenograft modelhdéncombination therapy, decreased expression &€, PI3
p-Akt and Bcl-2 and increased expression of Baxd abd cleaved PARP suggests PI3K/Akt pathway is
involved in synergistic effect of SAL and SFN inédcapoptosis [96]. Synergistic effects of SFN wadse
observed in triple combination therapy. A combimatof curcumin (CUR), SFN, and dihydrocaffeic acid
(DHA) was evaluated against human colon cances §@fl]. At cytotoxic concentrations designed td Kil
50% and 75% of cells, the effects of CUR-DHA, SFNA) and CUR-SFN-DHA combination were
additive, while SFN-CUR combination showed a rgkdii high antagonistic effect. Interestingly, a@®0
cytotoxicity, SFN-DHA combination exerted a sigo#nt synergistic effect. This combination is
significantly more cytotoxic for cancer cells thiagalthy cells. These studies on combination stiedenf
ITCs provided ample evidence that combining ITC¢hvather anti-cancer agents pose a potential way
forward for improved outcome. Further nanoformwlatbased on these combination therapies couldtresul
in additional enhancement of anti-cancer efficdwypugh targeted delivery.

5 Nanodelivery of natural isothiocyanates in cartlcerapy.

The bioactivity of ITCs is largely dependent on #i®sorption, metabolism, distribution, and excrefio
human body. Despite various cellular and animal eteodonfirming the benefit derived from many ITCs
against cancer, the clinical utilization of ITCsstdll limited [98-100] due to its low solubilitystability, and
bioavailability, as well as the “biphasic dose ms®e”. To overcome these drawbacks, scientists have
employed recently developed nanodelivery technoldgythese applications, nanomaterial has been

employed as transport modules to carry ITC andtberochemotherapy agents to achieve therapeutic
14
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synergism in cancer treatment. Different types ahadelivery systems have been developed for this
purpose. These nanodelivery systems can be eabiligéted to selectively target tumor cells as gpddo
normal cells [101]. Some of the main nanodeliveygteams used in cancer therapeutics are micelles,
liposomes, dendrimers, polymeric nanoparticlesbaarnanotubes, quantum dots (QDs), magnetic iron
oxide nanoparticles and gold nanoparticles. FigBreshows a schematic representation of major
nanodelivery systems used in cancer therapy. Allaitea self-assembly vesicle with an outer hythitip

tail region and hydrophobic core center [102]. Anosized liposome represents a self-assembled
phospholipid bilayers vesicles entrapping one oremaguatic compartments [103, 104]. A dendrimex is
highly branched, symmetric, star-shaped macromt#eeuith nanometer-scale dimensions [105]. A
polymeric nanopatrticle can be synthesized usinddgeadable and biocompatible polymers or copolymers
[106]. A solid lipid nanopatrticle (SLP) containsarfactant outer layer and lipids in solid phasthwie
advantage of entrapping lipophilic molecules withapplying organic solvents [107]. Both gold anahir
oxide nanoparticles are metallic nanoparticles tviiave imaging functionalities used for either paser
active drug delivery in cancer diagnosis and treatmQDs are semiconductor crystals in the range-00

nm, which possess strong photoluminescence [108-Mdst importantly, these inorganic nanoparticles
can be synthesized and modified with various chahfimctional groups which facilitate their apptica

as drug carriers for cancer therapeutic agents, [112]. Anti-cancer therapeutic agents e.g., IT&s ke
encapsulated within the NP carriers or be physicasorbed on or chemically linked to the NP swa$ac
Many nanodelivery systems loaded with ITCs haventgeven to be efficacious in inhibiting cancer cel
proliferation, migration, and invasion. Results nfrostudies reporting anti-cancer effects of the ITC
nanodelivery systems are discussed in subsectalos/b

Organic nanocarriers [Inorganic nanocarrieh
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Figure 3. Schematic representation of major nanodelivery systems for cancer treatment
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5.1 Nanodelivery of AITC

The obstacles to the direct clinical applicationAdTC include poor aqueous solubility, instabiley high
temperature, and susceptibility to degradation bgleophilic molecules such as®l or those containing
-OH, -SH and -NH groups [113, 114]. ATIC is easily hydrolyzed tdylmine in aqueous solution and
was reported to decompose by up to 75% when inedbiat water at 3 for 10 days [115]. Several
encapsulation methods using nanodelivery system& hmeen employed to protect AITC against
degradation and enhance targeted delivery to caedisr

Li et al. prepared an oil-in-water AITC nanoemulsion by #rulsion inversion point (EIP) method
[116]. They studied the optimal hydrophilic—lipofiibalance (HLBop) value of surfactants containing
Tween 80 and Span 80 and synthesized nanodropitsdimmeters of 137-215 nm. Over a 6.5 month
period, the nanodroplet sizes and the counts (ppedsity indication) decreased only slightly byl3%
indicating the nanoemulsion was very stable in agsestorage conditions. Moreover, the nanoemulsion
demonstrated superior protection against AITC d#mran (78% remaining after 60 days at 30°C), as
compared with zein protein nanoparticles (undelgetafter 60 days storage) as well as non-encapsula
aqueous dispersion (4% remaining after 60 days0aC)y3 Their work suggests that nanoemulsion is a
promising approach to enhance the aqueous stahifitAITC and may also be applicable to the
stabilization of other chemicals that are suscéptibnucleophilic degradation in aqueous systems.

In the studies of Encinas-Basumbal., AITC has been encapsulated into poly (lactic-gligcacid)
nanoparticles (PLGA NPs) to extend its shelf lifel @nhance its antiproliferative properties [1THje
AITC-loaded PLGA NPs were synthesized using a snmgiulsion-solvent evaporation method. The
obtained AITC PLGA NPs had a particle size of 2003+nm with a polydispersity > 2%, and
zeta-potentials of -8.0 £ 0.9 mV. These nanopadicdlemonstrated reduced degradation, volatilityand
extended shelf life when compared with free AITRvitro cell viability and uptake of AITC PLGA NPs
in cancerous HelLa and MDAMB-231 cells showed thatdustained release of AITC from polymeric NPs
resulted in a significant toxicity towards tumorllse Thus, PLGA NPs could be used as protective
nanodelivery systems to enhance the biologicaliacthf AITCs. The same group subsequently modified
the surface of AITC PLGA NPs further using a spedintibody to target the Epidermal Growth Factor
(EGF) receptor overexpressed on the epithelialragua carcinoma cells [118]. AITC-loaded PLGA NPs
showed more effective anti-cancer properties whempared with free AITC. The attachment of the
anti-EGFR antibody on the NP’s surface further ackd their cytotoxicity towards the tumor cells.isTh
targeting ability was additionally tested by cotatihg cervical HelLa cells (EGFR low) and A431 sell
(EFGR overexpressed). The antibody bonded NPs wetely localized in A431 cells, whereas
non-functionalized (no antibody bonding) NPs weisributed randomly between both cell types and at
much lesser extents. These findings demonstrased@essful nanodelivery strategy that not only eobs
the delivery of natural anti-cancer compounds t tthmor tissue, but also specifically targets thadr
cell receptors followed by tumor sensitization.

Liu et al. took a different approach to make AITC-conjugasditon quantum dots (AITC-SiQDs) for
the treatment of liver cancer [119]. To prepare &Kl@C-SiQDs, hydrogen terminated SiQDs were
synthesized by galvanostatic anodization of a posilicon layer [120], followed by a reaction wihyl
bromide. The bromine-functionalized QDs were furtleacted with potassium thiocyanate to form
isothiocyanate-functionalized SiQDs, i.e., AITC-8BIQ The obtained AITC-SiQDs were sphere shaped
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and around 4 nm in diameter. The AITC-SIQD sizenisch smaller than other AITC polymeric NPs but
was in agreement with the SiQD size in previougdt{l20]. The resultant QDs showed similar
anti-cancer properties compared to free AITC ahhdgses while avoiding the low doses stimulation
effect. After one hour of incubation with AITC-Si@Dthe intrinsic fluorescence of SiQDs was detéztib
inside HepG2 cells. The fluorescent signal optimatnaround 12 hours indicating the internalizatiéra o
large number of AITC-SiQDs. In addition, AITC-SiQRxhibited a lower but long-lasting activation of
Nrf2 which correlated with their levels of cellulaptake. These findings suggested the SiQD nanauagli
system could be a promising platform to avoid tiphésic effect of free AITC, and that AITC-SiQDsvha
the potential to be used in anti-cancer treatment.

One of the notable works performed by Chanhgl. was synthesized the water-soluble AITC NPs using
oil-in-water (O/W) microemulsion [121]. The obtath&ITC NPs were about 9.4 nm and stable during
heating up to 110 °C or under three freeze-thavaygles in DMEM. AITC NPs effectively inhibited
proliferation and migration of HT1376 cells, whishowed improved anti-cancer and antioxidant a@wit
when compared to free AITC. Moreover, compared td(Aalone and empty NPs, these AITC NPs
possessed a better inhibitory effect on lipopolghadde (LPS)-induced TNE; IL-6, nitric oxide (NO)
and inducible nitric oxide synthase (iNOS) prodmictin RAW 264.7 macrophage cells. These results
demonstrated the potential of AITC nanoemulsionaaherapeutic agent for the treatment of bladder
cancer.

Both nano and micro emulsions have been used twimsolubility and stability of AITC in biological
systems. The obtained AITC nanoparticles demowrstrahproved anti-cancer and antioxidant activities
when compared to free AITC. The attachment of tamgemotifs to the nanoparticle surface could farth
enhance their efficacy towards tumor cells.

5.2 Nanodelivery of BITC

In recent years, BITC has been of special intafhestto its distincin vitro andin vivo anti-cancer abilities,
and antiproliferative and antimicrobial propertid22-124]. Like AITC, due to its strong electropbil
nature, BITC can easily reacts with nucleophileganrphysiological conditions. It also has a chamastic
pungent smell, poor solubility, limited bioavailblyi and is strongly volatile. Such properties irdpeits
potential as an effective anti-cancer agent while tesearch community is still struggling to find a
appropriate delivery system to overcome all itsr&twonings. Nanoencapsulation methodology could
potentially increase BITC absorption, stabilitytiaty, and decrease its excretion from the cirtorig
system. Furthermore, such nanodelivery systems haase the ability to enhance BITC therapeutic
performance and reduce toxicity, ease of handlimjimprove its shelf live.

Qhattalet al. reported an oil-in-water nanoemulsion system toagnBITC [125]. The nanoemulsion
was prepared by either spontaneous self-nanoeiatsih or homogenization—sonication. Both the
nanoemulsion achieved high encapsulation efficiefitly) of BITC with low polydispersity and good
colloidal stability. In addition, the BITC nanoemigdn showed enhanced aqueous solubility as compared
pure BITC. They were also easily taken up by hugsnrcer cells A549 and SKOV-3 and inhibited cancer
cell growth. Later, Kumaet al. encapsulated BITC in a nanoemulsion through dtrizstion using Tween
80 or decylp-d-glucopyranoside as stabilizer [126]. The aversige of nanoemulsion particles were found
to be 31.6&1.78nm and a near complete EE value of 99%. The naivedglsystem showed good
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stability at pH5, 7 and 9. Under highly acidic or basic conditions., at pH2 and 12, the size of NP
increased abruptly as the storage time increadweel o€currence of aggregation might be due to int¥e
electrostatic repulsion and hydrolysis [127, 1ZHje BITC nanoemulsion showed improved anti-cancer
activity against breast cancer cell lines as coeghé& its bare administration.

In a recent research, Uppeil al. developed cerium oxide nanoparticles (Ceria) based delivery
system using ultrasonic nanoemulsification [12%e Bynthesized NPs (sizé nm) were then loaded with
BITC. The average particle size of BITC Ceria NRsen5.1 + 0.8 nm with zeta-potential value of —24.9
= 1.1 mV. The formulation achieved high encapsatagfficiency and a good drug loading. Compared to
Ceria alone, these NPs inhibited cell viability meffectively in MDA-MB 231 cells. The same grougsh
also produced a new rhamnolipid based nanoemulsietem employing the heating stirring-sonication
method [130]. The optimized nanoemulsion exhibigedd long-term stability, very high encapsulation
efficiency, sustained release and increased cyititpxagainst MDA-MB 231 cells as compared to BITC
alone.

Overall, nanoemulsification is the main synthasisthod used for entrapping BITC toin nanodelivery
systems. These BITC nanoemulsionsnanoemulsion gimbvanced absorption and bioavailability as well
prolonged shelf-life. High encapsulation efficienalpng with a sustained release can be achieved by
nanoemusionsnanoemusion. Finally, compared toréts form, BITC nanoemulsion showed improved
anti-cancer activity against several cancer aedidi

5.3 Nanodelivery of PEITC

PEITC, a naturally occurring isothiocyanate, hasnbeeported to have good anti-cancer activity ith lno
vitro andin vivo models [74, 131, 132]. Several studies have reddhat PEITC could inhibit proliferation
and induce apoptotic cell death in several canebrlioes, including breast cancer [31], prostat@aer
[133], cervical cancer [134], lung cancer [74] divér cancer [30, 135, 136]. Several studies hdse a
suggested that PEITC can sensitize cancer cetthaémotherapy drugs such as cisplatin and doxorubici
(DOX), demonstrating a synergistic effect. Nanohtetogy has allowed the development of new
nanodelivery systems that can be used to explate @otential in cancer treatment.

Pasquat al. showed that PEITC could enhance the efficacy@De in non-small cell lung cancer [90].
Based on this concept, liposomal nanoparticlesatoing both PEITC and CDDP have been developed
[137]. The resultant NPs were approximately 130 with a high negative zeta-potential of -65 mV. The
drug loading of CDDP and PEITC were approximate® W/w each. In NCI-H596 NSCLC cells,
liposomes containing a combination of CDDP and REI3howed the greatest toxicities among all
treatments. These liposome NPs are also highlyesiabcirculation. The protective formulation allsew
synergistic treatment of CDDP and PEITC to redimeNSCLC tumor more effectively with fewer side
effects than free CDDP and PEITC treatments. Thisy could be a promising system for clinical
development. Suat al. has further expanded their work to use a lesseuatrof CDDP than the previous
formulation (1:3 ratio of CDDP to PEITC comparedlt@ ratio of CDDP to PEITC) [138]. The optimized
nanoliposome formulation was much more toxic towasdth A549 and H596 human NSCLC cell lines
than the WI-38 and BEAS-2B human normal lung dée#s. These findings suggest that combined PEITC
and CDDP nanoliposomes have good specificity afet®aty toward tumor tissues and could provide a
promising cancer treatment.
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Pullieroet al. evaluated the ability of nanoliposomes to modify pharmacodynamics of PEITC [139].
The nanoliposomes with a mean size of 70 nm  werenthegized using
(1,2-di-O-octadecenyl-3-trimethylammonium propar@OTMA), cholesterol and D-alpha-tocopheryl
polyethylene glycol succinate (TPGS) by a simpleapbl injection method. Their data suggested that
PEITC NPs significantly increased the ability of IlPE to protect against cigarette smoke condensate
induced DNA damage and enhanced its ability tovatdi protective apoptosis in bronchial epitheligllsc
bothin vitro andex vivo.

Seemaet al. designed a PEITC nanocomposite using graphene ¢&@®) as nanocarrier [140]. GO has
a unique graphene basal plane that could be mddifith functional groups such as carboxylic (COOH),
hydroxyl (OH) and epoxides groups etc. These foneti groups enable further functionalization of GO
with drug loading and biomolecules (e.g., RNA/DNAhe nanocomposite was around 6 nm and exhibited
sustained release of PEITC under both physiologiodl intracellular lysosomal conditions. Cell viapi
assays suggested that the nanocomposite has mtieh d@i-cancer activity against HepG2 liver cance
cells when compared to the crude PEITC and wasfalsal to be nontoxic to normal 3T3 cells. Thisdstu
demonstrated that PEITC conjugated GO could beffarieat nanodelivery system for pharmaceutical
applications in cancer therapies.

In a recent study, Wt al. established a complex black phosphorus nanosh@sl) based
nanodelivery system for simultaneously deliveryDdgdX and PEITC. The BPNs/DOX was first coated
with a polydopamine (PDA) layer through dopaminéy/pwrization, followed by binding of polyethylene
glycol-amine (PEG-NH2) via the Schiff base reactidd4l]. The BPNs-PDA-PEG/DOX was then
conjugated with PEITC and this system was showeffiectively decrease mutant p53 levels in resistant
cancer cells and enhance DOX sensitivity. Furtheemothe phenolic hydroxyl groups of
BPNs-PDAPEG-PEITC/DOX can chelate manganese ion® jMvhich exhibit a strong T1 contrast in
magnetic resonance imaging (MRI). Thus, BPNs-PDASHEEITC-Mn/DOX could be used as
theragnostic agent for MRI-guided photothermal dpgrfphotodynamic therapy (PTT/PDT) as well as
synergistic chemotherapy to overcome drug-resistafoth in vitro and in vivo experiments have
demonstrated the BPNs-based drug delivery systarefiactively inhibited drug resistance tumor with
minimal side effects. This triple synergistic naalikry system has a great application potentiathiz
treatment of MDR breast cancer.

Several distinct nanodelivery systems have beeveldped for PEITC including nanoliposomes,
nanocomposite using graphene oxide and black plbospmanosheets. Nanodelivery of the combinational
therapies of PEITC with cisplatin or doxorubicinhéit enhanced anti-cancer efficacy with reducett si
effects. These synergistic nanodelivery systems lgaod specificity and selectivity towardstowarchtu
tissues and could provide a promising applicatioteptial in the treatment of non-small cell lungncer
and breast cancer.

5.4 Nanodelivery of SFN

Sulforaphane is one of the most studied naturakla@ has significant antioxidant, anti-inflammgtand
anti-cancer activitiesln vitro andin vivo studies have confirmed the chemoprotective effettSFN in
various tumors, including those of the breast, fates lung, and colon through variety of molecular
mechanisms [33, 142-144]. Moreover, a number afisfuhave suggested that SFN may target cancer stem
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cells (CSCs) in different types of cancer througtivation of microRNA-124 (miR-124), modulation of
NF-«B, sonic hedgehog (SHH), epithelial-mesenchymaisiteon and Wnfl-catenin pathways [145-147].
However, due to high lipophilicity, poor aqueoususdity, and low stability due to sensitivity taxggen,
heat and alkaline conditions, the therapeutic g@teaf SFN is greatly hindered. To enhance itseaqis
solubility and bioavailability, several differenamo formulations of SFN have been developed, imogud
polymeric nanoparticles, micelles, liposome, cartiots, metallic and magnetic nanoparticles. In tatdli
using an advanced nanodelivery system, SFN can dmbined with other phytochemicals and
chemotherapies to achieve synergistic effects tdsvurmor cells, e.g., CUR, DTX and CDDP.

Huang e al designed a combined docetaxel and sulforaphanededba poly (D,
L-lactide-coglycolide)/hyaluronic acid (PLGA-b-HA)ased nanoparticle [148] to simultaneously target
differentiated breast cancer cells (DBCCs) anddireancer stem cells (BCSCs). Bathvitro andin vivo
analyses showed the DTX and SFN combined NPs halvaneed cytotoxicity toward both DBCCs and
BCSCs compared with the free drugs. In additioa,g8lf-renewal ability of BCSCs was strongly intebli
by the SFN-loaded NP# vivo, and the inhibition of BCSCsn vitro was probably caused by
down-regulating beta-catenin expression. The coatizin of SFN and DTX loaded NPs demonstrates their
great therapeutic potential in the treatment oabtreancer.

Manijili et al fabricated novel SFN encapsulated gold-coatedarode nanoparticles [149]. The surface
of gold-coated iron oxide NPs was functionalizethwthiolate polyethylene glycol-folic acid and thite
polyethylene glycol-FITC for SFN loading. The awpeadiameter of the synthesized NPs was
approximately 38 nm. The SFN loaded NPs were mgigaxic than the no-loading NPs in MCF-7 cells
as proved by cell viability and apoptosis assayaddition, the expression rates of the anti-apapt®nes
(bcl-2 and bcl-xL) in MCF-7 cells were significanttlecreased by exposure to SFN NPs. Overall, this
study has exhibited a novel design of gold-coated oxide NPs, which could be developed as a piatent
nanodelivery system to improve the efficiency atadbidity of SFN as an anti-cancer therapy.

Danafaret al., have establishe@ micellar nanodelivery system using monomethoxyfdethylene
glycol)-poly (varepsilon-caprolactone) (MPEG-PCUB(Q]. SFN was encapsulated within mPEG-PCL
micelles through a single-step nano-precipitati@ihod. The obtained micelles have spherical shajbs
size of 107 nm. The encapsulation efficiency of Sk 86+1.58% and they also achieved a remarkable
level of sustained release vitro. The SFN loaded nanomicelles significantly intgditviability and
induced apoptosis in MCF-7 cells, which suggestt 8FN loaded nanomicelles could be an effective
breast cancer treatment strategy in the clinic. §draee group have developed another micellar NRyw@sin
tri-block copolymer poly (caprolactone)-poly (etbgk glycol)-poly (caprolactone) (PCL-PEG-PCL)
[151]. Micelle characterization and stability, tparticle size and their morphology were determibgd
DLS and AFM. The loading efficiency of SF was 19t3328%. The resultant micelles were the same size
as the mPEG-PCL micelles. The resultsrofivo experiments indicated the SFN loaded micellesopgl
the circulation period and increase the therapeefficacy of SFN. Later, this group has developed a
combined anti-cancer nanodelivery strategy usinguwuin (CUR), sulforaphane and PEGylated gold
coated Fg0, magnetic nanoparticles (PEGylatedd®g@Au NPs) [152]. Both CUR and SFN have been
entrapped in the metallic NPs to improve their b@lkability and solubility. The resultant NPs wemeund
20 nm, mono-dispersed in water, and with a higlydioading capacity. The combined CUR and SFN NPs
have demonstrated an enhanced synergistic antitaffemt in SK-BR-3 cells when compared to free CUR
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and free SFN. The nanodelivery systems can incitbasapeutic effects of SFN and CUR by apoptosis an
necrosis induction as well as inhibiting migratiosnSK-BR-3 cells. The CUR and SFN combined NPs
have been developed further using four times laogerier NPs to increase their drug-loading capacit
[153]. The resultant NPs also exhibited enhancéatayicity and therapeutic effects toward MCF-7el

Soni and Kohli have reported sulforaphane-loadetd nanoparticles (SFN-GNPs) as a potential
nanomedicine against solid tumors [154]. The sizeSBN-GNPs has been optimized by four-factor
three-level Box-Behnken experimental design. Theénoped SFN-GNPs had a spherical shape with an
average particle size of 147.231£5.321 nm, the pgetantial of -12.7+1.73 mV, EE value of 83.17+3.14%
and drug loading of 37.26+£2.33%. The SFN-GNPs hiaraonstrated enhanced retention at tumor sites as
well as significant inhibition of tumor growth asrapared to free SFN. In another study, Kedgal.
synthesized sulforaphane-modified selenium nanigfestin a simple aqueous-phase redox reaction
through reduction of selenite with ascorbic aciBg]Jl with the SFN presence on the selenium NP serfa
forming an adlayer. The cytotoxicity, biodistributi and excretion of resultant conjugate NPs haen be
investigatedin vivo on male Wistar rats. The results suggest conjdgiifes did not induce observable
negative symptoms in the rats. After 24 h, abod®b 48 the administered NPs were eliminated from the
body in urine and feces, with the remainder masdgumulated in the liver. The results framvitro
cytotoxicity assays suggested that SFN-conjugated have considerable anti-cancer activity as well a
selectivity toward cancer cells, which could bedfemal for the cancer treatment.

Mielczareket al., have evaluated a novel combination of SFN and didxoin entrapped in nanosized
liposomes [81]. The SFN and DOX nanoliposomes wguiekly taken up by MDA-MB-231 cells,
followed by the release of the drug combinatiomrfrilie lysosomes. Tha vitro interaction analysis using
the Chou-Talalay approach suggested a high sytiergistivity had been achieved by the drug
combination, which enabled a favorable reductionyitostatic dosage and an increase in cancer tegatm
efficiency.

Lu et al., have built a multifunctional nanosystem based BN-8onjugated carbon dots (SFN-CDs) for
targeted imaging and inhibiting of EGFR-overexpirggsancer cells [156]. The SFN-CDs are synthesized
by grafting SFN onto the amino-rich yellow fluorest carbon dots. The obtained SFN-CDs have an
average size of 5.33 nm. Tha vitro toxicity experiments demonstrated that the SFN-CGDsld
significantly inhibit the proliferation of EGFR-okexpressing A549 lung cancer cell compared to
BEAS-2B normal lung cells. As a result, SFN-CDs barused as a potential nanodelivery system fdr bot
diagnostic and therapeutic functions in cancer mament.

A recent study performed by a al., utilized a novel combination of CDDP and SFN encégied in
MPEG-PLGA polymersome [157]. The CDDP was modifsth poly (gamma-I-glutamic acidy{PGA)
to produce a water-soluble CDDP derivative. SFN wmasapsulated in the outer layer of polymersome
which could be used to achieve an efficient gluteth (GSH) depletion, to improve the accumulatién o
CDDRP in cancer cells. The CDDP and SFN combined W& more effectively internalized and could
significantly reduce GSH content in breast canedis @as compared to the free drugs, which restitted
significant increase in DNA damage-induced apoptdsgioreover, in an orthotopic breast cancer model,
the nanoparticles achieved a significantly highemdr accumulation and exhibited a more powerful
antitumor activity. Overall, this SFN-based nanodsgl system holds great potential to enhance the
sensitivity and therapeutic efficacy of Pt-basedrobtherapy.
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In summary, natural ITCs are not only the impatrtanti-cancer therapeutic candidates but also can
interact with other chemotherapies and phytochdmimaachieve synergistic antitumor effects. Albab
that different materials and forms of nanodeliveygtems have many positive effects on ITCs biona¢dic
applications. Nanoformulations could significanittyprove the solubility, stability, and bioavailabyjl of
native ITCs, as well as minimizing their shortcogn(adverse effects). The anti-cancer nanodelivery
system of natural ITCs is summarized in Table 2.
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Table 2. A summary of nanodelivery system for redtisothiocyanates

Encapsulation

Type Isothiocyanates Carrier Preparation method Size(nm) efficlency Cancer type Initro/ln vivo Ref.
(EE)/Drug loading model
(BL) (%)
Micelle AITC mineral oil/Tween  Emulsion inversion 137-215 nm / / / [116]
80/Span 80 point (EIP) method
zein/caseinate self-assembling
liquid—liquid
process
Polymeric AITC PLGA Emulsion-solvent 200 + 3 nm EE 65.8% Cervical cancer Hela, [117]
nanoparticle evaporation DL 24.9% Breast cancer MDA-MB-231 and
ARPE cells
Polymeric AITC PLGA Emulsion-solvent 200 nm / Cervical cancer HelLa and A431 [118]
nanoparticle evaporation Skin cancer cells
Quantum dot AITC silicon quantum Reacting the 4nm Liver cancer HepG2 cells [119]
dots hydrogen
terminated SiQDs
with allyl bromide
and then potassium
thiocyanate
Nanoemulsion AITC alkali-treated Oil-in-water 9.5+0.3nm / Bladder cancer HT1376 and RAW  [121]
gelatin, microemulsion 264.7 cells
polysaccharides anc
K-carrageenan
Nanoemulsion BITC medium-chain self-emulsification 242 + 3 nm EE 77% Colon cancer Caco-2, SKOV-3, [125]
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Nanoemulsion
Metallic

nanoparticle

Nanoemulsion

Liposome

Liposome

Nanocomposite

Liposome

Nanosheet

BITC

BITC

BITC

PEITC plus

cisplatin

PEITC

PEITC

PEITC plus
cisplatin
PEITC plus

doxorubicin

triglycerides/
Tween 80:

Transcutol

flaxseed oil/legg PC

lemon oil+ miglyl
812

cerium oxide

rhamnolipid: Tween
-80:miglyol-812:PE

G200

Dipalmitoylphospha
tidylcholine (DSPC)

and

L-a-phosphatidylgl

ycerol (EPG)

DOTMA/cholestero

IITPGS

graphene oxide

DSPC

black

phosphorus

homogenization—

sonication

Ultrasonication

assisted cavitation

Ultrasonic

nanoemulsion and

then drug loading
by incubation
Heating

stirring-sonication

method with GRAS

ingredients

Film hydration

Ethanol injection

Drug loading by
incubation

Film hydration

Liquid exfoliation,

dopamine

117 £ 27 nm

44.13+3.22nm

5.1+£0.8nm

65.85 £ 1.34 nm

120-140 nm

70.0+£5.8nm

6nm

173.4 £26.8 nm

312 nm

24

EE 70%

EE 99%

EE 89.06 +2.3%

DL 19.80 + 1.54%

EE 99.92 + 0.3%
DL 1.26 +0.02%

DL ~1%

EE 3.24 £ 0.47%
DL 34.7 +3.2%
/

Ovarian cancer

Lung cancer

Breast cancer

/

Breast cancer

Non-small cell lung

cancer

Lung cancer

Liver cancer

Non-small cell lung

cancer

Breast cancer

A549 cells

MDA-MB 231

MDA MB 231 cells

H596 cells

H727 cells

HepG2 and 3T3

cells

Ab549, H596, WI-38
and BEAS-2B cells

MCF-7 and
MCF-7/ADR cells

[126]

[129]

[130]

[137]

[139]

[140]

[138]

[141]



Polymeric

nanoparticle

Magnetic

nanoparticle

Micelle

Micelle

Magnetic

nanoparticle

SFN plus docetaxel PLGA/hyaluronic

SFN

SFN

SFN

SFN

acid

gold-coated iron

oxide nanoparticle

mPEG-PCL

PCL-PEG-PCL

PEGylated
gold coated iron

oxide nanoparticle

polymerization and
n-n stacking
Modified 179.3+2.8 nm
solvent-dialysis
method
Co-precipitation 34.59 + 0.8 nm
method followed by

coating with gold

NPs, then drug

loading by

sonication and

overnight

incubation

Nanoprecipitation  ~118 nm

Nanoprecipitation 107 nm

Co-precipitation <30 nm
method followed by

coating with gold

NPs, then drug

loading by

sonication and

overnight

25

DL 5.68 + 0.96%

DL 56%

EE 86 + 1.58%
DL 20 +1.78%

EE 87.1 +1.58%
DL 19.33+1.28%

EE 72.20 £ 0.18 %
DL 15.74 £0.015
%

Breast cancer

Breast cancer

Breast cancer

Breast cancer

Breast cancer

female nude mice

MCF-7 cells [148]

Female Balb/c nude

mice
MCF-7 cells [149]
MCF-7 cells [150]

MCF-7,4T1and  [151]
MCF10A cell

Female Balb/c nude

mice

SK-BR-3 cells [152]



Magnetic

nanoparticle

Metallic

nanoparticle

Solid nanoparticle

Liposome

Carbon dot

Polymersome

SFN plus Curcumin

SFN

SFN

SFN plus

doxorubicin

SFN

SFN plus CDDP

PEGylated gold
coated iron oxide

nanoparticle

gold nanopatrticle

selenium

nanoparticle

1,2-dimyristoyl-sn-

glycero-3-phosphoc

holine (DMPC)

carbon dot

mMPEG-PLGA

incubation

Co-precipitation 80.57 nm
method followed by
coating with gold
NPs, then drug
loading by
overnight
incubation
Electrolysis, then 147.23 £5.321 nm
drug loading by

incubation

Nanoprecipitation ~ 80.2 + 18.6 nm
Film hydration 115+ 8 nm
Hydrothermal 5.33 nm

synthesis, then drug
loading by
conjugation

Double emulsion ~98.2 nm

EE 81.20 + 0.18%

DL 16.74 £ 0.015%

EE 83.17 +3.14%

DL 37.26 + 2.33%

DL 2.5%

487.5 mg/g

EE 58.7 £+ 4.5%

Breast cancer

Breast cancer

Colon cancer

Breast cancer
Colon cancer

Prostate cancer

Breast cancer

Lung cancer

Breast cancer

Liver cancer

MCF-7 cells [153]

Balb/c mice

B16-F10, MCF-7,
SW-620 and Caco--

[154]

cells

Male mice

MCF-7, Caco-2,
HT-29, PC-3,
MCF-10A

and CRL-1790 cells
MDA-MB-231 and  [81]
MCEF-7 cells

[155]

A549 and
BEAS-2B cells

[156]

MCF-7 and HepG2 [157]
cells

BALB/c nude mice
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6 Therapeutic advantages of nanodelivery systems

Nanotechnology has been widely used in the devedoprof new strategies for cancer management. It is
playing an important role in providing both diagtics and therapeutics for cancer. Nanodeliveryesgst
have several therapeutic advantages over convahtmministration of therapeutic agents includiag:
increased half-life, extended circulation time le thuman body, enhanced penetration to the distiase
and improved pharmacokinetic clearance [158]. Acessful nanodelivery system can be characterized by
optimized encapsulation and drug loading featusastained release of therapeutic agent at theedgliv
site, long storage life, and high therapeutic afficwith no or minimized side effects [159]. Ingheview
there are a number of featured nanodelivery systawe been developed for delivery of natural ITCs as
potential anti-cancer therapies. There are botid spistems such as quantum dots, carbon dots, and
metallic and magnetic nanoparticls, as well asidiggystems such as liposomes, nanoemulsions, and
polymersomes. Compared to the traditional formdT& administration, nanoparticle delivery systems
offer many advantages in terms of cancer prevemtimhtherapeutics which are described in moreIdetai
subsections below.

6.1 Increase solubility and bioavailability

Several research groups have developed polymestersg to encapsulate AITC and SFN [117, 118, 148,
150, 157]. Nanodelivery systems are formed by apiplc¢ PLGA or PCL consisting of both hydrophilic
and hydrophobic monomers, which self-assemble angpherical structure in agueous solution. ITCs are
either dispersed into the polymer matrix or enckgisd in polymer. The resultant NPs are in the eaoig
100-200 nm with good drug loading capacities. @ilsater nanoemulsion has also been used to increase
solubility and bioavailability of AITC and BITC [112 125, 126, 130]. The obtained droplet size falihie
range of 10-250 nm and an encapsulation efficienfc§9% has been achieved using this nanodelivery
method. Liposomes are another highly versatile dalimery system widely used in cancer treatment.
Nanoliposomes represents nanosized self-asseniplddvésicles which consist of phospholipid bilegyer
entrapping one or more therapeutic agents. Theb#itju and bioavailability PEITC have been
significantly improved by this method [137, 138].

6.2 Enhanced stability

Another major advantage that nanotechnology offethe ability to improve the stability of therapieu
agents which are sensitive, for example, to litggraperature, or pH. ITCs can be absorbed or cotgdga
onto the surface of a solid NP, which provides rargf scaffold to support them. They can also be
encapsulated inside a NP, or dissolved within tRerhatrix, which can shield them from degradatiod an
protect them from a critical environment thus ertdirag their potential pharmaceutical properties. ITC
nanodelivery systems are reported to have low [Epgisity and good colloidal stability that cant I
several weeks [116, 117]. For example, AITC NPsHaeen reported to be stable when heated up to 110
°C and could also withstand three freeze-thawirgesy[121]. BITC NPs showed good long-term stapilit
in a physiological environment and at a range of [h5, 130]. Notably, most ITC NPs are stable at
physiological conditions (pH 7.4), but release IT€adily under acidic conditions, and thus they ban
more efficiently made available in cancerous celli®nments [152].
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6.3 Improved tumor targeting

Due to the leaky vasculature of the tumor tissoegicirculating NPs can accumulate more readily at
tumor sites than in normal tissues [160]. Meanwhitepaired lymphatic drainage also hinders NPs
excretion from tumor tissue, resulting in furthehancement of NP accumulation in tumor tissues][161
This is called the enhanced permeability and retentEPR) effect [162], which has now been widely
applied in the design of NP based drug deliveryesysfor cancer treatment. EPR is widely considéoed
be a major driving force for NPs to reach and aadate in the tumor tissue, through either passive o
active targeting [163]. In general, EPR is most&ife with NPs in the size range of 20-200 nmchzre
more likely to show improved tumor targeting. Ndyalthe penetration of NPs in tumors depends on the
size of the NP. The smaller the size of the NP gileaiter the penetration throughout the tumoraét lbeen
demonstrated that 100 nm NPs remain close to \atscalwhereas 20 nm NPs distribute throughout the
tumor [164]. Moreover, NP uptake based on EPR nisy zary depending on the type of tumors [165,
166]. Most of the lipid nanodelivery systems depeld for ITCs such as polymeric NP, micelle and
liposome, range in size from 100 nm to 200 nm, thnd have enhanced tumor accumulation, resulting in
significantly improved anti-cancer efficacy with mmized side effects, e.g. SFN loaded PLGA NP [148,
157].

6.4 Minimize the risk of hormesis

In toxicology, hormesis is defined as a biphasised@sponse to an exogenous or endogenous stittuli w
low dose stimulation and high dose inhibition. Mainygs have been reported to exhibit such conti@gic
effects, also known as “biphasic dose responseé7][which has shown significance in establishing t
modality of a drug. Several studies have reported ITCs kill cancer cells at high doses but pramot
cancer cell proliferation and survival at low dofE83-170]. Thus, it is crucial to optimize the iatancer
effects and minimize the potential risks of ITCsciencer prevention and treatment. NP based delivery
systems featuring targeted delivery of ITCs couttlieve high dose ITC accumulation at tumor sites,
which can eliminate the unfavorable low dose statiah effect in cancer treatments [119].

6.5 Combinational therapy

Simultaneous delivery of different therapeutic dgeio the same tumor cells are known as co-delivery
systems [171]. Such co-delivery systems could bsilyeaachieved using recently developed
nanotechnology. By the inclusion of extra compogesuch as targeting motifs and imaging probes, an
efficient multifunctional nanodelivery system coulden be formed. Several combined nanodelivery
systems have been developed so far incorporati@s I&nd other phytochemicals e.g., curcumin or
chemotherapeutics, e.g., CDDP in a single systeombihed SFN and CUR NPs showed significantly
increased therapeutic effects toward breast camedls [153]. Combined SFN and DTX NPs
simultaneously targeting DBCCs and BCSCs exhibiggnificantly improved antitumor efficacy
compared to free drugs [148]. Encapsulating botiN SiRd DOX in nanoliposomes resulted in high
synergistic activity towards triple negative breaahcer cells [81]. Co-delivery of SFN and CDDP by
PLGA NPs largely improved the accumulation of CD&Rumor tissue, which resulted in more powerful
anti-tumor activity.

In summary, the application of nanotechnologyldtivery of ITCs for the prevention and treatmeht o

cancer could efficiently improve aqueous solubikiyd bioavailability of ITCs, extend their shelfeli
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enhance the therapeutic efficacy by promoting therumulation in tumors, and additionally have the
advantage of eliminating hormetic effects. At tlane time, combinational therapy of ITCs with other
antitumor agents can also be achieved by thesedelwvery systems which can demonstrate synergistic
effects on cancer treatment.

7 Conclusions and future perspectives

Cancer is one of the most common worldwide pubdialth problems [24] and is in the world's top ten
diseases which seriously affect human physicaltinellore than half of the anti-cancer drugs inickh
use are natural products or their derivatives [1lat®] many are plant-derived phytochemicals. Over tw
decades, natural ITCs from vegetableshave attraotemhsive research interest for cancer prevertiah
treatment. Many studies have confirmed that ITCgehsignificant antioxidant, anti-inflammatory and
anti-cancer effectm vivo andin vitro.However, the epidemiological evidence regardireydbnsumption
of dietary ITCs as chemopreventive agents have lmmamsistent, which presumably due to the hormetic
effect of ITCs where high doses kill cancer cdtlst low doses promote cancer cell proliferationaAp
from the aforementioned, low solubility, low bio@eaility, low stability and short shelf lives; thee are
other factors which impede the clinical use of ITCspplication of nanotechnology provides a neeaid
for further development and utilization of ITCs.r@&nt research progress suggests that nanoforonilati
ITCs can improve their solubility, enhance bioaafility, provide protection against degradationd an
achieve controlled and targeted release of IT@gmaobr sites.

One important challenge infuture design of ITQadelivery systems is in the development of novel
multifunctional nanomaterials that possess progeriallowing them to deliver therapeutics across
biological barriers and able to target specificetyf tumor tissues in the body. Most of the ssithek a
passive nanodelivery approach controlled by thenpimenon of EPR. Only a few studies utilized targgti
ligands, also known as ‘active targeting,’ to stilety deliver ITCs to tumor sites through ligareteptor
interactions. In the active delivery mode, certRiNAs, peptides, carbohydrates, and small metabolite
molecules could be used as biomarkers to reacltylarttarget sites [173]. In addition, stimuli-pemsive
components that can be triggered by specific stifgug., temperature, pH, or enzymes) could also be
incorporated into the nanodelivery system to achithe controlled release of the therapeutic agants
targeted sites [174]. Apart from surface featupasticle size is also an important parameter of WRigh
determine its pharmacokinetics, cell entry routs] amteraction with the immune system [175]. Insthi
review, we found that the size of ITC NPs varienirir4 nm up to over 300 nm. In principle, NPs in the
size range of 20-200 nm can be delivered to theotwsite through the EPR effect. However, theivo
delivery of NPs also depends on the types of tuammt their local conditions [165, 166]. Tumors with
increased interstitial fluid pressure (IFP) aredearto permeate by passive targeting. It is alponted that
the smaller the size of NP, the greater the peti@tréhroughout the tumor. NPs with a mean size than
100 nm are ideal for even distribution throughdw tumor. Thus, special attention should be paid to
control the NP size for efficient drug delivery. Blof the reported studies lagkvivo evaluation of the
pharmacokinetic and pharmacodynamic propertiesT@f NPs. So far, none of the ITC nanodelivery
systems have proceeded into the clinical trials¢clvBuggests more preclinical work is needed tdyére
safety and efficacy of nano formulated ITCs asw oancer therapy.
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Highlights
* Natural isothiocyanates show significant antioxidant, anti-inflammatory and anti-cancer
activities.
* Nano-formulation enhances delivery of isothiocyanatesin cancer therapy.

e Combination of isothiocyanates and anti-cancer drugs exhibit synergistic therapeutic
potential.



