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Abstract: Malignant tumor, the leading cause of death worldwide, poses a serious threat to human health. For decades, natural
product has been proven to be an essential source for novel anticancer drug discovery. Shikonin (SHK), a natural molecule separated
from the root of Lithospermum erythrorhizon, shows great potential in anticancer therapy. However, its further clinical application is
significantly restricted by poor bioavailability, adverse effects, and non-selective toxicity. With the development of nanotechnology,
nano drug delivery systems have emerged as promising strategies to improve bioavailability and enhance the therapeutic efficacy of
drugs. To overcome the shortcoming of SHK, various nano drug delivery systems such as liposomes, polymeric micelles, nanopar-
ticles, nanogels, and nanoemulsions, were developed to achieve efficient delivery for enhanced antitumor effects. Herein, this review
summarizes the anticancer pharmacological activities and pharmacokinetics of SHK. Additionally, the latest progress of SHK
nanomedicines in cancer therapy is outlined, focusing on long circulation, tumor targeting ability, tumor microenvironment responsive
drug release, and nanosystem-mediated combination therapy. Finally, the challenges and prospects of SHK nanomedicines in the future
clinical application are spotlighted.
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Introduction

Malignant tumor is the leading cause of mortality worldwide." Chemotherapy remains the primary therapy option for
cancer patients to improve survival rate. Although encouraging progress has been made in clinical chemotherapy,
disadvantages such as drug resistance and severe side effects are still witnessed, failing to exert a satisfactory effect.
Thus, it is necessary to explore novel antitumor agents with excellent efficacy and reduced toxicity to overcome the
above problem in cancer treatment.

Natural products extracted or optimized from nature have made great progress in anticancer therapy.” > SHK
((#)-5,8-dihydroxy-2-(1-hydroxy-4-methyl-3-pentenyl)-1,4-naphthoquinone) (Figure 1), a natural naphthoquinone sepa-
rated from the Lithospermum erythrorhizon is a traditional Chinese Medicine used to treat several diseases, such as
anaphylactoid purpura, burns, eczema, measles.® Apart from botanical sources, the source of SHK involves chemical
synthesis and biosynthesis, which may impel the clinical application of SHK.”* Recently, studies have shown that SHK
possesses a favorable therapeutic effect on cancer growth, development, and metastasis by regulating cancer cell
proliferation, apoptosis, autophagy, necroptosis, and inducing immunogenic cell death (ICD) (Figure 2). In addition,
SHK could regulate immunosuppressive tumor microenvironment through inhibiting glycolysis of tumor cells and
repolarizing tumor-associated macrophages (TAMs). However, SHK is a hydrophobic natural molecule with unsatisfac-
tory solubility, rapid intestinal absorption, obvious “first pass” effect, and rapid clearance, leading to low oral
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bioavailability.”'® For instance, SHK displays a half-life of 15.15 £+ 1.41 h and Cmax of 0.94 + 0.11 pg/ml in rats when
administered intravenously.'" In addition, SHK could induce serious skin sensitization, suicidal erythrocyte death, and
potential toxicity in combination with other drugs through related metabolic enzymes.'>'® Notably, due to these
disadvantages, its further application is significantly restricted.

Nanomedicine has attracted considerable attention over the past few decades, possessing advantages, such as prolonged
circulation time, improved drug bioavailability, controllable drug release, enhanced therapeutic efficacy, and alleviated side
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Figure | Chemical structure of shikonin.
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Figure 2 Multiple molecular targets modulated by SHK in cancer therapy.

Abbreviations: CCNDI, Cyclin DI gene; NF-«xB, Nuclear factor kappa-B; Cdc25, Cell division cycle 25; HIF- | a, Hypoxia-inducible factor la; PKM2, Pyruvate kinase muscle
isozyme M2; IMPDH2, Inosine-5’-monophosphate dehydrogenase 2; EGRI, Early growth response |; ROS, Reactive oxygen species; PI3K, Phosphoinositide 3-kinase; AKT,
Protein kinase B; Bcl-2, B-cell lymphoma-2; EGFR, Epithelial growth factor receptor; p-ERK, Phosphorylated extracellular regulated protein kinases; TrxR, Thioredoxin
reductase; MAPK, Mitogen-activated protein kinase; ERK, Extracellular regulated protein kinases; ASKI, Apoptosis signal-regulating kinase |I; MKK3, Mitogen-activated
Protein Kinase Kinase 3; Bax, Bcl-2-associated X protein; JNK, C-Jun-N-terminal kinase; MMP, Matrix metalloproteinase; CXCR4, Type IV C-X-C-motif chemokine receptor;
SDF-1, Stromal cell-derived factor-1; VEGF, Vascular endothelial growth factor; STAT3, Signal transducer and activator of transcription 3; SRC, Proto-oncogene tyrosine-
protein kinase Src; FAK, Focal adhesion kinase I; DNMTI, Human DNA methyltransferase |; RIP3, Receptor-interacting protein kinase 3; DAMPs, Damage associated
molecular patterns; CSN5, COP9 signalosome 5.

effects. Additionally, increasing literature has demonstrated that developing nano drug delivery systems can improve
bioavailability and strengthen the therapeutic efficacy of drugs without chemical modification. Encouragingly, Onivyde®,
an irinotecan liposome injection approved by FDA, is harnessed to treat metastatic pancreatic cancer patients after
gemcitabine therapy.'” Recent studies have demonstrated its encouraging anticancer activity in various malignancies such
as pancreatic, esophago-gastric, and colorectal cancer.'® Various nanomedicines including Myocet®, Mepact®, Marqibo®,
Doxil®, Abraxane®, Apealea®, and Vyxeos® were approved by FDA or EMA.'" 2! Therefore, nano drug delivery systems
are effective approaches to improving the therapeutic efficiency of drugs. Given the shortcoming of SHK, enormous efforts
have been devoted to developing various nano drug delivery systems such as liposomes, polymeric micelles, nanoparticles,
nanogels, nanoemulsions, and chimeric advanced drug delivery nano systems (Chi-aDDnSs), for efficient delivery of SHK.

This review summarizes the anticancer activities and pharmacokinetics of SHK. Moreover, the latest updates of SHK
nanomedicines in anticancer therapy are overviewed, with emphasis on long circulation, tumor targeting ability, tumor
microenvironment responsive drug release, and nanosystem-mediated combination therapy. Such SHK nanomedicine
exhibits improved bioavailability and outstanding therapeutic efficacy, which show great potential for ameliorating the
limitations of SHK and facilitating clinical application.
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Anti-Cancer Activities of SHK
SHK exerts a favorable therapeutic effect on breast, colon, lung, and other cancers via regulating cancer cell prolifera-
tion, apoptosis, metastasis, invasion, autophagy, necroptosis, and cellular immunity. The detailed roles of SHK in cancer

treatment are shown in Table 1.

Table | The Anti-Cancer Activity of SHK in vitro

Cancer Types Cell Lines Role Potential Mechanism Ref.
Breast Cancer MCF-7 Inhibit cell Inhibit Cdc25 phosphatase [25]
proliferation
MDA-MB-23 1 Inhibit cell Up-regulate P21 [26]
proliferation Inhibit the ERK pathway
Induce apoptosis
MDA-MB-231, Inhibit cell Inhibit IMPDH2 [24]
4TI proliferation
MCF-7, SHK-BR-3 | Inhibit cell Downregulate EGFR/p-ERK through ERa and GPER suppression [23]
proliferation
Induce apoptosis
MDA-MB-231 Induce necrosis Self-ubiquitination and degradation of clAP| and clAP2 leading to the [48]
and apoptosis decreased ubiquitination of RIP|
MDA-MB-231, Inhibit cells Reverse the epithelial-to-mesenchymal transition [44]
4TI metastasis and
invasion
Cervical Hela Inhibit cell Inhibit Cdc25 phosphatase [25]
Carcinoma proliferation
Glioma SHG-44, U87, Induce Promote ROS overgeneration and RIPI/RIP3 necrosome formation [47]
u2si necroptosis
UB7MG, HS683, Induce apoptosis | Induce ROS production, GSH depletion, mitochondrial transmembrane [136]
MO59K potential destruction, p53 up-regulation, and PARP [poly(ADP-ribose)
polymerase] cleavage
Lung Cancer A549 Inhibit cell Up-regulate P21 [26]
proliferation Inhibit the ERK pathway
A549 Inhibit cells Inhibit integrin B1 expression [36]
metastasis and Suppress the ERK1/2 signaling pathway
invasion
H1975, H1650 Induce apoptosis | Inhibit TrxR and activate the EGFR proteasomal degradation pathway [49]
Myeloma RPMI8226, IM9 Induce apoptosis | Inhibit the phosphorylation of IGF-I receptors [32]
B16F10, female Induce cellular Induce ICD [48]
C57BL/6JNarl immunity
mice
A375 Induce Activate ROS-mediated endoplasmic reticulum stress and P38 pathway [311
autophagy and
apoptosis
Osteosarcoma U20S Inhibit cells Suppress MMP13 [40]
metastasis and
invasion
U20s Inhibit cell Up-regulate P21 [26]
proliferation Inhibit the ERK pathway
Pancreatic PANC-| Inhibit cell Up-regulate P21 [26]
Cancer proliferation Inhibit the ERK pathway
(Continued)
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Table | (Continued).
Cancer Types Cell Lines Role Potential Mechanism Ref.
Prostate Cancer | PC3, DUI45, Induce Decrease caspase8 and increase pRIP| and pRIP3 [46]
LNCaP, and 22Rv| | necroptosis
PC-3, DUI45 Inhibit cells Reduce MMP-2/-9 expression via AKT/mTOR and ROS/ERK /2 pathways | [41]
metastasis and
invasion
DU-145, PC-3 Induce apoptosis | Trigger ROS production, ER stress, and calpain activity [30]
Enhance pro-apoptotic Bax expression and Bcl-2 inhibition
Disrupt MMP
Ovarian Cancer | A2780 Induce apoptosis | Decrease Bcl-2 expression [153]
Increase Bax expression, and caspase-9 and caspase-3 cleavage
Hepatocellular Hep)5 and Inhibit cells Downregulate the expression of vimentin and MMP-2 and —9 [154]
Carcinoma Mahlavu metastasis and
invasion
Metastatic NCM460, HT29, Inhibit cells Upregulate SIRT2 via phospho-ERK inhibition [37]
Colorectal HCT116 and metastasis and
Cancer SW480 invasion
Colon Cancer Caco-2 cells Enhance NK cell | Improve p-ERK1/2, GranB, perforin, and p-Akt expression [56]
proliferation
HCTI 16, SW620 Inhibit cell Inhibit hypoxia-inducible factor- la signaling [27]
proliferation
Bladder Cancer T24, SW870 Induce Inhibit PKM2 activity [155]
necroptosis

Abbreviations: clAPI, Cellular inhibitor of apoptosis I; clAP2, Cellular inhibitor of apoptosis 2; ERa, Estrogen receptor a; GSH, Glutathione; GPER, G-protein-coupled
estrogen receptor; IGF-1, Insulin-like growth factor-1; mTOR, Mammalian target of rapamycin; P-Akt, Phosphorylated Akt; p-ERK1/2, Phosphorylated extracellular signal-
regulated kinases 1/2; RIP1, Receptor-interacting protein kinase |; SIRT2, Sirtuin 2.

Inhibit Cell Proliferation

SHK exhibits a general anti-cancer effect on various cancer cells including lung adenocarcinoma (A549 cell), triple-
negative breast cancer (MDA-MB-231 cell), pancreatic cancer (PANC-1 cell), and osteosarcoma (U20S cell). Its cellular
mechanisms might be arresting the cell cycle at the G2/M phase due to its P21 up-regulation.”* In addition, anti-cancer
effects on MCF-7 and SK-BR-3 cells appear to be concerned about EGFR/p-ERK downregulation via Era and GPER
inhibition.”® Moreover, SHK induces triple-negative breast cancer (TNBC) cell growth suppression is probably due to
inhibiting IMPDH2 which is always involved in TNBC formation and progression.* One research indicates that SHK’s
anti-proliferation activity in cancer cells (MCF-7, HeLa, K562, and tsFT210) was perhaps through inhibition of the
Cdc25s.?> Furthermore, SHK led to cell proliferation inhibition and cell-cycle arrest in hypoxia-induced human colon
cancer cell lines by inhibiting the hypoxia-inducible factor-1a signaling pathway.>’

Induce Apoptosis

Apoptosis is a form of programmed cell death, but cancer cells avoid apoptosis through various mechanisms, including
overexpressing or stabilizing antiapoptotic BCL-2 family proteins and inactivating apoptosis transcription factors.?®
Among them, the BCL-2 family can regulate apoptosis by controlling the permeability of the mitochondrial outer
membrane.”” A study has shown SHK induced-apoptosis occurs in human glioma cells through multiple pathways
including inducing ROS production, GSH depletion, mitochondrial transmembrane potential disruption, p53 up-
regulation, and PARP cleavage.” In addition, SHK can induce apoptosis of prostate cancer cells by induction of
endoplasmic reticulum stress, and mitochondrial dysfunction.*® Similarly, activation of endoplasmic reticulum stress
also plays a role in inducing apoptosis of melanoma A375 cells.®' For gefitinib-resistant non-small cell lung cancer, SHK
promoted apoptosis through EGFR degradation induced by ROS generation.*” Furthermore, Kimura et al discovered
SHK induced apoptosis via inhibiting the phosphorylation of IGF-1 receptors in myeloma cells.>?
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Inhibit Cells Metastasis and Invasion

Persistent growth and metastasis are two basic characteristics of malignant tumors. Metastasis has been one of the
challenges of cancer treatment and diagnosis.>*** Cancer metastasis involves a complex set of processes, such as cell
adhesion to the extracellular matrix (ECM), cell invasion, angiogenesis, and lymphangiogenesis.>> In one study, SHK
inhibited invasion and metastasis of lung cancer A549 cells by inhibiting integrin 1 expression and ERK1/2 signaling
pathway.*® In addition, SHK suppressed colorectal cancer cell invasion through the ERK1/2/SIRT2 pathway.>’ The
metastasis process needs the degradation of ECM components by proteolytic enzymes. MMPs, including MMP-2, 9, and
13, are the primary extracellular matrix-degrading enzymes.*®>° SHK suppressed hepatocellular carcinoma cell, osteo-
sarcoma, and prostate cancer cell migration by restraining the expression or activity of MMP.***!:15% Epithelial-to-
mesenchymal transformation (EMT) is crucial to the establishment of metastasis in tumor progression.**** Research
suggests SHK could suppress triple-negative breast cancer cell metastasis through reversing EMT.**

Induce Necroptosis, Autophagy, and Cellular Immunity
Necroptosis, a lytic, programmed cell death pathway involves deubiquitination of TNF signaling and RIP1, phosphor-
ylation of RIP1 and RIP3, inactivation of Caspase 8, and phosphorylation of MLKL.*> In docetaxel-resistant prostate
cancer cells, SHK induced necroptosis by decreasing caspase 8 and increasing pRIP1 and pRIP3.*® Similarly, SHK
induced glioma cell necroptosis by ROS overproduction and promoting RIP1/RIP3 necrosome formation.*” Wang et al
identified that self-ubiquitination and degradation of cIAP1 and cIAP2 induced by SHK further led to a significantly
decreased ubiquitination of RIP1, thus inhibiting MDA-MB-231 cell survival and accelerating necroptosis.*® In addition,
SHK induced a dominant necroptosis to avoid cancer resistance in MCF-7, HEK293 and their drug-resistant lines with
overexpression of P-glycoprotein, Bcl-2, or Bel-x.>

Autophagy is a type II programmed cell death, and the regulation of autophagy can be an effective intervention
strategy for cancer treatment.’’ Enhanced autophagy is accompanied by SHK-stimulated RIPK1 and RIPK3-dependent
necroptosis.”’ Furthermore, SHK-induced autophagy directly contributes to DAMP upregulation which is the character-
istic of ICD.>*>* In a study, increased DAMPs expression and a highly mature state of dendritic cells indicated SHK
induced a significant ICD effect.>® Natural killer cells, a type of innate lymphocytes, play a role in controlling cancer
progression. A study confirmed SHK enhanced NK cell proliferation and cytotoxicity of Caco-2 cells by regulating the
expression of P-ERK1/2 and P-AKt.’® PD-L1 is the primary ligand of programmed death 1 (PD-1). PD-L1 expression is
an immune evasion mechanism exploited by various malignancies.’’ > SHK promoted PD-L1 degradation and inhibited
pancreatic cancer cells immune evasion by inhibiting the NF-kB/STAT3 and NF-kB /CSN’5 signaling pathways.®® TAM,
a major part of the tumor microenvironment, is concerned about the progression of tumor. M2-TAMs exert anti-
inflammatory and tumorigenic characteristics.®’ SHK can reduce the production of lactate which is an important driving
factor of TAM2 polarization, thus repolarizing M2-TAMs.%* Furthermore, SHK inhibits tumor growth in mice by

suppressing PKM2-mediated aerobic glycolysis.®***

Pharmacokinetics of SHK

For many years, the in vivo process of SHK has been described mainly from rat animal models. The pharmacokinetic
parameters in rat plasma were t;,5 at 630.7 £ 124.9 min; Cy,ax at 83.6 + 8.8 ng/ml; T,y at 1.0 = 0.0 min; V4 at 136.6 +
10.5 1/kg after intravenous administration of a 5 mg/kg SHK.'*® The blood concentration of SHK was 0.48 pg/mL at 0.5
h after oral administration of a 25 g/kg SHK."” Interestingly, SHK was not detected at 10 h in the plasma When the
intravenous dose was 1.5 mg/kg.'® Animal experiments showed that SHK had an obvious “first pass” effect in rats, with
drug concentration highest in bile and liver.

Drug metabolism enzymes (DMEs) participate in the metabolism, and/or detoxification of exogenous substance. Most
organs are provided with numerous DMEs, including phase I and phase II metabolic enzymes and phase III
transporters.””> SHK effectively upregulated protein expression of phase I enzymes, phase II enzymes, and phase III
drug transporters.” The metabolism of SHK was studied using rat liver microsomes cultured in vitro.®® The results
revealed that NADH increased the metabolic rate of SHK. And microsome concentration exhibits an obvious effect on
metabolic rate. The hydroxylation of the naphthoquinone nucleus was the principal metabolic pathway of SHK, followed
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by generating glucuronide conjugates and excreting in the bile and urine. The bacterial transformation of SHK has been
investigated using human intestinal bacteria. Bacteroides fragilis subsp. thetaotus could transform SHK extensively into
ten metabolites.®”

When accessing the efficacy of drugs, safety issues must pay more attention to. SHK resulted in obvious animal
weight loss when inhibited renal interstitial fibrosis as a glycolysis inhibitor.'* In addition, SHK could trigger serious skin
sensitization at a low concentration.'* Moreover, SHK can promote Ca®>" entry and induce eryptosis, the suicidal
erythrocyte death when treating human erythrocytes.'> A study reveals SHK might cause toxicity, especially drug-drug
interactions based on an atypical inhibitory effect on CYP.'®

In conclusion, SHK is a hydrophobic natural molecule with unsatisfactory solubility, rapid intestinal absorption,
obvious “first pass” effect, and low oral bioavailability. In addition, existing literatures have revealed its adverse effects
and non-selective toxicity. Thus, much more attention should be paid for effective application of SHK.

SHK Nanomedicines for Cancer Therapy

The existing literatures show that SHK has poor solubility and chemical stability in aqueous medium, which seriously
limits its bioactivity in vivo. In addition, low oral bioavailability and the non-selective toxicity have restricted its
application. Considering the promising advantages of nanomedicines to improve bioavailability, reduce adverse reaction
and enhance the therapeutic efficacy of drugs, various SHK nanomedicines including liposomes, polymeric micelles,
nanoparticles, nanoemulsions, nanogels, and chimeric advanced drug delivery nano systems have been developed to
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Figure 3 Various types of SHK-based nano-delivery systems for cancer therapy.
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Table 2 The Preparation and Physicochemical Property of SHK Nanomedicines

Nanomedicines | Materials or Modified Preparation Size (nm) Zeta Potential (mV) | Encapsulation Drug Loading Ref.
Efficiency (%) Capacities (%)
Liposomes Soya bean phospholipid and cholesterol Ethanol injection method 145.4 + 10.6 —38.72 £ 243 80.37 + 3.89 - [70]
PEG-modified Thin-film hydration method 62.3-121.3 —11.54- -27.93 75.64-89.40 - [74
RGD-modified Thin-film hydration method 117.53 £ 3.05 —15.37 £ 0.91 94.89 + 1.83 - [78]
HA-coated Thin-film hydration method 1735 —36.5 2.1 932 33 [80]
Biotinylated Thin-film hydration method 150-220 22-35 - - [87]
pH and GSH sensitive Thin-film hydration method ~124 —-14 >95 9.1 [158]
ATP as the internal water phase Thin-film hydration method ~l10 ~=I5 - 16.7 [96]
Micelles PID, g-PLA39 Dialysis methods 98 - - - [99]
PEI-PCL, PEG-PCL Evaporation technique 915+ 113 23+03 824 142 94 %06 [160]
FA-PEG-FA-mediated red cell membrane camouflaged, Solvent-diffusion technique ~60 ~-10 ~60 ~3 [105]
triphenylphosphine (TPP) decorated
Nanoparticles AgNPs Chemical reduction method 106 -23.8 - - [114]
Ab-armed, pegylated Emulsion-solvent evaporation technique 120-250 -35 42 8.6 [17]
Lf-modified PEG-PLGA NPs Emulsion and solvent evaporation method | 174 -9.7 92.45 15.57 [
DSPE-PEG,-FA and PEI-PCL Nano-precipitation method 70-140 ~5 795 +£32 5107 [159]
DSPE-PEG,k-FA and PEI-PCL Evaporation technique 106 + 6 1.8+ 1.0 80.3 +27 52+09 [123]
DOPC, cholesterol and DSPE-PEG2k Solvothermal method and evaporation 174 - - 6.53 [126]
technique
Mannosylated lactoferrin nano-system Heat-driven protein self-assembly process 150 30 48.58 + 4.21 1.43 £ 0.26 [62]
Albumin/lactoferrin hybrid biomimetic nanoparticles High-speed dispersion emulsification- 153 ~—20 - 32 [129]
homogenization method
RBC-4T| hybrid membrane camouflaged, ICG/PEI@HPB NPs Two-step controlled etching method 1243 £ 35 —12.87 - - [130]
Fe(lll)-SHK supramolecular nanomedicine Self-assembly method 56.15 21.5 - - [131]
Nanoemulsion T7/AS1411 modified Nano-precipitation method ~35 ~=25 ~80 ~4 [137]
Nanogel STP-decorated, disulfide bond-crosslinked Sequential dispersion and dialysis approach | 75 —2.21 - 7.49 [141]
Chi-aDDnSs Hyperbranched polymers (PFH-16-OH, PFH-32-OH, PFH-64- Evaporation technique 170.3 £ 29.0 —0.75 + 3.32 541 +£0.70 - [143]
OH), liposome 169.4 +23.7 —1.00 + 3.11 12.96 + 0.60
1779 £21.5 0.50 + 2.69 45.61 +3.03
185.0 £ 10.9 1.97 £ 0.75 47.60 £ 1.12
PEGylated, hyperbranched polymers, liposome Ultrasonic dispersion technology 96.3-238.2 —7.84— -21.87 - - [144]

Notes: The encapsulation efficiency (%) is defined by the concentration of the incorporated drug detected in the formulation over the initial concentration used to make the formulation. Drug loading capacity (%) is the amount of drug

loaded per unit weight of the nanoparticle.

Abbreviations: DOPC, |,2-dioleoyl-sn-glycero-3-phosphocholine; ATP, Adenosine triphosphate; RGD, Arginyl-glycyl-aspartate; CD44, Cluster of differentiation 44; FA, Folic acid; DSPE-PEG2K-FA, FA-conjugated |,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[(polyethylene glycol)-2000]; ICG, Indocyanine green; NADH, Nicotinamide adenine dinucleotide; PID, Poly(N-isopropylacrylamide)-c-N,N-dimethylacrylamide random copolymer; PEG, Polyethylene
glycol; PEG-PCL, Polyethylene glycol-polycaprolactone; PEI-PCL, Polyethyleneimine—poly (epsilon-caprolactone); PEI-PCL, Polyethyleneimine-polycaprolactone; PLA, Polylactic acid; PD-LI, Programmed death ligand |; STP, Sarcoma-

targeting peptide; AgNPs, Silver nanoparticles; TEMI, Tumor endothelial marker |; TAMs, Tumor-associated macrophages.

|e 32 uey

aro(q


https://www.dovepress.com
https://www.dovepress.com

Dove Yan et al

overcome the pharmacokinetic limitations of SHK (Figure 3). Briefly, the preparation method and physicochemical
property of SHK nanomedicines are shown in Table 2.

Liposomes

Liposomes are spherical vesicles consisted of lipid bilayers. Due to their unique structure, hydrophobic agents can be
embedded in lipid bilayers and hydrophilic agents encapsulated in the central aqueous chamber.®® Various liposomes such
as conventional liposomes, long-circulating liposomes, actively targeted liposomes, and multifunctional liposomes have
been reported to load SHK to improve the anticancer effect.

Conventional Liposomes

To meet urgent requirements for nutrient and oxygen supplies in tumors, the tumor blood vessels endothelial cell gap is
large, the vascular wall smooth muscle layer is lacking, and the angiotensin receptor function is deficient. In addition, the
tumor tissue lacks lymphatic vessels, prohibiting the return of lymph fluid. Thus macromolecular substances could easily
pass through the vascular wall and accumulate in tumor tissues, and can not be carried away by lymphatic reflux, which
is called enhanced permeability and retention (EPR) effect.®” EPR effect has become the basis of many nanomedicines to
achieve tumor targeting. Xia et al prepared SHK-loaded liposome (sh-L) via the thin-film hydration method.”® The results
showed that sh-L could reduce toxicity to endothelial cells, inhibit migration and trigger angiogenesis reduction. Tumor
angiogenesis,”' one of the “hallmarks of cancer”, is critical to tumor growth, progression, and metastasis. The study
provides implications for further research on the development of SHK nanomedicine based on inhibiting angiogenesis.

Long Circulating Liposomes

Despite the advantages, liposomes binding with serum proteins are easily caught by the reticuloendothelial system cells,
failing to deliver drugs to target sites.”> To prolong circulation time and increase stability, long-circulating liposomes
have been developed.”> One of the most significant ways to develop long-circulating liposomes is decorating them with
a hydrophilic polymer, such as PEG.”* Conventional and PEGylated SHK-loaded liposomes were prepared,’ confirming
that decorating PEG to the SHK-loaded liposomal surface decreased particle size (reduction varied between 17-45%),
improved entrapment efficiency (increments varied from 13 to 18%), increased stability and resulted in more release
(increase approximately 20-30%).

Actively Targeted Liposomes

Ligand-directed nanomedicines are expected to decrease side effects to normal cells, increase drug uptake at target sites
and enhance anticancer efficacy, which is mainly accomplished by attaching ligands on the surface of drug carriers and
then aggregating drugs around solid tumors by specific recognition and binding of ligand receptors on the tumor cell
membrane.”

RGD is an integrin recognition sequence which can bind to the avB3 receptor overexpressed on the angiogenic
endothelium in various tumor.”®’” RGD functionalized SHK-loaded liposome (RGD-SSLs-SHK) was developed.”®
RGD-SSLs-SHK showed superior cellular uptake via receptor-mediated endocytosis. Compared with SSLs-SHK, higher
cytotoxicity to MDA-MB-231 cells was seen, without significant difference in that of MCF-7 cells, which might be due
to the specific binding of RGD to avp3 receptors which are expressed on MDA-MB-231 cells rather than MCF-7 cells.
CD44, a glycoprotein, is overexpressed in various tumor cell surfaces, including breast cancer.”” HA, a principal CD44
binding molecule, exerts a preferable prospect in decorating nanocarriers. HA-modified SHK liposomes (HA-SHK-Lip)
were developed for TNBC therapy.® Cellular uptake of HA-SHK-Lip in MDA-MB-231 cell was higher than SHK-Lip
and free SHK, which is attributed to the CD44 receptor-mediated endocytosis. HA-SHK-Lip displayed more significant
anticancer efficacy than SHK and SHK-Lip in vitro and vivo.

Multifunctional Liposomes

The complex tumor microenvironment prevents the drug from efficient delivery and brings great obstacles to tumor
treatment.®' However, Based on tumor-specific pathological stimuli such as acidic microenvironments, redox milieu
environments, and overexpressed enzymes, stimuli-responsive nanomedicines have shown excellent performance in
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realizing controlled drug release and tumor targeting.®*** Currently, the co-administration of two or more drugs can
enhance anticancer efficacy by targeting different molecular pathways and reduce toxicity via decreasing individual drug
doses.®**> Especially, co-administration of chemical drugs and immunomodulators is attracting researchers’ attention.®®
Due to the attractive characteristics mentioned above, the combination of stimulus-sensitive design, active targeting, co-
administration, and cancer immunotherapy strategy has been reported to develop multifunctional SHK liposomes.

SHK and N-end rule inhibitor RFEC11 were loaded into biotinylated liposomes.®” SHK could induce necroptosis in
various cancers via upregulating RIPK 1/RIPK3/MLKL expression.*®*® Interestingly, inhibiting the N-end rule pathway
is conducive to increase the stability of RIPK1, sensitizing cells to necroptosis.”®°? The cellular uptake was strikingly
higher than the non-targeting counterparts in the CT26 cell line. In addition, the biotinylated liposome codelivery of
RFC11 and SHK showed a synergistic antitumor effect in vitro and vivo via RIP1 and RIP3-dependent necroptosis. ICD
could enhance the anticancer efficiency of certain drugs by integrating direct tumor cell killing with stimulated anticancer
immunity.”? But the dosage of SHK to trigger effective ICD may cause hepatoxicity. SHK at a low dose was combined
with Anthracyclines to develop LipMS,'*® exhibiting a pH and GSH dual-sensitive release pattern mediated by copper.
LipMS significantly inhibited melanoma growth and increased necrosis areas and apoptotic cells in comparison with
single-encapsulated liposomes and the mixture. In addition, AST levels in all groups were higher than those in a normal
saline group except LipMSl1:1, indicating LipMS1:1 did not cause hepatotoxicity. Furthermore, LipMS1:1 reduced
cardiotoxicity which is a well-known side effect of Anthracyclines.® Further study showed LipMS triggered
a significant ICD effect, immune memory, and did not form new tumors in the process. ICD is often accompanied
with autophagy.”® But autophagy could suppress immune response by robbing immune-related antigens.”
Hydroxychloroquine (HCQ), an autophagy inhibitor, can increase SHK triggered immune-related antigens exposure in
colon cancer. But the reduction of ATP results from autophagy suppression, weakening anticancer immune response. To
solve the problem, LipHCQa was prepared by pH gradient with ATP wrapped in the aqueous phase.”® The result showed
the ATP in the aqueous phase of LipHCQa compensated the ATP reduction caused by autophagy suppression. Further,
coadministration of LipSHK and LipHCQa at appropriate dosage achieved superior anticancer efficacy without suppres-
sing the immune response.

Liposome is an efficient drug delivery system for SHK, with increased stability, long circulation, controlled release,
and enhanced anticancer efficacy. Compared with passively targeted liposomes, actively targeted liposomes effectively
enhance the cellular uptake of SHK and further improve the overall antitumor effect. Moreover, the co-administration of
SHK and other drugs in liposomes amplified the anticancer effect and reduced the unfavorable effect.

Polymeric Micelles

Polymeric micelles are formed by amphiphilic polymers that self-assemble into nanostructures with hydrophilic shells
and hydrophobic cores.”””® The shell protects the micelle from aggregation and precipitation and the core can hold
hydrophobic drugs.

Su et al formulated SHK-loaded thermosensitive micelle (STN) for breast cancer therapy.”” STN exhibited rapid SHK
release (90%) at tumor sites with temperatures 3°C—5°C higher than normal tissue. The entrapment of SHK into the
thermosensitive biodegradable micelles improved its accumulation and cytotoxicity in breast cancer in vitro and vivo.
Apart from single-loaded micelles, mixed micelles (SHK/siIDO1-HMs) loading SHK and IDO-1 knockdown siRNA
(silDO1) were prepared to enhance immunotherapy for colon cancer'®® Cytotoxic T lymphocyte (CTL) activation
triggered by ICD could induce tumor regression by IFN-y secretion. But IFN-y secretion can promote the generation
of indoleamine 2, 3-dioxygenase-1 (IDO-1), which may be a chief culprit of the immunosuppressive tumor microenvir-
onment (ITM).'%'%% Calreticulin (CRT) exposure, ATP secretion, extracellular significant release of HMGBI, and
maturing rate of DCs all revealed SHK/siIDO1-HMs induced ICD notably. IDO-1, as an immunosuppressive enzyme,
catalyzes the degradation of tryptophan to kynurenine.'®*'** Decreased IDO-1, and reduced kynurenine to tryptophan
ratio in SHK/siIDO1-HMs group suggested SHK/siIDO1-HMs resolved the contradiction between ICD-triggered antic-
ancer immunity and IDO-1 induced immunosuppression. In addition, the lowest tumor volume and weight, and
prolonged survival in SHK/siIDO1-HMs group indicated SHK/siIDO1-HMs exerted outstanding anticancer effect in
the CT26 tumor mouse model.
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Mitochondria-targeted drug treatment is a potential strategy to overcome TNBC. SHK can not only induce apoptosis
by inhibiting mitochondrial energy production, but also exhibit significant inhibitory effects on TNBC.**!06:107
Triphenylphosphine (TPP) has been generally used as a specific ligand to mediate the mitochondrial targeting. SHK-
loaded micelles prepared with TPP-PEG-Hyd-PCL/TPP-PEG-PCL/mPEG-PCL (ThTM/SHK) was incubated with FA-
PEG-FA modified-red blood cells membranes to develop red blood cells membranes camouflaged micelle (ThTM/
SHK@FP-RBCm) for mitochondria-targeted TNBC therapy.'®®> Both FP-RBCm coating and TPP on micelles contribute
to tumor lesion distribution, receptor-mediated cellular uptake, and electrostatic attraction-dependent mitochondrial
targeting, thereby maximizing inhibitory effects on mitochondrial biosynthesis in TNBC cells. In vivo, Th'TM/SHK@FP-
RBCm suppressed TNBC tumor growth, lung metastasis, and mitochondrial biogenesis.

SHK-loaded polymeric micelles exhibited a controlled drug release pattern at target sites. Compared with single-
loaded-polymeric micelles, dual-loaded-polymeric micelles resolved the contradiction between ICD-triggered anticancer
immunity and IDO-1-induced immunosuppression. Moreover, “right-side-out” membrane-camouflaged SHK loaded-
micelle significantly strengthened the antitumor efficacy.

Nanoparticles

Nanoparticles (NPs) have been developed with suitable size and surface characteristics to improve biodistribution and
prolong circulation time.'®® Due to the attractive properties of NPs, a wide range of NPs including metallic nanoparticles,
polymeric nanoparticles, lipid-polymer hybrid nanoparticles, biomimetic nanoparticles, and self-assembled nanoparticles
have been reported to load SHK.

Metallic Nanoparticles

Silver nanoparticles (AgNPs), as a type of metallic nanoparticles,'® have been broadly investigated due to their excellent
properties such as easy to prepare and versatile functionalization sites.* In addition, AgNPs are considered to be an
excellent synergistic agent.''®''* SHK-loaded-silver nanoparticles (SHK-AgNPs) were prepared to achieve a synergistic
effect for lung cancer.''* SHK-AgNPs were stable under physiological conditions and showed preferred distribution in
lung. Furthermore, IC50 of SHK-AgNPs on A549 cells was lower than that of free SHK, silver nitrate, and phytome-
diated AgNPs, suggesting SHK and silver nanoparticles had a synergistic effect on inhibiting A549 cells.

Polymeric Nanoparticles
Polymeric nanoparticles have attracted numerous attention due to its fascinating properties such as drugs protection,
controlled release, specific targeting.''> Poly (lactic-co-glycolic) acid (PLGA), a biodegradable copolymer of polylactic
and polyglycolic acid approved by the FDA, shows great potential for drug delivery due to its advantages such as
biodegradability, biocompatibility, and versatility.'"®

PEG and TEM1/endosialin-targeting antibody (Ab) modified PLGA NPs were synthesized to load SHK for ovarian
cancer therapy.''” TEM1 is a protein mostly expressed on the surface of endothelial cells in newly formed blood vessels
and cancer cells,'"® making TEMI-specific targeting a promising approach for cancer therapy. Through active and
specific targeting mediated by anti-TEM1 Ab/scFv, these NPs accumulated within the TME in which 80% SHK was
released within 24-48 hours, indicating higher drug accumulation and continuous release of SHK in TME. Moreover, the
NPs induced superior cytotoxic effects on ovarian cancer. Lf-modified PEG-PLGA NPs (Lf-NPs) were engineered to
deliver SHK for glioma treatment.'' Lactoferrin receptor (LfR) and the low-density lipoprotein receptor-related protein
(LRP) are overexpressed on the blood-brain barrier cells and glioma cells surface, respectively.''®!** Besides, LRP is
a kind of lactoferrin specific receptor with excellent selectivity.'*''** More than 60% of the drug in SHK/Lf-NPs
experienced a continued release for more than 72 h. In Cytotoxicity assays, C6 cells were more responsive to Lf-modified
SHK NPs. Further, higher brain tissues distribution and the brain/blood concentration ratios of SHK/Lf-NPs revealed that
SHK/Lf-NPs possessed a significant brain targeting effect.
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Lipid-Polymer Hybrid Nanoparticles

Lipid-polymer hybrid nanoparticles take the hydrophobic polymer as the core and the lipids and their hydrophilic corona
as the shell, which integrate the advantages of polymeric nanoparticles and liposomes and overcome some of their
shortcomings.

Nanoparticles co-loading SHK and PD-L1 knockdown siRNA (SHK/siR-NPs) were developed for cancer immu-
notherapy by easing PD-L1-regulated immune tolerance, inducing ICD, and repolarizing M2-TAMs."*® By inhibiting
tumor glucose metabolism, SHK can reduce the production of lactate which is an important driving factor of TAM2
polarization.®” Decreased PD-L1 protein, declined PD-L1 mRNA, higher IFN-y secretion and lower cell viability
suggested that SHK/siR-NPs inhibited CT26 cell via blocking PD-1/PD-L1 pathway. Obvious extracellular release of
HMGBI, secretion of ATP, secretion of CTR, and marked maturation of DCs suggested that SHK/siR-NPs induced
a significant ICD effect. Reduced M2-TAM markers and raised M1-TAM markers verified SHK/siR-NPs effectively
repolarized M2-TAMs. Moreover, SHK/siR-NPs treated group showed the highest tumor distribution and tumor
suppression in comparison with SHK-NPs, siRNA-NPs, and free SHK. Li et al constructed tumor growth factor
small interference RNA (siTGF-B) and SHK co-delivery nanoparticles for TNBC chemo-immunotherapy.'® SHK-
induced ICD exhibited a positive tumor inhibitory effect. Effective silencing of TGF- by siTGF-B suppressed EMT,
promoted CTL infiltration, inhibited regulatory T lymphocytes proliferation, and suppressed lung metastasis. Further,
SHK/siTGF-B NPs exhibited a long-term immune memory to inhibit cancer recurrence.

ROS-sensitive prodrug nanomedicines are considered as promising platform for cancer therapy. But inefficient or
incomplete prodrug activation caused by insufficient response or increasingly consumed ROS at the tumor site limits its
efficiency.'**'?> Herein, a self-amplifying ROS-responsive prodrug NP (Cu-SHK@DTC-PPB) was synthesized.'*
DTC-PPB composed of two diethyldithiocarbamate (DTC) molecules binding by the ROS-sensitive phenylboronic
ester bond. DTC or copper alone have no obvious cytotoxicity, but Cu (DTC), is highly cytotoxic. DTC-PPB in response
to higher ROS concentration in tumor sites, DTC released. DTC can chelate Cu®* from the Cu-SHK@DTC-PPB to
generate Cu (DTC), and trigger SHK release. The released SHK can induce ROS generation, further promoting highly
cytotoxic Cu (DTC), formation. Cu-SHK@DTC-PPB showed enhanced drug accumulation in tumor site with minimal
side effect to normal cells. Moreover, Cu-SHK@DTC-PPB exhibited excellent anticancer effect in vitro and in vivo.

Biomimetic Nanoparticles

An ideal drug delivery system is supposed to be relatively stable in blood circulation and release drugs as it arrives at the
target sites. However, exogenous NPs are easy to be identified and eliminated by the immune system. Using endogenous
components (eg, proteins, polysaccharides, and cell membranes) as camouflage to evade the immune system and enhance
tumor cell-specific uptake is a promising strategy.'?’

A mannosylated lactoferrin nanosystem (Man-LF NPs) co-delivering SHK and JQ1 was prepared to target colon
cancer cells and TAM.®? JQI can effectively decrease PD-L1 expression in tumor cells when combined with other
immune drugs.'?® Characteristics of cancer cells undergoing ICD, repolarization of TAM2, and PD-L1 downregulation
were observed in the Man-LF NPs treated CT26 cells. In vivo biodistribution assay, higher tumor sites accumulation in
Man-LF NPs group might be owing to MR and LPR-1 act as double targeting receptors for cancer cells and TAM. In
addition, the highest inhibition rate was seen in Man-LF NPs treated immunocompetent CT26 tumor mouse model. Zhao
et al fabricated albumin/lactoferrin hybrid biomimetic nanoparticles (BSA/LFNP) to co-deliver SHK and DSF to target
glioma energy metabolism.'?’ SHK, PKM2 inhibitor, can inhibit the glycolysis of tumor cells. Disulfiram (DSF) inhibits
the ALDHIL1 enzyme in the 10-formyl-tetrahydrofolate-NADH-ATP metabolism axis, which can inhibit the supply of
ATP and interfere with tumor energy metabolism. The results showed that BSA/LFNP possessed the advantages of BSA-
mediated long circulation and LF-mediated blood-brain barrier penetration. DSF/SHK-loaded BSA/LFNP effectively
inhibited GL261cell glycolysis and folic acid-NADH-ATP metabolic pathway, thus cutting off the energy supply of
tumor cells. In addition, BSA/LFNP effectively suppressed tumor growth in the GL261 glioma model and increased the
median survival time of mice.

In a study, SHK was loaded into hollow Prussian blue nanoparticles (HPB@SHK). PEI was decorated on the
HPB@SHK, which then adsorbed ICG. Finally, the RBC-4T1 hybrid membrane was camouflaged ICG/

1206  "r= International Journal of Nanomedicine 2023:18
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Yan et al

PEI@HPB@SHK to prepare HMGPHS NPs.'*? Decreased phagocytosis of macrophages in vitro and extended drug half-
life in vivo suggested membrane coating has promoted immune evasion and prolonged the circulation time of HMGPHS
NPs. Excellent homotypic targeting ability and anticancer activity in vitro and vivo may owe to the homing effect of 4T1
membrane and synergetic effect of photothermal therapy (PTT) and chemotherapy, respectively. Furthermore, SHK
suppressed the 4T1 cells metastasis and reprogramed the TME via alleviating inflammation resulting from PTT.

Self-Assembled Nanoparticles

Most nano delivery carriers are usually exogenous materials without pharmacological activity. And biocompatibility,
degradability, and toxicity of the materials need to be considered. The carrier-free nano-drug delivery system,
a nanostructure assembled by the drug itself, with a superior drug-loading capability, and simple preparation method,
has showed great potential in cancer therapy.'®'

A Fe(IlI)-SHK supramolecular nanomedicine (FSSNs) for tumor treatment through ferroptosis and necroptosis is
designed.”?! One mechanism by which tumor cells develop resistance to chemotherapy and radiotherapy is related to
resistance to apoptosis.'** Designing novel medicines based on non-apoptotic cell death pathways is potential to achieve
a long-term antitumor effect. The driving force of the preparation process is metal-polyphenol-coordinated interaction.
SHK ethanol solution was added into FeCl;-6H,O deionized aqueous solution, stirring for an hour. After taken into
tumor cells, FSSNs disassembled into Fe?* and SHK under exposure to the high concentration of GSH in tumor sites.
Due to the increase of Fe?" level and the depletion of GSH, the LPO accumulated and the GPX, downregulated, which
led to cancer cell ferroptosis. Moreover, the released SHK strengthened the intracellular oxidative stress degree, inducing
tumor cell death through necroptosis.

Polymeric nanoparticles can easily manipulate carrier properties by selecting the type of polymer and the mode of the
carrier assembly. Antibody-decorated and ligand-decorated PLGA NPs were engineered to encapsulate SHK, showing
great tumor site targeting ability, high drug accumulation, and continuous release. Lipid-polymer hybrid nanoparticles
can carry various drugs in a certain proportion, controlling the release of drugs and maintaining biocompatibility. DTC-
PPB and Cu-SHK loaded lipid-polymer hybrid nanoparticles achieved Cu (DTC), formation and SHK release by a self-
amplifying positive feedback cycle via separating Cu”>* and DTC-PPB in nanostructure and lipid, respectively. Compared
with liposomes and NPs, lipid-polymer hybrid nanoparticles possess higher stability and better biocompatibility, so they
have a good prospect for gene delivery. SHK and siRNA play a synergistic effect in cancer immunotherapy via
encapsulating in lipid-polymer hybrid nanoparticles. NPs are still facing challenges to regulate the in vivo fate of the
drugs, biomimetic delivery may be a solution to this. Biomimetic SHK-loaded nanoparticles showed long circulation,
enhanced immune evasion, excellent tumor-targeting ability, and superior antitumor efficacy. NPs assembled by SHK
itself, with high drug loading capability and simple preparation method, exhibited antitumor effect via ferroptosis and
necroptosis.

Nanoemulsions

Nanoemulsion (NE) is formed by water and oil phases, surfactants, and co-surfactants in appropriate proportions and
different types of manufacture (low- or high-energy).'>* '3 NE has great potential in pharmaceutics due to its attractive
property including suitable size, improved dispersion of hydrophobic drug, enhanced absorption, and the potential to be
modified with different ligands to target components present in tumor cells’ surfaces.

SHK not only can induce apoptosis through multiple pathways in human glioma cells'*® but also enhance the anti-
glioma efficiency of certain chemotherapeutic agents such as docetaxel.'>” Herein, a T7/AS1411 modified and super-
paramagnetic Fe;O4 nanoparticles-embedded nanoemulsion encapsulated with DTX&SHK (Fe304@T7/AS1411/
DTX&SHK-M) was developed for glioma treatment.'*® The highest drug distribution and glioma accumulation of
DTX and SHK in Fe304@T7/AS1411/DTX&SHK-M group were seen compared with DTX+SHK, SHK&DTX-M,
AS1411-DTX&SHK-M, and T7/AS1411-DTX&SHK-M. The luminescence (representing glioma) in Fe304@T7/
AS1411/DTX&SHK-M- group was the lowest. Importantly, the bodyweight of mice treated with different nanoemulsions
did not reduce obviously, indicating these nanoemulsions reduced systemic toxicity associated with chemotherapy drugs.
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Nanogels
Nanogels are made from hydrogels with cross-linked polymer chains."**'*° Nanogels are with good properties such as
good biocompatibility, high drug loading capacity, customizable surface properties, and adjustable morphology.
STP-modified disulfide bond-crosslinked nanogel (STP-NG/SHK) was prepared to target osteosarcoma.'*" The ratio
of SHK released from nanogels in PBS without GSH at 72 h was lower than 17%, compared with 98.4% in the presence
of GSH, attributing to disulfide bond in STP-NG/SHK responding to high concentrations of GSH in tumor sites. STP-NG
/SHK inhibited osteosarcoma growth and pulmonary metastasis in vitro and vivo in an effective way. Moreover, STP-NG
/SHK reduced myocardial toxicity triggered by SHK.

Chimeric Advanced Drug Delivery Nano Systems

Chimeric advanced drug delivery nano system is defined as a hybrid nanosystem due to the binding process of
nanomaterials, which can provide advantages as drug carriers. The binding of liposomes and dendrimers in liposomal
locked-in dendrimers has been reported, which have been considered as Chi-aDDnSs.'** Dendrimer molecules will bring
new pharmacokinetics and possible pharmacological properties.

Chi-aDDnSs were prepared by combining three hyperbranched polymers with liposomes to load SHK.'** LipoBs
exhibited an impressive encapsulation efficiency compared with LipoAs because the non-complexed SHK can be
encapsulated in the liposomal lipid bilayers in LipoBs rather than removed through centrifugation in LipoAs.
Moreover, LipoBs experienced a continual 72h drug release, 95.51% for LipoB64—-OH and 78.27% for LipoB-32-OH.
No obvious increase was seen in the particle size under dark at 4°C for 5 days, suggesting LipoAs and LipoBs were
stable under this condition. In another study, SHK-loaded liposomes, PEGylated SHK-loaded liposomes, SHK/hyper-
branched polymers (HBP) complexes, conventional SHK-loaded chi-aDDnSs, and PEGylated SHK-loaded chi-aDDnSs
were prepared.'** The results showed SHK partly damaged the liposomes, yet a more fluid liposome structure is
beneficial to encapsulate SHK into the bilayer. And SHK avoided HBPs entering liposomes, making an ordered DSPC
bilayer developed due to the interactions between HBP and liposome. In addition, PEG improved the stability of SHK
inside of the liposomes and HBPs promoted the overall stability of chi-aDDnSs. In conclusion, Chi-aDDnSs generate
a high potential for delivering SHK due to their excellent capability to encapsulate drugs, alter drug release rate, and
enhance overall stability.

Challenges and Perspective

For the attractive properties of SHK in cancer therapy, an increasing number of rational, functional, and efficient SHK
nanomedicines have been developed. Compared with free SHK, SHK nanomedicines possess good stability, improved
bioavailability (Table 3), prolonged circulation time, active targeting ability, more tumor-site drug accumulation, efficient
cellular uptake, tumor stimuli-responsive drug release, and enhanced cancer cell-killing efficiency (Figure 4). In addition,
good biocompatibility and security has been indicated in studies. Moreover, nano drug delivery systems-mediated
synergistic anticancer therapy based on SHK and other drugs including therapeutic genes, chemotherapeutic agents,
immunotherapeutic drugs, and photosensitizers (Figure 5), has exhibited outstanding therapeutic efficacy and reduced
systematic side effects. Although great progress and promising clinical translation prospects of SHK nanomedicines
(Table 4), there remain restrictions to realizing the clinical translation of SHK nanomedicines. Several vital issues need to
be considered.

Quality Control

The structure, particle size, polydispersity, surface properties, and stability of nanomedicines exert great effects on the
pharmacokinetic property and in vivo therapeutic efficacy. Thus, the preparation process should be precise and
repeatable to ensure the consistent properties of the prepared SHK nanomedicines. Furthermore, it is particularly
critical to balance the relationship between large-scale preparation and intelligent design to minimize complexity and
optimize efficacy.
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Table 3 Pharmacokinetics Properties and Bioavailability of Various SHK Nanomedicines

SHK Nanomedicine Dose (mg/kg) Cmax (ug/ml)* AUC (0-t) (ug*h/ml)® CLobs (L/hr/kg)* MRTO- (hr)? t1/2 (hr)® Animal Model Ref
SHK in DMSO 5 (i.p.) 1889.921 + 418.158 3952351 + 1345.323 1.399 + 0.54 - 1.623 + 0.232 Female C57BL/6 mice | BI6FI0 melanoma cancer | [158]
LipSHK 5 (iv.) 160651.069 + 13766.262 | 587421.672 + 73473.644 | 0.008 % 0.001 - 4.537 £ 0.595

SHK in PBS solution 10 (i.v.) 1.05 £ 0.20 1.97 £ 0.38 2.21486 + 826.39 1.74 £ 0.09 - Female ddY mice - [105]
containing Tween 80 and

PEG 300

ThTM/SHK@FP-RBCm 746 £ 0.77 7.56 £ 0.92 1.19248 + 159.35 1.72 £ 0.15 -

SHK 10 (i.v.) 0.94 = 0.11 41.97 £ 5.15 - - 15.15 = 1.41 SD rats - [
SHK-loaded Lf-NPs 1.63 + 0.08 7541+ 6.28 - - 26.28 + 2.38

SHK 5 (iv.) - ~8 - - ~1.8 SD rats - [159]
SHK/siR-NPs - ~40 - - ~5.0

Abbreviations: *Cmax, Peak plasma concentration, I’AUC, Area under the plasma concentration; “ClLobs, total body clearance, dMRT, Mean Resident time, °t1/2 = half-life at biodistribution.
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Figure 4 A sketch of SHK nanomedicine to deliver drug into cancer cells: circulation in the blood, tumor accumulation, cellular internalization and intracellular drug release.

Biosafety

Biosafety is one of the main obstacles hindering the clinical translation of SHK nanomedicines. Organic solvents are
regularly introduced into the preparation process of SHK nanomedicines. Therefore, researchers should attach more
importance to the possible solvent residue. In addition, the biocompatibility of carrier materials is also an essential
scientific problem. In the design of SHK nanomedicine, biocompatible, natural, and food-derived carrier materials,
especially FDA-approved materials, would be ideal options. Moreover, an in-depth understanding of the in vivo
metabolic process of the carrier materials is a necessary condition for good biocompatibility. In particular, nanomedicine
will combine with the surrounding protein molecules to form a protein crown in the blood circulation, affecting the
toxicological properties of the nanomedicine.'*> So, it is necessary to explore the biological mechanism of SHK
nanomedicine protein crowns in the following study. Furthermore, long-term medication is the main treatment modality.
But the long-term toxicity of SHK nanomedicines in vivo is neglected, which requires more attention.

Efficacy

The innovative design of a nano-drug delivery system to improve the efficacy of nanomedicine is an urgent problem to be
solved. (1) Delivery efficiency. Nanomedicines are still facing challenges to pass through multiple biological barriers,
including blood circulation, uptake by mononuclear phagocyte systems, intratumoral pressure, extracellular matrix, and
cell membrane internalization. An ideal nanomedicine should possess stability transition (from being stable in the
circulation, accumulation, penetration, and internalization steps to being disassembling in the release step), surface
transition (from being neutral/pegylated/shielding in the circulation, accumulation, and penetration steps to being
cationic/depegylated/exposin in the internalization step) and size transition properties (from being large in the circulation
and accumulation steps to being small in the penetration step) to efficiently deliver drugs into cancer cells and exert high
therapeutic efficacy with few side effects. A promising strategy might be integrating all needed nanoproperties into
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Figure 5 Nano drug delivery systems-mediated synergistic anticancer therapy based on SHK and other drugs including therapeutic genes, chemotherapeutic agents,
immunotherapeutic drugs, and photosensitizers.

a SHK nanomedicine with stability, surface and size nanoproperty transitions to maximize the delivery efficiency.'*® Due
to the heterogeneity of the EPR effect, SHK nanomedicines based on the EPR effect may fail to deliver drugs to tumor
cells far from blood vessels, resulting in poor clinical efficacy and final chemotherapy failure. Comparatively, transcy-
tosis, is a vesicle-mediated transport utilized by molecules to pass through biological barriers without depending on the
EPR effect, providing a new probability in developing novel nanoparticles for in vivo drug delivery and tumor
targeting.'*”'** Consequently, more attention should be paid to exploring transcytosis-mediated active delivery mechan-
ism-based SHK nanomedicines. In addition, decorating nanomedicines with tumor penetrating peptides, camouflaging
with cell membrane and modulating tumor extracellular matrix can improve the tumor targeting and penetration

149151 (2) Drug resistance. Drug resistance is one of the leading causes of cancer chemotherapy failure. As the

ability.
drug resistance study is ignored in SHK nanomedicines, more effort should be devoted to providing sufficient anti-
resistant activity studies. (3) Tumor metastasis. Tumor metastasis, a multi-stage malignant progression process, sig-
nificantly affects the prognosis of patients.'>? Compared with orthotopic tumors, metastatic tumors show completely
different metabolic characteristics, providing an opportunity for the prevention and treatment of tumor metastasis. But the
advantages of SHK in regulating tumor growth, development, and metastasis have not been fully exploited in SHK
nanomedicine. Especially, little attention has been paid to the effect of SHK on tumor cell glycolysis. Through the
rational design of SHK nanomedicine, the comprehensive regulation and control of tumor occurrence, development, and
metastasis may be achieved. (4) Combination therapy. The integration of chemotherapy with other therapies, such as
immunotherapy, radiotherapy, PTT, or photodynamic therapy, can play a significant antitumor role, which presents us
with a vital developmental direction for SHK nanomedicines. (5) Administration sequence. Nano drug delivery system-
mediated combination therapy of SHK and other agents exhibited excellent antitumor efficacy. However, combination

therapy can also have a negative effect because of the interaction between drugs or cycle-specific differences. Thus,
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Table 4 The in vivo Application of SHK Nanomedicines for Cancer Therapy

Formulation Cancer Type | Animal Model Dosage Route | Therapeutic Outcomes Ref
HA-SHK-Lip Triple-negative Nude mice bearing MDA-MB-23| 20 mg/kg SHK, every 2 v Smallest tumor volumes and tumor weight in HA-SHK- [80]
breast cancer xenograft tumors days for 18 days Lip group
Bio-C18 lipid Colon cancer CT26 murine colon adenocarcinoma cells- RFCI1 (8 mg/kg) and v Effective tumor-regression ability [87]
containing RFCI | bearing BALB/c mice SHK (0.75 mg/kg) every
and SHK 2 days
SHK and MIT dual- Melanoma and BI6F10 tumor-bearing female C57BL/6 4 mg/kg MIT and SHK in v Superior tumor suppression efficiency than single-loaded [158]
liposomes (LipMS) prostatic mice and RM-1| cells tumor-bearing female | total every 3 days liposomes
cancer C57BL/6 mice
LipHCQa and Colon cancer CT26 cells-bearing female BALB/c mice 15 mg/kg of LipSHK and \% Outstanding anticancer efficacy without dampening the [9¢6]
LipSHK LipHCQ every 4 days immune response
SHK-loaded Breast cancer MCF-7 cells-bearing BALB/c nude mice 2 mg/kg of STN every 3 v Enhanced tumor accumulation and antitumor efficiency [99]
thermosensitive days at the phase transition temperature
nanomicelle (STN)
SHK/siIDO1-HMs Colon cancer CT26 cells-bearing female BALB/c mice SHK, 5 mg/kg; silDOI, v Outstanding antitumor efficacy via inducing ICD effect [160]
| mg/ kg, every 2 days and mitigating the IDO-|-triggered immunosuppression
ThTM/SHK@FP- Triple-negative MDA-MB-231 cells-bearing female NOD/ 3 mg/kg SHK every v Superior mitochondrial targeting ability [105]
RBCm breast cancer SCID mice other day seven times Inhibit tumor growth and lung metastasis
Inhibit mitochondrial biogenesis
SHK/siR-NPs Colorectal CT26 cells-bearing BALB/c mice SHK, 5 mg/kg; siRNA, v Superior tumor suppression due to inducing ICD, [159]
cancer 500 pg/kg, every 2 days modulating TAMs, and inhibiting PD-LI
SHK/siTGF- NPs Triple-negative | 4TI cells female BALB/c mice SHK, 5 mg/kg; siTGF-B, v Metastatic TNBC therapy efficiency by promoting the [123]
breast cancer | mglkg, every 3 days immune response and relieving the ITM
for five times
Cu-SHK@DTC- Breast cancer 4T| tumor-bearing mice 0.197 mg/kg SHK, v Improved anticancer therapeutic efficiency, ROS-induced | [126]
PPB 0.885 mg/kg DTC-PPB self-amplifying prodrug
every 2 days
Man-LF NPs Colon cancer Colon cancer-bearing mice SHKS mg/kg, JQI v Tumor inhibition rates for SHK, SHK+JQ, LF NPs and [62]
15 mg/kg every 2 days Man-LF NPs: 45%, 61%, 68% 84%. Induce ICD, modulate
TAMs, and inhibit PD-LI
BSA/LF NP Glioma Orthotopic glioma mice SF + SHK (10 mg/kg + v Extend the survival of glioma mice via regulating energy [129]
5 mg/kg) metabolism and immune microenvironment
Hybrid Triple-negative | 4TI cells-bearing female BALB/c mice SHK, 2 mg/kg; ICG, \ Significantly suppress the growth and metastasis of [130]
membrane@ICG/ Breast cancer 5 mg/kg; HPB NPs, TNBC
PEI@HPB@SHK 5 mg/kg, every 2 days
NPs
NH2-PEG-cRGD- Breast cancer 4T cells- bearing female BALB/c mice - \% Stimulate the cancer cell death via ferroptosis and [131]
modified FSSNs necroptosis
(FSRSNs)
Fe304@T7/ Glioma Luc-G422 glioma-bearing mice DTX (or SHK) dose of \% Prolong the overall survival period [137]
ASI411/ 10 mg/kg every 2 days Triple glioma-targeted delivery
DTX&SHK-M
STP-NG/SHK Osteosarcoma 143B osteosarcoma-bearing mice SHK 2.0 mg/kg every 2 v Inhibit osteosarcoma growth and metastasis [141]
days Reduced systemic toxicity
Abbreviation: 1V, Intravenous.
administration timing and sequence are required to be carefully investigated. (6) Interspecies discrepancy. SHK

nanomedicines are proven to be effective in the preclinical animal model, but this fails to sufficiently predict the clinical

outcome due to the interspecies discrepancy between patients and animals. The practical application of SHK nanome-

dicines requires a research partnership among clinicians, the pharmaceutical industry, and the academy. (7) Patient

compliance. Intravenous injection is the general administration route with less patient compliance. Hence, the develop-

ment of oral SHK nanomedicines with ideal therapeutic efficacy is ought to be focused on in further study.

Conclusion
As a potential anticancer drug, more and more rational, efficient and functional SHK nanomedicines have been designed.

Compared with free SHK, SHK nanomedicines possess improved bioavailability, prolonged circulation time, active
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targeting ability, more tumor-site drug accumulation, controllable drug release, efficient cellular uptake, and enhanced
cancer cell-killing efficiency. Most notably, SHK-involved combination therapy has exhibited outstanding therapeutic
efficacy and reduced systematic side effects. It is our sincere hope that SHK-involved combination cancer therapy based
on well-designed nanomedicines with easy quality control, good biosafety, and excellent delivery efficiency can
contribute to cancer treatment in the near future.
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