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Cancer treatments have improved significantly during the last decade but are not yet satisfactory. Com-
bination therapy is often administered to improve efficacy and safety. Drug delivery systems can also improve
efficacy and safety. To control the spatiotemporal distribution of drugs, nanotechnology involving liposomes,
solid lipid nanoparticles, and polymeric micelles has been developed. Co-delivery systems of multiple drugs
are a promising approach to combat cancer. Synergistic effects and reduced side effects are expected from
the use of co-delivery systems. In this review, we summarize various co-delivery systems for multiple drugs,
including small-molecule drugs, nucleic acids, genes, and proteins. Co-delivery of drugs with different prop-
erties is relatively difficult, but some researchers have succeeded in developing such co-delivery systems.
Environment-responsive carrier designs can control the release of cargos. Although their preparation is more
complicated than that of mono-delivery systems, co-delivery systems can simplify clinical procedures and

improve patient QOL.
Key words

1. Introduction

Cancer is highly lethal and accounts for approximately 26%
of overall deaths worldwide.” The 5-year net survival rate var-
ies depending on the type of cancer. For example, the S-year
survival rate of prostate cancer patients is high (in the range
of 70-100%), whereas that of pancreatic cancer patients re-
mains low (5-15%).” In general, treatment outcomes of resect-
able cancer are satisfactory, but the prognoses of patients with
advanced, unresectable cancer are poor. Chemotherapy has
been developed to treat unresectable cancer,>® and molecular
targeting drugs such as tyrosine kinase inhibitors and thera-
peutic antibodies have improved both efficacy and safety.’™
Recently, marked progress has been made in cancer immuno-
therapies such as immune checkpoint inhibitors and chimeric
antigen receptor-T cell (CAR-T cell) therapy.”" Although
cancer treatment has improved significantly during the last de-
cade, there is still room for improvement in patient outcomes.

Combination cancer therapy is superior to monotherapy in
terms of efficacy and safety.'>!® For example, the combination
of 5-fluorouracil (5-FU), levofolinate, irinotecan, and oxalipla-
tin (FOLFIRINOX)™ or of gemcitabine and nab-paclitaxel'
is first-line therapy for advanced and unresectable pancreatic
cancer and superior to gemcitabine monotherapy. Postopera-
tive and preoperative combination chemotherapies are also
administered as adjuvant and neoadjuvant therapy.'® In cancer
immunotherapy, the combination of chemotherapy with an
immune checkpoint inhibitor'” or CAR-T cells'®!? improves
patient outcomes because it induces immunogenic cell death.

Drug delivery systems (DDS), defined as systems enabling
spatiotemporal control of drug distribution in the body to
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improve efficacy and safety, have been developed for cancer
treatment. Several formulations have been clinically approved,
e.g., PEGylated liposomal doxorubicin (Doxil or Caelyx injec-
tion) and albumin-bound paclitaxel (nab-paclitaxel, Abraxane
as an injectable suspension).?” To control spatiotemporal drug
distribution, nano-DDS carriers such as liposomes,??? solid
lipid nanoparticles,® polymeric micelles,”” nanogels,”> and
polymer nanoparticles®® have been used. Targeting of specific
organs and cells is also a promising approach to cancer treat-
ment.””?® Recently, progress has been made in stimuli-respon-
sive smart DDS,? particularly in those combining physical
stimuli with nanoparticles delivered to specific regions in
target tissues.’” DDS for combination therapy would further
improve efficacy and safety.’'=® The co-delivery of multiple
drugs to the same (cancer) cells is expected to yield not only
additive but also synergistic effects. This review summarizes
co-delivery systems of multiple drugs, especially those with
different properties such as lipophilicity and electrostatic
charge (Fig. 1).

2. Delivery Carriers for Co-delivery

Liposomes are major carriers in the DDS field which can
deliver both hydrophilic and lipophilic drugs.*¥ Hydrophilic
drugs are carried in the inner space of liposomes, while li-
pophilic drugs are partitioned to the lipid bilayer. Liposomes
can thus theoretically co-deliver multiple drugs with different
lipophilicity. In addition, cationic liposomes form complexes
(lipoplexes) with nucleic acids and plasmid DNA,**® making
liposomes extremely versatile. Polymers including polymeric
micelles can deliver lipophilic drugs,’” nucleic acids,*® and
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genes.” Hydrophilic drugs can be conjugated with polymers
as polymeric prodrugs.*”

Drug release is an important issue because drugs are gener-
ally inactive before dissociation from carriers. The utilization
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of environment-responsive mechanisms** and supramo-

lecular chemistry such as polyrotaxanes are useful strategies
to control drug release.***> Nanogels are promising carriers
that deliver both lipophilic and hydrophilic drugs,***” and
nucleic acids.*® The release of drugs from nanogels can be
controlled by various environmental changes, including pH,
temperature, redox state, and enzymes.*” However, the release
profiles of multiple drugs from single carriers may differ due
to the different drug properties. Synchronized biodistribution
and release profiles of multiple drugs are preferable to achieve
synergistic effects. It may be possible to select carriers de-
pending on the cargo properties. The requirements for carriers
in co-delivery systems are summarized in Fig. 2.

3. Co-delivery of Multiple Small-Molecule Drugs
Among the various combinations of anticancer drugs, 5-FU
and oxaliplatin combined with folinic acid (a 5-FU enhancer),
known as FOLFOX, are commonly used as adjuvant chemo-
therapy for colorectal cancer and stage IV recurrent colorectal
cancer.’®*) In combination therapy, multiple drugs with differ-
ent mechanisms of action are used to increase efficacy and de-
crease the severity of side effects. An appropriate co-delivery
strategy is essential in combination therapy, but the dosage
schedule (regimen) for co-delivery systems is simpler than
that for combination therapy. Therefore, not only can efficacy
and safety be improved, but the patient burden can also be re-
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duced with the use of co-delivery systems. Although combina-
tions in co-delivery systems generally correspond to the mul-
tiple agents used in combination chemotherapy, there is also
the potential for unique combinations. In many cases, at least
one potent drug is chosen as an element of the combination.
The other elements are chosen from among potent agents with
different mechanisms and drugs or natural products contribut-
ing to the efficacy of chemotherapy. Doxorubicin, paclitaxel,
camptothecin, and 5-FU are often chosen as anticancer drugs,
and common combination groups are shown in Table 1.

Doxorubicin is an inhibitor of topoisomerase II, RNA
polymerase, efc. and induces apoptosis.’® Doxorubicin alone
is effective in treating malignant lymphoma, lung cancer,
gastrointestinal cancer (gastric cancer, bile duct cancer, liver
cancer, colorectal cancer, efc.), breast cancer, bladder tumors,
and osteosarcoma. Doxorubicin is sparingly water soluble,
and its partition coefficient (logP value) is 1.27.°) Several
groups have developed co-delivery systems of doxorubicin
with camptothecin or its derivatives. Camptothecin is a lipo-
philic inhibitor of topoisomerase I. Tai et al. synthesized a
PEGylated polymeric prodrug of camptothecin®® which forms
nanoparticles with doxorubicin in water due to the hydropho-
bicity of the camptothecin moiety, similar to polymeric mi-
celles. The nanoparticle diameter was about 50nm, which was
suitable for passive targeting via the enhanced permeability
and retention (EPR) effect.® In a lung tumor xenograft model,
the co-delivery system exerted anticancer effects superior to
those of the polymeric prodrug alone, indicating the useful-
ness of co-delivery.

Gao et al. reported a similar co-delivery system, which was
a PEGylated camptothecin polymeric prodrug with a reduc-
tion- and pH-responsive design.®® That polymeric prodrug
formed polymeric micelles with diameters of approximately
70nm with doxorubicin. The redox-responsive release of
camptothecin and pH-responsive release of doxorubicin were
demonstrated. Among other camptothecin derivatives, Zhang
et al. synthesized an amphiphilic, pH-responsive PEGylated
doxorubicin prodrug that formed nanoparticles with hydro-
phobic 10-hydroxycamptothecin.’” That co-delivery system
suppressed cancer cell growth more efficiently than the
physical mixture of the doxorubicin prodrug and 10-hydroxy-
camptothecin, indicating the advantages of co-delivery. Wang
et al. developed a water-in-oil-in-water (w-o-w) emulsion of
doxorubicin and irinotecan using polylactide-co-glycolide
(PLGA), the detergent Pluronic F127, hyaluronic acid, and
chitosan-Pluronic F127.°% Irinotecan is a prodrug of the active
metabolite SN-38, a camptothecin derivative, and irinotecan
was encapsulated in the oil core of the emulsion.

Hyaluronic acid is often utilized as a moiety targeting
CD44, which is overexpressed in cancer stem-like cells. Al-
though drug loading increased particle size, the diameters
of nanoparticles containing both doxorubicin and irinotecan
were less than 70nm. This system exhibited strong antitumor
effects in a human breast tumor model. As examples of other
combinations, Han et al. developed amphiphilic dendrimer-
based nanomicelles about 70nm in diameter to deliver doxo-
rubicin and 5-FU.* Chen’s group formulated 100-160-nm
pH-sensitive liposomes co-loaded with doxorubicin and the
molecular-targeting drug imatinib with folate moieties.®” He
et al. developed a mesoporous silica—liposome hybrid sys-
tem carrying doxorubicin and the molecular-targeting drug
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erlotinib.®” The diameter of the silica core was 80nm, and it
was coated with an approximately 8-nm lipid layer. Cryotrans-
mission electron microscopic images showed that complexes
consisting of several particles were formed. Lakkadwala et al.
investigated transferrin and penetratin dual-functionalized li-
posomes with diameters of 180nm encapsulating doxorubicin
and erlotinib.®?

Not only anticancer drugs but also natural products have
been used as co-delivery partners. Among them, curcumin
is an attractive natural product to improve chemosensitiv-
ity, chemoresistance, and chemoprotection.®**¥ Curcumin is
a lipophilic compound with a logP value of 3. Zhang et al.
synthesized a pH-sensitive amphiphilic polymer that formed
nanoparticles 100nm in diameter containing doxorubicin and
curcumin.®® We also developed polymer-assisted PEGylated
lipid-calcium carbonate nanoparticles encapsulating doxo-
rubicin and curcumin with diameters of 100nm.®” Chen
et al. synthesized a cyclodextrin-based amphiphilic polymer
allowing ratiometric mixing of doxorubicin, camptothecin,
and curcumin.%® That polymer formed relatively large 150-nm
micelles. On the other hand, Tao’s group synthesized an
amphiphilic polymer to carry doxorubicin and the lipophilic
drug disulfiram,®” which is used to treat alcohol abuse. The
anticancer effects of disulfiram are not dependent on acet-
aldehyde dehydrogenase inhibition but rather target nuclear
protein localization 4 (NPL4).”%™) Particle sizes are dependent
on the nature of doxorubicin partners and range from 50nm
to 180nm.

Paclitaxel is a highly lipophilic (log P value = 7.4) stabilizer
of microtubules and inhibitor of cell division.”? Injectable
Taxol, the clinically available form of paclitaxel, is an ethanol
solution containing the nonionic detergent polyoxyethylated
castor oil. Therefore, co-delivery systems that can encapsu-
late both hydrophilic and lipophilic drugs are candidates for
combination with paclitaxel. Wang et al. used double (w/o/w)
emulsions with PEG-PLGA to encapsulate paclitaxel and
doxorubicin.”® The particle size of the double emulsions was
greater than 200nm and therefore the particles were relatively
large. Zhu et al. developed folate-modified polymersomes
using a polycaprolactone (PCL)-PEG-PCL triblock co-
polymer, which also had a particle size greater than 200nm.”¥
Alginate/calcium carbonate nanoparticles containing paclitaxel
and doxorubicin developed by Wu et al. had a diameter of
150nm.” Therefore, it seems difficult to reduce the size of
these nanoparticles to less than 100nm for the combination of
paclitaxel and doxorubicin.

Since the gemcitabine and nab-paclitaxel combination is
currently first-line therapy for advanced and unresectable pan-
creatic cancers, this combination is reasonable for co-delivery.
However, gemcitabine is more water soluble than doxoru-
bicin, and thus it may be more difficult to encapsulate both
paclitaxel and gemcitabine into single particle. Meng et al.
successfully encapsulated paclitaxel and gemcitabine using
mesoporous silica nanoparticles coated with lipids,’® in which
gemcitabine was partitioned in mesoporous silica nanopar-
ticles, and paclitaxel was partitioned in the lipid layer. The
resulting particle size was 75nm. Zhang et al. entrapped pa-
clitaxel and gemcitabine into lipid/calcium phosphate (LCP),””
which was originally developed by Huang’s group.”®’ In
LCP, gemcitabine was entrapped in the calcium phosphate
core, and paclitaxel was partitioned in the lipid layer. The par-



Vol. 68, No. 7 (2020)

Chem. Pharm. Bull.

606

‘Toxenyoed X 1d ‘(ap1109L[3-02-opnoel-1‘a)Ajod ‘YOTJ uroayioidwresAxoIpAy ‘L JOH proe dmuon|eAy ‘yH QuIqe)owag ‘HD ‘UIOIqnIoXop ‘Xo(] ‘UInoInd ‘Iny fueddjoull ‘1 -1JD ‘udyoidwed ‘] D {roemolony-g ‘NJ-s

Snipoid suowAjod Iy

6 K[IQBIA [[90 ‘OSBO[AI 04714 U] xopar ‘Hd wu(zg oronredoueu ouwAjod pajquiosse-Jjos ‘Bnupoid NJ-g
16 Koeoyo Jown}-nue oala ur ‘ANIQRIA [[20 ASe[d1 04714 U] asedar [eo1sAyg wu ()6 UOIS[NWD M/0/M PISeq-VOTd unerdiexo ‘nJ-g
88 KoBOTJO JOWN)-IYUE OAIA Ul ‘UOHNQLISIPOIQ OAlA Ul “KYIIQRIA [[90 ‘OSEO[I 0.1A U] aseoaI [edIsAyd wu g ] UOIS[NIIO M/0 unerdiexo ‘[ [-LdD
L8 KoeO1Jo JI0WN)-1JU. Ol U] “UONINQLISIPOIq 0dld Ul ‘KII[IQRIA [[90 ‘OSBA[AX 0.4 U oseoor [edIsAyd wu 0z Qwosodr] unerdiexo ‘[ [-LdD
pim ut
STT081
‘pSudy ur Snipoxd NAD
98 uonnNqIISIPoIq oazd u1 ‘KNTIqeIA [[90 ‘Oxeidn o.4714 u1 Osed[oI 0.4j1A uf xopay wu 00S—00 9[[eo1w-ouru padeys-pol pA[quIASSe-J[oS ‘Bnipoid ouowAjod 14D
€8 KoBOJO JOWN)-IUE 0AlA U1 ‘UONNQISIPOIQ OAld U1 ‘KIJIRIA [[00 ‘Oxeidn o414 u1 “OSed[oI 014 uf Hd wu(y] orontedoueu pidiy pijos payipow- v L Snupod unerdsio ‘X 1d
unerdsio
78 K9BOJO JOWN)-IUE OAIA U1 ‘UONNQINSIPOIQ OAlA Ul ‘KITIRIA [[90 ‘Oxeidn o714 u1 dseo[oI o.4j1a uf (Teone100Y) “X1d) Xopay wu 6] oponaedoueu Vo 1d/prdiy ‘Gnipoxd ouowAjod X 1d
I8 KoeO1Jo JIOWN)-1JU. 0l Ul “UONINQLISIPOIq 0dld Ul ‘KII[IQRIA [[00 ‘OSBA[AX 0.4 U] Hd wuO61—0LI UuoIS[NWd M/0/M VO Td—DHd PoYIpOw-0ie[o] unerdso X 1d
Fnapoid oudwAjod NTD
08 Koeoyge Jowny-nue oaza ul ‘A)N[IqeIA [[99 9SBI[I 0.4714 Uuf Hd wu()zz s1owAjod oruorue pue duones jo xojdwoy ‘Gnipoxd ouowAjod X 1d
LL Kool Jown)-1ue oAz ul ‘UONNQLISIPOIq oaza u1 ‘dxeydn o.4714 u ‘9ses[al o.411a uf (oreydsoydouowr NgD) HA wu gy oponredouru ojeuoqred winio[ed/pidi] payIpow-qo Yo oeydsoydouow NAD “X.1d
9/ Koeolyo Jownj-nue oala ul ‘ANIQRIA [[20 ASe[d1 04714 U] Hd wug/ oronaedoueu eorfis snosodosawr pajeoo-prdi NAD ‘X1d
SL ANTIQRIA [0 “OSBO[I 0.714 U] (reoneroay ) gd wu (G| orontedouru 9)RUOQIRD WNIO[BI/AIRUIS[Y xod ‘X.Ld
pL  KoeOLPo JOWNI-NUE OAlA Ul ‘UOHNQLUSIPOI] OAld U1 ‘KI[IRIA [[00 ‘Oyeidn o714 u1 “OSed[oI 014 uf Hd wu()gg sowostowAjod poyrpow-oye[o] xod ‘X.Ld
€L Aypiqera [[90 ‘oseafor o.jia uf Hd wu e uols[nue m/o/m VOTd-Ddd xod X.1d
19 uonNQIISIPOIq 0AlA U1 ‘KNTIQRIA [[90 ‘Oxeidn 04714 U1 “9SeO[oI 04714 Uy Hd wu Q| dponaedoueu 9)eU0qIEd WNIO[E-PIoE OIfA1oeA[od-prdiT m) xoq
99 K9BD1JJ0 JOWN)-NUE 0AlA U1 ‘UONNQLNSIPOIq OAld Ul ‘KIIQRIA [[90 ‘Oerdn o.z1a u1 “9Sed[al o.g1a uf Hd wuQ[ 1owAk[odoo(19)s9 ourwe-g)Ajod orydiydure m) ‘xodg
19 K9BO1J0 JOWNI-NU. 0AIA U1 ‘UONNQLNSIPOIq OAld Ul ‘KITIQRIA [[90 ‘Oeidn o.z1a u1 “9Sed[al o.g1a uf Hd wuoo[ woIsAs prqAy swosodi-eor[is snorodosajy quunopyg ‘xo(
09  KOBOLJO JOWN)-NUE OAIA U1 ‘UOHNQINSIPOIQ OAlA Ul ‘KITIRIA [[90 ‘Oxeidn o0.714 U1 Osed[I 0.431A uf Hd wu9—001 sowosodI] paje[ADH POYIPOW-21e[0,] quunew] ‘xoq
65 Koeorgo Jown)-nue oald u1 ‘KIJIqRIA [[00 ‘OSB[dI 0.41A U] Hd wu 69 Jowpuap orydiydury apnoejAjod-INVINV I nd-s xoq
8G uonNqLISIPoIq 0Ald U1 ‘KOBOLJO JoWN)-Jue odld ul ‘KNIQRIA [[90 ‘Oeidn o.1a u1 ‘9Sed[al o414 uf Hd wu¢g UOIS[NWD M/0/M YH ‘UBSONYD ‘L7 duoin|d ‘YOTd 11-1LdD “xXod
(LdOH) uonepeidap [eorskyqd LdOH
LS sisoydode “‘Apiqera (09 ‘overdn o.z14 uz “Osead[dr 04314 U ‘(xoq) Hd wu()z1-06 (AVIAVd) PwA[od-00 y207q pAeIADT] ‘Snipoad osuowAjod xoq
(LdD) xopay Snipoid suswAjod 14D
96 Aniquedwod poolq ‘oxeidn o.714 ur “AN[IQRIA [[90 ‘OSBI[I 04714 U] ‘(xoq) Hd wu (), UuLXapo[okd-g yum (VINDIOJ) JowAjod ‘Snipoad osuowAjod xoq
(LdD) 9serdisg Snipoxd
¥S AoBO1JO JOWN)-1JUL 0AlA Ul ‘UONQLISIPOIQ oAl ul ‘deydn ouia up “dsed[ar o.apia uy ‘(xo() uonepeI3op [edISAYd WU G9—(O¢ 10wAj0d-00 1pa3 pARIADT] osuawiAjod 14D “xoq
REN suonen[eAq SWISTUBYOIW dSLI[OY 9z1s d[onIed SIoLLIRD) sogIe)
s3I [NIS[OIN-[[BWS FuIuIeIuo)) SWISAS AIAIOP-00) [ 9[qeL



Vol. 68, No. 7 (2020)

ticle size was 85nm. These nanoparticles were relatively small
compared with paclitaxel/doxorubicin co-delivery systems.

Noh et al. synthesized polymeric prodrugs of paclitaxel and
gemcitabine, which were poly-L-lysine—carboxylate paclitaxel
and hyaluronic acid—gemcitabine, respectively.*” These two
cationic and anionic polymers formed complexes via elec-
trostatic interaction, resulting in the production of particles
with diameter of greater than 200nm. He et al. developed an
amphiphilic folic acid-modified PEG-PLGA co-polymer that
encapsulated paclitaxel and cisplatin based on a double-emul-
sion method.®" The particle size was 180nm. Wang et al. de-
veloped lipid—polymer nanoparticles using an RGD peptide—
modified s—s cleavable paclitaxel prodrug, lipids, PLGA, and
cisplatin with a diameter of 190nm.®? Cell-penetrating peptide
TAT-modified solid lipid nanoparticles containing paclitaxel
and an a-tocopherol succinate-modified cisplatin prodrug de-
veloped by Liu et al. were about 100nm in diameter.*® Wang
et al. used flavone baicalein to overcome multidrug resistance
against paclitaxel and fabricated folate and hyaluronic acid
dual-modified PLGA nanoparticles co-delivering paclitaxel
prodrug and baicalein prodrug, with a diameter of 90nm.*
Gupta et al. prepared solid lipid nanoparticles composed of
paclitaxel and erlotinib which were 200nm in diameter.®
Particle sizes of paclitaxel co-delivery systems (=75-200nm)
tend to be larger than those of doxorubicin co-delivery sys-
tems.

The topoisomerase I inhibitor camptothecin has been com-
bined with not only doxorubicin but also gemcitabine for
co-delivery systems. Xu et al. synthesized a redox-sensitive
PEGylated camptothecin- and gemcitabine-polymeric prodrug
forming rod-shaped nanomicelles.*® The rod-shaped nanomi-
celles were approx. 400—500nm in length and 180-225nm in
width. Zhang et al’s co-delivery systems carried irinotecan
and oxaliplatin.’’®® They formulated liposomes containing
irinotecan hydrochloride and oxaliplatin,®” both of which are
hydrophilic. Irinotecan was remote-loaded into oxaliplatin
liposomes prepared using the ethanol injection method. The
particle size was 200nm. They also developed co-loaded
o/w emulsions, in which both irinotecan and oxaliplatin were
loaded inside an oil core.®® To encapsulate hydrophilic drugs
in the oil core, they used the drug—phospholipid complex tech-
nique, with resulting particle size of 130nm. The co-loaded
emulsions had superior antitumor effects compared with the
mixture of single-loaded emulsions. Wang’s group synthesized
a PEGylated polymeric prodrug of SN-38, which is an active
metabolite of irinotecan.’® That prodrug encapsulated the
hydrophobic hedgehog pathway inhibitor GDC-0449 to over-
come multidrug resistance. Nanoparticle sizes were 40—80nm.
Xiao et al. encapsulated camptothecin and curcumin in PLGA
nanoparticles with a diameter of approx. 200nm.’”

5-FU, a water-soluble anticancer agent, is a DNA and RNA
synthesis inhibitor. Handali et al. formulated a 3-hydroxybu-
tyrate-co-3-hydroxyvalerate/PLGA-based w/o/w double emul-
sion containing 5-FU and oxaliplatin with a diameter of
90nm.”” Sauraj et al. made a lipophilic 5-FU prodrug and
formulated nanoparticles containing the 5-FU prodrug and
a redox-sensitive curcumin prodrug which were 200nm in
diameter.””? Feng’s group prepared PEGylated liposomes
containing 5-FU and the autophagy inhibitor LY294002 with
diameters of 150nm.””

Among other combinations, Jose et al. formulated lipo-

Chem. Pharm. Bull.

607

somes containing imatinib and the selective estrogen recep-
tor modulator tamoxifen to treat breast cancer.”® Wang et al.
encapsulated the multikinase inhibitor sorafenib and the fla-
vonol antioxidant quercetin into RGD-modified lipid-PLGA
nanoparticles for the treatment of hepatocellular carcinoma.’”
Zhao et al. formulated chitosan nanoparticles containing
gefitinib and the autophagy inhibitor chloroquine.’® Jean-
not et al. formulated hyaluronan—poly(y-benzyl-L-glutamate)
block co-polymer micelles carrying gefitinib and the histone
deacetylase inhibitor vorinostat (suberanilohydroxamic acid,
SAHA).” Chen et al. prepared PEGylated polylactic acid
nanoparticles containing erlotinib and fedratinib to treat
erlotinib-resistant non-small cell lung cancer.”® Nie et al. for-
mulated star-shaped PLGA nanoparticles containing the pro-
teasome inhibitor bortezomib and the microtubule stabilizer
docetaxel.””

4. Co-delivery of Nucleic Acids or Genes with Small-
Molecule Drugs

Nucleic acids and genes require delivery systems because
they are too large to penetrate the plasma membrane. Small
nucleic acids such as small interfering RNA (siRNA) and
microRNA (miRNA) are utilized to regulate target gene ex-
pression, while genes such as plasmid DNA are utilized to
express foreign genes. The molecular weight of siRNA and
miRNA is 13—15kDa and 6—7kDa, respectively, whereas plas-
mid DNA molecules are huge (3000—7000kDa) in comparison.
There are other differences between small RNA and plasmid
DNA, i.e., the presence of a hydroxyl group and capability for
chemical synthesis. In general, however, delivery systems for
RNA and DNA are constructed using electrostatic interaction,
which is based on their common nature (polyanion). Thus,
strategies for co-delivery systems of nucleic acids and genes
with small-molecule drugs are dependent on the small-mole-
cule drugs selected. Co-delivery systems of nucleic acids and
genes with small-molecule drugs are summarized in Table 2.

It was reported that free doxorubicin increased the gene
expression of the commercially available liposome Lipo-
fectamine 2000/plasmid DNA complex approx. 20-fold in
A549 cells and murine lung!°” Un et al. formulated a co-
delivery system of doxorubicin and plasmid DNA using
cationic liposomes.'® After that, several systems delivering
plasmid DNA and doxorubicin were developed, including
supramolecular self-assembled oligoethylenimine-conjugated
p-cyclodextrin  and hyperbranched polymer (100-300nm
in size),'®? cationic pullulan-grafi-desoxycholic acid-grafi-
polyethyleneimine (PEI) micelles (180nm),'®® hyperbranched
PEI-graft-polyleucine (80-120nm),' redox-sensitive PEI-
graft-poly(e-caprolactone) (220nm),'°® redox-sensitive polypep-
tide micelles (80—150nm),'® pH-sensitive poly-$-aminoester
nanoparticles (130-190nm),'” and pH-sensitive mesoporous
silica nanoparticles (270-330nm).!*®

Reviewing the above, it appears difficult to prepare small
nanoparticles of less than 100nm with plasmid DNA en-
capsulation. On the other hand, small RNA such as siRNA
and miRNA have also been co-delivered with doxorubicin,
including a pH-sensitive folate-modified PEI-based doxoru-
bicin conjugate (120nm),'* oligoethyleneimine-based hyper-
branched polymer/hyperbranched polyglycerol (200nm),"”
polyethylenimine-based pH-sensitive polymer (80nm),"'” and
lipid/calcium carbonate nanoparticles (100nm).!'"> Therefore,
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Table 2. Co-delivery Systems Containing Nucleic Acids or Genes with Small-Molecule Drugs

Cargos Ca?gos . . . . Effect of cargos on
(small molecule (nucleic acids Carriers Particle size . Ref.
drugs) or genes) gene expression

Dox Plasmid DNA PEGylated liposome 105nm Enhanced 101
Supramolecular self-assembled oligoethylenimine-conjugated 100-300 nm Not tested 102

p-Cyclodextrin and hyperbranched polymer
Cationic pullulan-graft-desoxycholic acid-graft-polyethyleneimine (PEI) micelles 180nm Not tested 103
Hyperbranched PEI-grafi-polyleucine 80-120nm Unchanged 104
Redox-sensitive PEI-graft-poly(e-caprolactone) 220nm Not tested 105
Redox-sensitive polypeptide micelles 80-150nm Not tested 106
pH-sensitive poly-f-aminoester nanoparticles 130-190nm Not tested 107
pH-sensitive mesoporous silica nanoparticles 270-330nm Not tested 108
siRNA pH-sensitive folate-modified PEI-based doxorubicin conjugate 120nm Not tested 109
Oligoethyleneimine-based hyperbranched polymer/hyperbranched polyglycerol 200nm Not tested 110
Polyethylenimine-based pH-sensitive polymer 80nm Not tested 111
miRNA Lipid/calcium carbonate nanoparticle 100nm Not tested 112
PTX Plasmid DNA Folate-modified oligoethyleneimine-y-cyclodextrin conjugate 70-110nm Enhanced (KB cells), 113

Unchanged (A549 cells)

pH-sensitive hyaluronic acid-modified solid lipid nanoparticle 110-160nm Not tested 114
siRNA PDMAEMA-PCL-PDMAEMA polymer 50-130nm Improved knockdown 115
PEGylated polyaspartic acid-modified PEI-polylactic acid nanoparticle 60-100nm Improved knockdown 116
CPT Plasmid DNA Redox- and pH-sensitive polymer 115-180nm Enhanced 117
5-FU siRNA Layered aluminum/magnesium hydroxide nanoparticle 85nm Improved knockdown 119
Docetaxel Plasmid DNA Redox-sensitive polymeric micelle 100-250nm Slightly decreased 120
Erlotinib Plasmid DNA Polyamidoamine dendrimers 340-500nm Slightly decreased 121
Methotrexate Plasmid DNA Hyperbranched poly(amido amine) polymer 200nm Slightly decreased 122
Plasmid DNA Transferrin-modified hyperbranched poly(amido amine) polymer 180-240nm Slightly decreased 123

5-FU, 5-fluorouracil; CPT, camptothecin; Dox, doxorubicin; PTX, paclitaxel.

small RNA-containing nanoparticles tend to have smaller par-
ticle size than plasmid DNA-containing ones. On the contrary,
the effect of doxorubicin on RNA interference is still unclear
since most researchers did not examine it. The incorporation
of doxorubicin might have off-target effects, i.e., nonspecific
decreases in target protein expression.

Paclitaxel is also co-delivered with plasmid DNA and RNA.
Zhao et al. demonstrated that co-delivery of paclitaxel with
plasmid DNA via an oligoethyleneimine-y-cyclodextrin con-
jugate enhanced gene expression, especially with folate ligand
modification, in KB cells, whereas it did not enhance gene ex-
pression in A549 cells.!"® The particle sizes of the complexes
were 70—110nm. Yu et al. developed pH-sensitive hyaluronic
acid-modified solid lipid nanoparticles carrying plasmid DNA
and paclitaxel (110-160nm in diameter)."'¥ For RNA delivery,
Zhu et al. synthesized a PDMAEMA-PCL-PDMAEMA poly-
mer containing vascular endothelial growth factor (VEGF)
siRNA and paclitaxel, and the co-delivery improved VEGF
knockdown efficiency (particle size, 50-130nm).!"> Jin’s
group developed PEGylated polyaspartic acid-modified PEI-
polylactic acid nanoparticles carrying survivin siRNA and
paclitaxel (60—100nm).""® The co-delivery of survivin siRNA
and paclitaxel exhibited synergistic effects on survivin knock-
down.

Among other combinations, camptothecin was co-delivered
with plasmid DNA'"? and siRNA."'® According to the reports,
camptothecin seemed to enhance the transfection efficiency
of both plasmid DNA and siRNA. Li et al. co-delivered 5-FU
and Bcl-2 siRNA using layered aluminum/magnesium hy-
droxide nanoparticles in MCF-7 cells, which suppressed
Bcl-2 protein expression more strongly than nanoparticles
containing Bcl-2 alone.!"” On the other hand, co-delivery of

plasmid DNA with docetaxel using redox-sensitive polymeric
micelles slightly decreased the percentage of transfection in
MCE-7 cells, while the combination inhibited in vivo tumor
growth.'”” Co-delivery of plasmid DNA with erlotinib using
polyamidoamine dendrimers also slightly decreased the per-
centage of transfection of PC9 and H1975 cells.?" Similar
results were obtained with the plasmid DNA and methotrexate
combination using hyperbranched poly(amido amine) poly-
mer.”>!?Y Thus, whether a synergistic effect is obtained in
terms of transfection efficiency depends on the partner chemo-
therapeutic drugs.

There were various other attempts to improve transfection
efficiency using small-molecule drugs. It is known that the
steroidal antiinflammatory drug dexamethasone not only sup-
presses inflammation by transfection but also enhances gene
expression.'”” Co-delivery of dexamethasone also increased
the transfection efficiency of lipopolyplexes using cationic li-
posomes and branched PEL!'?® Dexamethasone—palmitate also
enhanced transfection efficiency of lipid nanoparticles carry-
ing mRNA.!?® On the other hand, antioxidants also enhance
transfection efficiency. The antioxidant trolox enhanced the
transfection efficiency of lipoplexes in vitro.'*” Togashi et al.
demonstrated that a vitamin E scaffold in ssPalm, which is a
redox-sensitive ionizable lipid, had superior transfection ef-
ficiency of plasmid DNA compared with the myristoyl version
of ssPalm.'””™ The in vivo transfection efficiency was further
enhanced by co-delivery of dexamethasone—palmitate. We
also demonstrated that the antioxidant edaravone enhanced
lipofection in HepG2 cells.”?” The cell toxicity of lipoplexes
was reduced by edaravone. For in vivo application, we de-
veloped edaravone-loaded liposomes, decreasing the effective
dose of edaravone.
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5. Co-delivery of Proteins with Small-Molecule Drugs

The delivery of proteins is more complicated than that of
nucleic acids since the nature of proteins is highly dependent
on each protein type. There are several examples of co-
delivery systems for proteins. Wu et al. synthesized a folic
acid-modified chitosan-based polymeric prodrug of doxorubi-
cin complexed with recombinant interleukin-2 (IL-2).*® The
particle size was 110—200nm. The in vitro efficacy of IL-2 co-
delivery with doxorubicin was limited, while IL-2 co-delivery
improved in vivo antitumor effects. Yin er al. developed a
co-delivery system of a pH-sensitive doxorubicin polymeric
prodrug with interferon-y using thermosensitive nanoparticles
(120-150nm)."3Y

However, there seems to be no reasonable theory for the
co-delivery of cytokines with small-molecule anticancer drugs
by incorporation into single nanoparticles. Co-delivery of the
anti-epidermal growth factor receptor antibody cetuximab
with paclitaxel using carbon-based nanodiamonds increased
paclitaxel uptake."* Such a combination, i.e., delivery systems
of small-molecule drugs using antibodies, are similar to anti-
body—drug conjugates.

On the other hand, Kim et al. demonstrated synergistic
cytotoxic effects of the co-delivery of paclitaxel and cas-
pase-3 protein using gold nanoparticle-stabilized nanocapsules
(130-140nm)."*¥ Similar combinations, i.e., chitosan-based pa-
clitaxel nanocapsules complexed with caspase-3 (190-220nm)
were also reported.®® The incorporation of paclitaxel and
caspase-3 protein into a single nanoparticle seems to be rea-
sonable since caspase-3 acts inside target cells. We developed
a co-delivery system of superoxide dismutase with paclitaxel
using RGD-modified lipid/calcium carbonate nanoparticles
(130nm).”* The combination of superoxide dismutase with
paclitaxel had synergistic effects. Synchronized biodistribu-
tion of superoxide dismutase and paclitaxel by RGD-modified
nanoparticles exhibited superior in vivo antitumor effects
compared with the free combination and unmodified nanopar-
ticles.

6. Preparation Methods for Co-delivery Systems

Preparation methods for nanoparticles delivering multiple
drugs are slightly complicated compared with single-drug
formulations. Encapsulating drugs with different properties
generally requires more than two steps (for example, the dou-
ble-emulsion method, remote-loading method, and complex
formation). Formation of self-assembled nanocarriers using a
polymeric prodrug may require only one step, although the
synthesis of polymeric prodrugs is cumbersome. However, the
ethanol (alcohol) injection method makes preparation simple,
i.e., with real one-step formation such as lipid nanoparticles.
We applied the ethanol injection method to the formation of
polymer-assisted lipid-coated calcium carbonate nanoparti-
cles.®™ This preparation method is simpler than that for the
similar nanoparticle LCP, where hydration of a lipid film with
a preformed calcium phosphate core is necessary.”>’”

It is generally difficult to prepare small nanoparticles of
less than 100nm in diameter. Conventional liposome prepara-
tion methods such as lipid film hydration and ethanol injec-
tion with standard mixing methods (stirring, pipetting, etc.)
produce relatively large nanoparticles of around 100nm or
greater in diameter. Microfluidics is therefore a useful mixing
method. Using microfluidics with ethanol injection allows the
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Table 3. Advantages and Disadvantages of Co-delivery Systems

Merits Demerits

Synchronized biodistribution  Difficulty in synchronized drug release

Synergistic effects Difficulty in reducing particle size
Reducing side effects Complicated preparation
Simplifying clinical procedures Difficulty in changing drug ratio in clinic

Improving quality of life Difficulty in reproducing complicated regimens

production of small lipid nanoparticles of less than 50nm in
diameter such as limited-sized liposomes.'**!*” Ethanol injec-
tion and microfluidic-based mixing combinations can theoreti-
cally be applied to our lipid/calcium carbonate nanoparticles
since their formation is based on one-step mixing of alcohol
and water phases.

7. Prospects for Co-delivery

Table 3 summarizes the advantages and disadvantages of
co-delivery systems. The main advantage is potential syn-
ergistic effects based on synchronized biodistribution and
depending on the drug combination. Synergistic effects are
also expected in the case of free-combination and multiple-
delivery system combination. However, the disposition of each
drug/delivery system may differ. Theoretically, spatiotemporal
biodistribution can be synchronized in co-delivery systems,
although maintaining synchronized biodistribution of drugs
with different properties is very difficult. Moreover, it is also
difficult to reproduce complicated regimens such as FOLFIRI,
where 5-FU is continuously infused for 2d after 2-h infusion
of levofolinate and irinotecan. In contrast, co-delivery systems
can simplify treatment regimens, which is a major advantage
for improving quality of life and simplifying clinical proce-
dures.

A particle size of less than 200nm is sufficiently small
for use in highly permeable murine tumor models,**!*” but
Cabral et al. reported that only 30-nm polymeric micelles
penetrated poorly permeable pancreatic cancer, whereas poly-
meric micelles greater than 50nm in diameter could not.'?
The EPR effect works in rodents but not in humans based on
clinical evidence."*" Therefore, the target particle size has de-
creased from 200nm to 50nm over the past decade. Because
the amount of cargo in a single 50-nm particle is 64-fold less
than that in a 200-nm one, it is necessary to deliver 64-fold
more of the smaller particles to achieve the same drug dose.
This is known as the “particle size dilemma.”

Immune cells can migrate into tumor tissues, and immuno-
therapy is therefore a reasonable strategy to attack tumors. In
the near future, researchers will investigate the co-delivery of
immune checkpoint inhibitors with immunostimulatory drugs.
For anti-PD-1 antibodies, T cells are the target. However, there
are few or no immunostimulatory drugs targeting T cells.
Taking cell-to-cell communication into account, immunologic
adjuvants such as Toll-like receptor agonists may be a useful
strategy. In contrast, the target of anti-PD-L1 antibodies is
PD-L1-positive cancer cells, and thus chemotherapy delivered
to those cells may lead to target cell-selective immunogenic
cell death. Such strategies have already been tested using an
antibody-drug conjugate with doxorubicin,*? and co-delivery
systems of anti-PD-L1 antibodies with chemotherapeutic
agents will likely become available.

Recently, it has been revealed that cancer cell-derived ex-
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tracellular vesicles (including exosomes) play a pivotal role
in cancer immunity. Extracellular vesicles are expected to
be useful DDS carriers,' since cancer cell-derived ones are
basically immunosuppressive.'*¥ However, LATS1/2 double-
deficient cancer cells release immune-stimulating extracellular
vesicles."*>*®) The targets of immune-stimulating extracellular
vesicles are immune cells such as dendritic cells, and there-
fore immunologic adjuvants are candidate cargos. Co-delivery
systems of immunologic adjuvants with extracellular vesicles
from LATSI1/2 double-deficient cancer cells are promising.
Immune cells such as macrophages, dendritic cells, and NK
cells produce the exosomes attacking cancer cells.'*” Sato
et al. investigated hybrid exosomes with liposomes."*® Using
such techniques, co-delivery of drugs using exosomes can be
achieved.

Cells have also been used as DDS carriers.* It was re-
ported that ex vivo addition of a transforming growth factor
S (TGF-p) receptor kinase inhibitor to NK cells resulted in
drastic improvement of anticancer efficacy.””® Overall, various
co-delivery systems can be expected in the future.

Not only the development but also the appropriate evalua-
tion of DDS is important.'*? Analyses of biodistribution,®”!3>
local disposition,'*>'*® interactions with blood compo-
nents,”*"” and intracellular fate™ will help validate the
usefulness of co-delivery systems and then improve them.
Confirmation of the synergistic effects of co-delivered drugs
is a particularly important issue. Appropriate evaluation of
synergistic effects using a combination index® is needed to
conclude whether the effects are synergistic or additive.

8. Conclusion

Co-delivery systems of multiple drugs are a promising ap-
proach to treat cancer. Synergistic actions with decreased side
effects are a main goal of co-delivery systems. Various combi-
nations of drugs with different mechanisms of action are avail-
able, although the combinations do not always match clinical
regimens. Co-delivery of drugs with different properties is
relatively difficult, but some researchers have been able to cre-
ate such co-delivery systems. New modalities such as nucleic
acids, exosomes, and cells are also essentially compatible with
co-delivery. We hope that advances in DDS will overcome
cancer in the near future.
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