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Abstract Nanoparticulate drug delivery systems (Nano-DDSs) have emerged as possible solution to

the obstacles of anticancer drug delivery. However, the clinical outcomes and translation are restricted

by several drawbacks, such as low drug loading, premature drug leakage and carrier-related toxicity.
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Nanomedicine
Recently, pure drug nano-assemblies (PDNAs), fabricated by the self-assembly or co-assembly of pure

drug molecules, have attracted considerable attention. Their facile and reproducible preparation technique

helps to remove the bottleneck of nanomedicines including quality control, scale-up production and clin-

ical translation. Acting as both carriers and cargos, the carrier-free PDNAs have an ultra-high or even

100% drug loading. In addition, combination therapies based on PDNAs could possibly address the most

intractable problems in cancer treatment, such as tumor metastasis and drug resistance. In the present re-

view, the latest development of PDNAs for cancer treatment is overviewed. First, PDNAs are classified

according to the composition of drug molecules, and the assembly mechanisms are discussed. Further-

more, the co-delivery of PDNAs for combination therapies is summarized, with special focus on the

improvement of therapeutic outcomes. Finally, future prospects and challenges of PDNAs for efficient

cancer therapy are spotlighted.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Figure 1 Pure drug nano-assemblies for efficient cancer therapy.
1. Introduction

Cancer is always a global health threaten to human beings1.
Through the fight with cancer in the past decades, various ap-
proaches have been built for cancer treatment, including surgery,
drug therapy and biotherapy2e4. Conventionally, surgery removal
remains the preferred approach for localized tumors5. However,
for those metastatic tumors, the limitation of surgery is obvious
because of the widespread metastatic lesions6,7. Therefore, drug
therapies, which could work systemically in both solid tumors and
distant metastases, have played an irreplaceable role in cancer
treatment8,9. The anticancer drugs now comprise of chemothera-
peutic drugs, photosensitizers and immunomodulatory mole-
cules10,11. Unfortunately, the clinical outcomes of the anticancer
drugs are far from satisfactory, possibly owing to the quick
clearance, narrow therapeutic window, inefficient tumor accumu-
lation and serious off-target toxicity12. In response, drug delivery
technologies are highlighted for efficient cancer drug therapy.

Encouragingly, nanoparticulate drug delivery systems (Nano-
DDSs) have emerged as potent solution to the obstacles of anti-
cancer drug delivery13,14. The nanosized particles exhibit distinct
advantages including: (i) improving the solubility and chemical
stability of the packaged drugs; (ii) prolonging the blood circu-
lation time of the drugs; (iii) increasing the cellular uptake effi-
cacy; (iv) targeting drug delivery to tumor sites by the well-known
enhanced permeability and retention (EPR) effect or grafting
targeting ligands15. However, most Nano-DDSs usually encapsu-
late the drugs in carrier materials through intermolecular in-
teractions, such as hydrophobic interactions16. The drugs may lack
of affinity with the carrier materials, leading to premature drug
leakage17. In addition, the overused carrier materials limit the drug
loading efficiency (usually less than 10%) and might bring the
carrier-related toxicity18e20. Furthermore, despite the advances of
some novel Nano-DDS, their preparation techniques could be too
laborious for clinical translation21. Rational design of advanced
Nano-DDSs remains challenging.

Recently, pure drug nano-assemblies (PDNAs), fabricated by
the self-assembly or co-assembly of pure drug molecules, have
attracted considerable attention. Drug molecules without any
chemical modification could spontaneously form uniform nano-
particles (NPs), usually by the one-step nanoprecipitation
method22,23. This is different from the traditional nanocrystal
preparations, obtained by pearl milling, high pressure homogeni-
zation, etc.24. The facile and reproducible nanoprecipitation
method could help to remove the bottleneck of nanomedicines
including quality control, scale-up produce and clinical trans-
lation. None or only a small amount of surfactants are needed to
improve the colloidal stability of PDNAs25. Acting as both carriers
and cargos, the carrier-free PDNAs have an ultra-high drug
loading (more than 60% or even 100%). Besides, the co-assembly
behavior of PDNAs could availably co-deliver dual or multi drug
for combination therapies, which is conducive to address the most
intractable problems in cancer treatment, such as tumor metastasis
and drug resistance26,27. PDNAs have been widely used for the
combinations of tumor diagnosis, chemotherapy, phototherapy
and immunotherapy. The emerging PDNAs are in urgent need to
be well summarized and reviewed.

In the present review, the latest development of PDNAs for
cancer treatment is outlined (Fig. 1). First, PDNAs are classified
according to the composition of drug molecules, and the corre-
sponding assembly mechanisms are discussed. Furthermore, we
focus on the co-delivery of PDNAs for combination therapies and
the excellent therapeutic outcomes. Finally, challenges and future
prospects of PDNAs for efficient cancer therapy are spotlighted.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2. Nano-assembly of pure drug molecules

PDNAs are intended to consist entirely of active drug molecules,
without inactive molecules or chemicals. Depending on the
composition of drug modules, PDNAs could be divided into three
types: (i) single pure drug nano-assemblies (SPDNAs), which are
self-assembled by single kind of drug modules; (ii) dual pure drug
nano-assemblies (DPDNAs), which are co-assembled from dual
kinds of drugs, and (iii) multiple pure drug nano-assemblies
(MPDNAs), which are formed by the co-assembly of more than
two kinds of drugs. The assembly of the drug modules is mainly
driven by the noncovalent bond interactions, including hydro-
phobic interactions, intermolecular p‒p stacking, hydrogen
boding, and electrostatic forces, etc. For some amphiphilic mol-
ecules, the hydrophilic groups could be exposed on the surface of
the NPs, during the assembly process, to achieve 100% drug
loading (e.g., irinotecan-SN38 nano-assemblies)28. As for hydro-
phobic molecules, due to the high surface free energy, a small
amount of surfactants may be added to improve the colloidal
stability22,25. The developed PDNAs for cancer therapy are sum-
marized in Table 122,23,25,28e61. In this section, the three types of
PDNAs will be introduced and we will take an insight into the
assembly mechanisms of PDNAs.

2.1. Self-assembly of pure single drug

In aqueous solution, drug molecules would dissolve or precipitate
into large aggregates. Interestingly, some drug molecules would
spontaneously self-assemble into SPDNAs. For instance, DiR
molecules could form uniform nano-assemblies using the simple
one-step nanoprecipitation method (Fig. 2A)22. The addition of
surfactant (DSPE-PEG2k, 20%, w/w) significantly improved the
colloid stability of DiR nano-assemblies. Compared with DiR
solution and DiR nano-assemblies, PEGylated DiR nano-
assemblies had distinct therapeutic advantages in terms of
cellular uptake efficacy and pharmacokinetic profiles, leading to
the improved tumor accumulation. Therefore, PEGylated DiR
nano-assemblies demonstrated strong photothermal antitumor
activity. However, most antineoplastic drug molecules do not have
a good self-assembly capability and special preparation methods
were required such as precisely controlled temperature, suitable
concentration, and ultrasound treatment, etc.29,30. Even so, over-
sized spherical or rod-shaped particles may be possibly obtained
due to the excessive crystallization30,31.

In addition to finding the “proper” self-assembling molecules,
another approach to construct SPDNAs is to utilize “proper”
preparation methods. Different from the traditional methods, a
novel ice-template assisted strategy was invented32. The detailed
technical scheme was shown in Fig. 2B. A unique property of ice
is that its grain boundaries contain relatively mobile water mole-
cules behaving like liquid62e64. Therefore, the ice template was
equivalent to a special aqueous solution. The ice-template-assisted
strategy could apply to a series of drug molecules, including:
curcumin, camptothecin, paclitaxel, 6-mercaptopurine, squaraine,
methotrexate, teniposide and some of their derivatives. By simply
adjusting the processing parameters, nano-assemblies with
different sizes (~20‒200 nm) could be controllably obtained. This
novel approach had major advantages over the traditional nano-
precipitation method in mass production, size tunability, produc-
tion costs and application range.
2.2. Co-assembly of dual drugs

The co-assembly of two different drug molecules could be
described as an equilibrium of the intermolecular interactions
between the two molecules. Compared with SPDNAs, DPDNAs
showed distinct advantages in terms of the assembly capability.
For example, single paclitaxel (PTX) self-assembled into unstable
nanorods NPs with a with a length of 254.7 � 119 nm and a width
of 76.5 � 21 nm30. In contrast, the co-assemblies of PTX and
indocyanine green (ICG) were stable nanospheres (diameter:
112 � 1.06 nm, PDI: 0.1)33. The similar example was the
SPDNAs of hydroxycamptothecin (HCPT) and the DPDNAs of
HCPT and doxorubicin (DOX)34e36. The ratio of the two mole-
cules could also affects the morphology and stability of the nano-
assemblies. It is known that HCPT alone would form large needle-
shaped NPs in water37. When using ICG to co-assemble with
HCPT, as the ratio of ICG increased, the ICG-HCPT nano-as-
semblies gradually shaped nice nanospheres (Fig. 3A2)

37. Finally,
the molar ratio of 2:1 (HCPT to ICG) was found to form nano-
assemblies with smallest particle size and PDI. Besides, red
blood cell (RBC) membranes could be cloaked onto the surface of
ICG-HCPT nano-assemblies to increase the biocompatibility and
blood circulation time (Fig. 3A1).

As we know, the tumor microenvironment (TME) is quite
different from normal tissues, as a result of the uncontrollable
tumor growth and metastasis65e67. One ubiquitous characteristic is
the dysregulated pH value (pH 5.5‒7.0) than normal tissues (pH
7.4)68,69. In some cases of DPDNAs, tumor-specific pH-respon-
siveness could be achieved dependent upon the structure of the
drug molecules. For example, irinotecan-curcumin nano-assem-
blies showed tunable surface charges from �10 mV in normal
physiological condition to þ40 mV under the TME (Fig. 3B)38.
This negative to positive charge conversion improved the tumor
cellular uptake of the NPs. It was also reported that less than 20%
of HCPT was released from the HCPT-ICG co-assemblies at pH
7.4 in 10 h, whereas the percentage increased to 80% at pH 5.537.
Even after RBC membranes coating, more HCPT could still be
released at low pH condition.

Apart from the common nanospheres and nanorods, PDNAs
could also take the form of nanofibers. In a recent study, porphyrin
and adenosine triphosphate (ATP) were co-assembled into supra-
molecular helical nanofibers39. As it is known, ATP is negatively
charged70. The cationic molecules interacted with the planar p-
systems of porphyrin through electrostatic interactions, leading to
the formation of the unique nanofibers. Notably, ATP could be
hydrolyzed by the over-expressed phosphatase enzymes in tumor
sites to facilitate the controllable release. Furthermore, the ATP
concentration in tumor sites is hundreds of times higher than that
in normal tissues71,72. The overexpressed ATP could stabilize the
porphyrin-ATP from premature de-assembly. In addition, as we
know the NPs are generally internalized by tumor cells via the
ATP-dependent endocytosis73,74, therefore the endogenous ATP
coupled with the delivered extracellular ATP could further facil-
itate the cellular uptake of the nanofibers.

2.3. Co-assembly of multiple drugs

The co-assembly of multiple drugs could be more intricate than
dual drugs because more drug molecules should reach an equi-
librium of intermolecular interactions. There have been reports of



Table 1 List of pure drug nano-assemblies for cancer therapy.

Drug 1 Drug 2 Drug 3 Ratioa Drug loading Ref.

Curcumin e e e 78% 25

e e e 100% 32

Ursolic acid e e e ~60% 29

DiR e e e 80% 22

Camptothecin e e e 74.8% 31

e e e 100% 32

Hydroxycamptothecin e e e 78% 36

Paclitaxel e e e 88.5% 30

e e e 100% 32

Doxorubicin e e e 90.47% 46

Chlorin e6 e e e 100% 47

BMS-202 e e e 100% 47

Vitamin B2 e e e e 48

Teniposide e e e 100% 32

Squaraine e e e 100% 32

Methotrexate e e e 100% 32

H2TpyP e e e 100% 32

6-mercaptopurine e e e 100% 32

Teniposide Paclitaxel e e 100% 32

H2TpyP e e 100% 32

Ursolic acid Isothiocyanate e e e 29

Hydroxycamptothecin Doxorubicin e 1:4 (m) ~100% 28,34,35

Irinotecan SN38 e 1:1 (m) ~100% 38

Curcumin e 1:2 (m) ~95% 38

Topotecan Curcumin e e e 49

Clopidogrel Pheophorbide A e 37.1:29 (w) 66.1% 50

Indocyanine green Epirubicin e 1:2 (m) ~92% 37

Hydroxycamptothecin e 1:2 (m) ~92% 33

Paclitaxel e 9.2:90.7 (w) ~100% 33

NLG919 e e e 33

Gefitinib e e e 33

Sorafenib e e e 33

Vandetanib e e e 33

Probucol e e e 33

Bicalutamide e e e 33

Celecoxib e e e 33,51

Azelnidipine e e e 45

Chlorin e6 Sorafenib e 1:1 (w) ~100% 52

Doxorubicin e 2:1 (m) ~100% 53

Hydroxycamptothecin e 1:4 (m) e 53

Fmoc-L-Lys e 1:4 (w) ~100% 54

Diphenylalanine e 1:4 (w) ~100% 55

Erastin e 1:3.55 (w) ~100% 47

Atovaquone e 26.7:73.3 (w) ~100% 23

BMS-202 e 1:2 (w) 100% 23

DiR Chlorin e6 e 2:1 (m) 100% 23

Hypericin e 2:1 (m) 100% 23

3-Bodipy-propanoic acid e 2:1 (m) 100% 23

Zinc phthalocyanine e 2:1 (m) 100% 56

Pheophorbide A e 2:1 (m) 100% 57

Paclitaxel Indomethacin e 1:2 (w) e 58

Poly I:C e 64:3 (w) 67% 39

Gefitinib Tyroservatide e 1:11.25 (w) ~100% 59

Porphyrin Adenosine triphosphate e ~6:4 (w) ~100% 60

Doxorubicin Celastrol Mn2þ 1:4 (m) ~100% 61

Berberine Trastuzumab 4:1 (w) e 40

Biliverdin Z-Histidine-Obzl Methotrexate 6:2:5 (m) ~100% 41

Camptothecin Doxorubicin H2TPyP 25.7:67.3:7 (w) ~100% 43

Hydroxycamptothecin Paclitaxel Ursolic acid 49.1:26.6:24.3 (w) e 42

Curcumin Perylene Doxorubicin 77.6:22.3:0.1 (w) ~100% 44

Indocyanine green Paclitaxel 23.58:51.27:25.14 (w) ~100%

Tannic acid ~37:39:24 (w) ~100%

‒Not applicable.
aThe molar ratio is abbreviated as (m), and the mass ratio was abbreviated as (w).
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Figure 2 (A) Self-assembly of DiR molecules into uniform nano-assemblies. Reprinted with the permission from Ref. 22. Copyright ª 2018

ACS Publishing Group. (B) Schematic illustration of the ice-template-assisted strategy. Reprinted with the permission from Ref. 32. Copyright ª
2018 ACS Publishing Group.
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MPDNAs such as camptothecin (CPT)-trastuzumab (TTZ)-DOX,
PTX-HCPT-methotrexate (MTX), PTX-ICG-ursolic acid (UA),
perylene-curcumin-H2TPyP, etc.40e43. It is noticeable that
MPDNAs usually contains a self-assembling molecule, or a co-
assembling molecule pair (e.g., CPT-DOX, ICG-PTX)33,35.
Therefore, considering the different affinity between drug mole-
cules, Xiong et al.44 reported a step-by-step assembling method.
Firstly, DOX and tannic acid (TA) were mixed and co-assembled
to form DT NPs via p‒p stacking and electrostatic interactions
(Fig. 4A). Thereafter, ICG was added in the system to further co-
assembled with DT NPs. Apart from p‒p stacking and electro-
static interactions, the hydroxyl group of DOX provided lone pair
electrons to interact with Nþ of ICG, which induced the nep*

transition and led to the formation of the final DITG NPs
(Fig. 4B). What is worth mentioning is that all three components
of DITG NPs are water-soluble, and the whole preparation process
avoided the use of organic solvents. Taking advantage of the
reversible proton concentration changes of TA, DITG NPs showed
special hydrophilic-hydrophobic conversion and size conversion
capabilities (Fig. 4C). In the TME (pH 6.5), DTIG NPs could
transformed into hydrophobic NPs to increase the cellular uptake
efficiency. Subsequently, in the lysosomes (pH 4.5), the particle
size of DTIG NPs could greatly swell to nearly 1.5 mm to rupture
the lysosomes. After the lysosome escape and entering the cyto-
plasm, the oversized DTIG NPs could quickly redissolve and
recover to normal sizes (152.7 � 1.9 nm).

2.4. Insight into the assembly mechanisms of pure drug nano-
assemblies

The functional groups in the chemical structure of anticancer drug
molecules induce the intermolecular interactions between drug
molecules or drug and water molecules. For example, aromatic
groups could induce p‒p stackings; aliphatic groups lead to
hydrophobic interactions; ionic groups have electrostatic forces;
hydroxyl or carboxyl group interacts via hydrogen bonding, and
so on75e79. Usually, in aqueous solution, the anticancer drugs
either aggregate into precipitation (aggregation, the forces be-
tween drugs dominate) or dissolve into solution (non-aggregation,
the forces between drug and water dominate, Fig. 5A)80,81.
PDNAS exist in the form of colloid in aqueous solution, that is,
the two trends just reach a proper equilibrium (Fig. 5B). Such as
DiR molecules, the aromatic heads could provide strong p‒p
stacking forces for aggregation, while the long aliphatic tails could
introduce steric hindrance in case of the over-aggregation into
precipitation22. However, the self-assembly of single drug is
relatively difficult. For example, although UA could be self-
assembled, further ultrasonic processing was required29.

In the case of co-assembly, the assembly could be easier with
the help of other molecules to balance the intermolecular in-
teractions (Fig. 5C). Hydrophilic drugs (e.g., DOX and ICG) need
to increase the trend of aggregation, while hydrophobic drugs
(e.g., PTX and HCPT) need to reduce the trend of aggrega-
tion33,34,44. It is not difficult to perceive that photosensitizers, such
as ICG, chlorine e6 (Ce6), and pheophorbide A (PPa), could
provide good co-assembly capability23,33,45. In a work, ICG was
used as a template to co-assemble with a series of anticancer drugs
including PTX, NLG919, gefitinib, sorafenib, vandetanib, probu-
col, bicalutamide, celecoxib and azelnidipine33. This is possibly
owing to the conjugate structures of photosensitizers, which could
produce strong p‒p stacking interactions between molecules82,83.
Because of the strong p‒p stacking, the different drug molecules
could have a good affinity and dock with each other by edge-to-
face, offset or face-to-surface stacking to form aggregates
simultaneously84,85.

A major dilemma for PDNAs is that the assembly process is
hardly to predict, execute and control. The searching for PDNAs is
still through empirical or experimental screening. Fortunately,



Figure 3 (A1) Schematic illustration of the RBC membranes cloaked ICG-HCPT nano-assemblies. (A2) Transmission electron microscopy

(TEM) images of ICG-HCPT nano-assemblies with different molar ratios of HCPT to ICG (1:0, 4:1, 2:1, 1:1, 1:2, and 1:4). Reprinted with the

permission from Ref. 37. Copyright ª 2019 ACS Publishing Group. (B) Schematic illustration of the charge-conversional irinotecan-curcumin

nano-assemblies for better targeted cancer therapy. Reprinted with the permission from Ref. 38. Copyright ª 2020 Elsevier Inc. (C) Schematic

illustration of the porphyrin-ATP nanofibers. Reprinted with the permission from Ref. 39. Copyright ª 2021 ACS Publishing Group.
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with the development of computer science, molecular dynamics
simulations (MDS) have been applied as a novel approach to
investigate the intermolecular interactions86e88. A quantitative
structure-nanoparticle assembly prediction (QSNAP) model was
proposed89. Using indocyanine dyes to co-assemble with a series
of hydrophobic drugs, the nano-assembly formulation and the
particle size could be accurately predicted by QSNAP. Although
the scope of such technology has yet to be widened, we still look
forward to the emergence of a wild-applicable technic that could
rationally predict and optimize PDNAs in the future.
3. Efficient combination cancer therapy based on pure drug
nano-assemblies

Cancer is a complex adaptive system. Long-termuse of one single drug
could easily produce the phenomenon of drug resistance and lose
therapeutic efficacy90e92. Therefore, in both preclinical studies and
clinical applications, combination therapy has indicated enhanced ef-
ficacy than mono therapy because it targets different key pathways
synergistically or additively93,94. The combined approach could
potentially reduce adverse effect, reversemulti drug resistance, prevent



Figure 4 Step-by-step assembly process and lysosome escape of DTIG NPs. (A) First step assembly of DOX and TA into DT NPs. (B) Second

step assembly of ICG and DT NPs into DTIG NPs. (C) Schematic illustration of the hydrophilic-hydrophobic conversion and size conversion of

DTIG NPs. Reprinted with the permission from Ref. 44. Copyright ª 2020 ACS Publishing Group.

98 Shuwen Fu et al.
tumor metastasis and relapse83,95,96. Benefited by the special co-
assembly capability, PDNAs could sufficiently co-deliver drug mole-
cules for various combinations of tumor diagnosis, chemotherapy,
phototherapyand immunotherapy.Thepossible combinations basedon
PDNAs have highlighted the anti-tumor advantages7,97,98. In this sec-
tion,wewill focus on the combination therapies based on PDNAs,with
focus on the enhancement of therapeutic effects.

3.1. Cancer theranostics

Theranostics Nano-DDSs could not only deliver therapeutic
agents to targeting lesions, but also detect the in vivo destiny of the
Figure 5 Assembly mechanisms of pure drug nano-assemblies. (A) Inter

aqueous solution. (B) Intermolecular interactions during the self-assemb

interactions during the co-assembly of different drug molecules in aqueou
NPs99,100. In cancer treatment, a rationally designed Nano-DDSs
could help to reduce the off-target toxicity and improve the
drug-delivery efficiency for precision medicine101,102. Xing and
coworkers61 developed a multimodal theranostics nanoplatform
integrating both photoacoustic imaging (PAI), magnetic resonance
imaging (MRI) and photothermal therapy (PTT) into one system
(Fig. 6A). Biliverdin (BV) was chosen as photosensitizer for PTT
and PAI agent for tumor diagnosis with high spatial resolution and
penetration depth. Of note, BV was derived from heme catabolism
and could be rapidly metabolized to bilirubin for bile and urine
excretion, thereby exhibiting good biocompatibility103,104. In
addition, Z-Histidine-Obzl (ZHO), a metal-binding short peptide,
molecular interactions between drug molecules and water molecules in

ly of single drug molecules in aqueous solution. (C) Intermolecular

s solution. (D) Graphical symbols.



Figure 6 BVMn NPs for multimodal tumor imaging and photothermal therapy. (A) Schematic illustration of BVMn NPs. (B) Photoacoustic

imaging of MCF-7 tumor-bearing mice treated with BVMn NPs. (C) T1-weighted magnetic resonance imaging of MCF-7 tumor-bearing mice

treated with BVMn NPs. Reprinted with the permission from Ref. 61. Copyright ª 2019 John Wiley and Sons Group.
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was utilized to bind Mnþ for MRI. BV and ZHO could co-
assemble into ZB NPs, and further coordinated Mnþ to form
ZBMn NPs. From the PAI and MRI imagines (Fig. 6B and C), the
maximum accumulation of both ZB and ZBMn NPs was found to
be 6 h post administration. Therefore, a wave of near-infrared
(NIR) laser was treated 6 h post administration for PTT. Finally,
ZBMn NPs successfully ablated human breast tumors with no
recurrence during the 24 days of observation.

3.2. Combination chemotherapy

Chemotherapy is still themainstay of cancer therapy105,106. However,
the efficacy of chemotherapy is restricted by the severe side effects
and multidrug resistance107e109. Combination chemotherapy using
two or multiple chemotherapeutics, which kills cancerous cells via
different working sites or mechanisms, holds the promise to solve the
obstacles110,111. For example, HCPT inhibits the activity of a topo-
isomerase I (top I) enzyme to induce DNA damage, and DOX in-
tercalates betweenDNA base pairs and inhibits topoisomerase II (top
II) enzyme to interferencewithDNAsynthesis112,113.As reported, the
top I inhibitor could reverse the drug resistant of top II resistant cells.
Therefore, DOX-HCPT nano-assemblies showed potent proliferation
inhibition of MCF-7R multidrug resistant cells34. Besides, gefitinib
(GEF) was co-assembled with tripeptide tyroservatide (YSV) to
construct GEF-YSV nano-assemblies58. GEF could inhibit epithelial
growth factor receptor (EGFR) to induce the apoptosis of cancer cells,
and YSV could interrupt the cell cycles and suppress the activity of
histone deacetylase114,115. Both GEF and YSV were highly selective
to tumor cells, and showed low toxicity against normal cells. Finally,
GEF-YSV nano-assemblies effectively prohibited the growth of non-
small cell lung cancer (NSCLC) without additional toxicity burden.

A paradox of chemotherapy is that not only does it control
tumors, it may also promote tumor progression116,117. For
example, DOX-exacerbated breast cancer metastasis was reported
to correlate with the activation of toll-like receptor 4 (TLR4),
which is triggered by high-mobility group box 1 (HMGB1)118,119.
Berberine (Ber), an anticancer alkaloid, has been demonstrated as
an HMGB1-TLR4 axis regulator120. In response, DOX-Ber nano-
assemblies (DBNP) were developed for defeating chemotherapy-
exacerbated breast cancer metastasis (Fig. 7A)60. In addition,
DBNP were cloaked with 4T1 cell membranes (DBNP@CM).
Compared with DBNP, DBNP@CM displayed much higher tumor
accumulation efficiency (Fig. 7B), benefitting from the homing
effect. As a result, DBNP@CM showed favorable inhibition of
tumor growth and even metastasis (Fig. 7C).

In addition to the combination of dual chemotherapeutics,
Barua and Mitragotri40 designed CPT-TTZ-DOX nano-assemblies
for triple chemotherapy. When the CPT-TTZ-DOX NPs were
internalized into tumor cells, monoclonal antibody TTZ was
recycled to the plasma membranes, leaving CPT in the perinuclear
region and delivering DOX into the nucleus. The three drugs
respectively worked on their targeting sites, and had a great syn-
ergistic effect with a combination index (CI) of 0.17 � 0.03 on
BT-474 cells. The half maximal inhibitory concentration (IC50) of
CPT-TTZ-DOX NPs was 10‒10000-fold lower than that of indi-
vidual drugs. Besides, TTZ, CPT and DOX would arrest cells in
the G0/G1, S, or G2/M phases, respectively121e124. The co-
delivery of CPT-TTZ-DOX NPs significantly reversed the cell
cycle arrest, compared with single TTZ and TTZ-CPT NPs.

3.3. Combination phototherapy

Phototherapy, including photodynamic therapy (PDT) and PTT, is
a promising non-invasive approach for cancer treatment125. PTT
raises the local temperature to promote cell necrosis, and PDT
produces reactive oxygen species (ROS) to induce cell
apoptosis126,127. One hindrance of the clinical translation of
phototherapy is the severe phototoxicity128. The patients treated
with phototherapy have to avoid the exposure to light before the
complete excretion of photosensitizers129. For better therapeutic
effect and lower side effect, a Forster Resonance Energy Transfer
(FRET) photosensitizer pairs was co-assembled for cascade-
activatable PTT/PDT (Fig. 8A)23. Ce6 was chosen as FRET
donor and DiR served as FRET acceptor. In the nano-assemblies
of Ce6@DiR, Ce6 could be quenched by DiR by the FRET
interaction, the photosensitivity of which was thus “turned off”.
Only when DiR was first photobleached by 808 nm laser, the PDT
of Ce6 would be “turned on”. Moreover, erythrocyte camouflaged
coating (Ce6@DiR-M NPs) was utilized to improve the pharma-
cokinetic behaviors. Compared with Ce6@DiR NPs and
Ce6@DiR-PEG NPs (PEGylated), Ce6@DiR-M NPs not only had
the longest blood circulation time, but also avoided the accelerated



Figure 7 (A) Schematic illustration of DBNP@CM for efficient chemotherapy with minimal chemotherapy-exacerbated metastasis. (B)

Biodistribution of DBNP@CM. (C) Images of lung tissues. Reprinted with the permission from Ref. 60. Copyright ª 2021, Elsevier Inc.
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blood clearance (ABC) effect of the PEGylation formulation. The
advantage could be attribute to the immune escape of erythrocyte
camouflage, which expressed the “don’t eat me” marker CD47130.
Overall, the proliferation of triple negative breast cancer (TNBC)
was significantly inhibited by Ce6@DiR-M NPs.

3.4. Combination of chemotherapy with phototherapy

Phototherapy has shown a promising synergy with chemotherapy
in terms of therapeutic outcomes for cancer treatment131e133. In
response, a series of PDNAs were developed for chemotherapy in
combination with PTT or PDT42,52,54. For instance, Li and co-
workers50 developed epirubicin (EPI)-ICG nano-assemblies for
chemo-photothermal synergistic therapy. On one hand, ICG-
induced PTT could ablate tumors by cell necrosis. The tempera-
ture in tumor sites of ICG-EPI NPs treated group could reach as
Figure 8 (A) Schematic illustration of the FRET photosensitizer pair

grammed cascade-activatable PTT-PDT with low phototoxicity. Reprinted

Schematic illustration of ATO-Ce6 NPs for O2-economized PDT. Reprinted

Group.
high as 53.9 �C, much higher than that of 37.5 �C of free ICG
group. As a result, the tumor permeability was increased, thereby
facilitating the deep penetration of the NPs. On the other hand, the
released EPI exerted cytotoxicity to kill tumor cells. Eventually,
the EPI-ICG NPs magically eradicated TNBC without recurrence
during the 21 days of treatment cycle, whereas chemotherapy or
PTT alone could not completely cure tumors.

As for PDT, photosensitizers could efficiently generate reactive
oxygen species (ROS), such as singlet oxygen (1O2), which could
damage DNA and induce apoptosis134,135. Therefore, the combina-
tion of PDT and DNA damage drugs always led to good synergies
(e.g., Ce6-DOX nano-assemblies and Ce6-HCPT nano-assem-
blies)45,52. However, it is well known that photodynamic therapy
(PDT) requires the consumption ofO2 toproduceROS, and it doesnot
work well in hypoxic tumors136,137. To solve the dilemma, Ce6 was
co-assembled with an oxidative phosphorylation inhibitor
s co-assembled erythrocyte camouflaged Ce6@DiR-M NPs for pro-

with the permission from Ref. 23. Copyright ª 2021 Elsevier Inc. (B)

with the permission from Ref. 55. Copyright ª 2020 ACS Publishing



Figure 9 (A1) Molecular presentation and self-assembly of Ce6 and BMS-202. (A2) Ce6/BMS-202 NPs potentiate PD-L1 blockade to induce

systemic antitumor immunity for combination of ICB immunotherapy and PDT. Reprinted with the permission from Ref. 47. Copyright ª 2019

John Wiley and Sons Group. (B1) Self-assembly of PTX-ICG nano-assemblies. (B2) Schematic illustration of PTX-ICG NPs for immuno-photo-

chemo triple therapy. Reprinted with the permission from Ref. 33. Copyright ª 2020 John Wiley and Sons Group. (C) Schematic illustration of

the PNRplex for cytosolic targeting chemo-immunotherapy. Reprinted with the permission from Ref. 57. Copyright ª 2021 Elsevier Inc.
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(atovaquone, ATO) for O2-economized PDTagainst hypoxic tumors
(Fig. 8B)55. As a mitochondrial complex III inhibitor, ATO inter-
rupted the electron transport chain pathway and suppressed the ac-
tivity of oxidative phosphorylation to decrease O2 consumption. The
relieved hypoxia TME could in turn improved efficiency of PDT.
After the treatment of ATO-Ce6 NPs, the majority of 4T1 tumors
vanished, highlighting the superiority of the O2-economized PDT.

3.5. Combination of immunotherapy with other therapy

In the past decades, tumor immunotherapy has emerged and
revolutionized cancer treatment138,139. The use of cytokine or
checkpoint inhibitors, cancer vaccines or adoptive cell transfer
(ACT) therapy strengthens or normalizes (suppresses or activates)
the immune system of patients to inhibit tumors140,141. Immuno-
therapy is not only proved effective for primary tumors, but also
prevents tumor metastasis and relapse of tumors142,143. The
commonly used immunomodulatory molecules include small
molecule drugs and antibody drugs141,144,145. Among them, some
small molecule drugs could be rationally formulated into PDNAs.

Immunologic checkpoint blockade (ICB) immunotherapy is
one of the most profound and successful immunotherapies in
clinic, among which the most well-known pathway is the anti-
programmed cell death (anti-PD) pathway, including PD receptor
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1 (PD-1) and PD receptor 1 ligand (PD-L1)9,146,147. BMS-202 is a
small molecule PD-1 inhibitor, which withstands the dimerization
of PD-L1 protein, thereby preventing the formation of PD-1/PD-
L1 complex148. BMS-202 could already self-assemble into uni-
form NPs (Fig. 9A1)

47. Besides, it could further co-assemble with
Ce6 to form Ce6/BMS-202 NPs. It was found that BMS-202 NPs
alone could increase the maturation of dendritic cells (DCs) and
infiltration of antigen-specific T cells into 4T1 tumors as well as
anti-PD-L1 monoclonal antibody (a-PD-L1) (Fig. 9A2). Com-
bined with ICB and PDT, Ce6/BMS-202 NPs significantly sup-
pressed the growth of primary and distant tumors, owing to the
augmentative immune cells such as CD8þ T cells, maturated DCs,
and memory T cells. The results revealed that small molecule PD-
1 inhibitors have the same clinical value as a-PD-L1.

Despite the advances of ICB therapy, the therapeutic perfor-
mance could be limited by the immunosuppressive tumor micro-
environment (ITM)149e151. Apart from novel immunomodulatory
molecules, traditional chemotherapeutics were also startlingly able
to reverse the ITM to benefit ICB therapy152e154. For instance, a low
dose of PTX could reduce the intratumorally infiltrating regulatory
T cells (Tregs) and suppress the Tregs-related immune inhibi-
tory155,156. In addition, PDT could induce immunogenic cell death
(ICD)157,158. The combination of ICB therapy with chemotherapy
or PDT could further facilitate the intratumoral infiltration of
cytotoxic T lymphocytes (CTLs) and overcome the ITM159e161. In
response, PTX-ICG nano-assemblies were devised for immuno-
photo-chemo triple therapy (Fig. 9B1 and B2)

33. The PTX-ICG
NPs had good colloidal stability and could be lyophilized for
long-time storage. Accompanied with a-PD-L1 treatment, PTX-
ICG NPs efficiently suppressed TNBC and tumor relapse by pro-
moting the intratumoral infiltration of CTLs through PDT-induced
ICD and inhibiting the recruitment of Tregs to relieve ITM.

Gene-based immunotherapy have been widely concerned due to
the potent efficacy and little toxicity162,163. Ribonucleic acid (RNA),
as one of the most important genetic molecules, showed great po-
tential in the construction of anti-cancer drugs and cancer vac-
cines164,165. To illustrate, Du and coworkers57 designed a drug-
delivering-drug system for the co-delivery of PTX and poly-
riboinosinic:polyribocytidylic acid (Poly I:C) that is a safe synthetic
analog of double-stranded RNA (dsRNA)166. Using a simple
antisolvent-precipitation method, Poly I:C were coated on the self-
assembled PTX nanorods. To further target mannose-receptor,
D-mannuronic acids were used for final surface modification to
form the PNR/Poly I:C complex (PNRplex) (Fig. 9C). The rod-
shaped PNRplex were internalized into tumor cells via the
caveolin-mediated endocytosis, thereby avoiding the enzyme
breakdown in the endo-lysosomes and targeting cytoplasm74,167. In-
side the cytoplasm, PTX induced the apoptosis of tumor cells and
Poly I:C upregulated interferons, chemokines and inflammatory cy-
tokines. Overall, the PNRplex markedly amplified the immune
response including thematuration ofDCs and the infiltration ofCD4þ

T cells and CD8þ T cells for the potent chemo-immunotherapy.

4. Conclusions

In this review, we overviewed the latest development of PDNAs.
First, according to the composition of the drugs, PDNAs were
classified and the assembly mechanisms were discussed. After-
wards, the combination therapies based on PDNAs were sum-
marized with focus on the enhanced therapeutic outcomes. Herein,
challenges and future prospects of PDNAs for efficient cancer
therapy are outlined.
4.1. Challenges

PDNAs have shown the potentiality for efficient anticancer drug de-
livery.However, for their successful clinical application, there are still
a multitude of problems to be solved. First, the determination of
whether a molecule could be self-assembled or co-assembled still
depends on empirical deduction or experimental screening. The self-
assembly and co-assembly of PDNAs are generally governed by the
equilibrium of the intermolecular forces. This process is difficult to
observe and analyze. Fortunately, with the development of computer
sciences,MDShave been built as a forecasting tool for elucidating the
assembly of PDNAs. At present, MDS are still mostly used for vali-
dation, not prediction. The emergence of QSNAP is a chance, but
there is still a long path to go before it becomes a utility tool.
Furthermore, the optimization of PDNAs has usually pursued the
finest formulation ofNPs (considering particle size, PDI and colloidal
stability). Under this circumstance, for DPNAs and MPDNAs, the
finest formulation could hardly be the best synergistic ratio between
the drugs. How to exert the best synergistic effect of PDNAs remains
challenging. Last but not least, there are still many concerns about the
translational studies and the gap between animal studies and human
beings. In the scale-up production, will the particle size and PDI of
PDNAs remain uniform? As PDNAs are mainly administered by
intravenous injection, could PDNAs be sterilized without failure?
What are the real pharmacokinetic behaviors and in vivo destiny of
PDNAs in the human body? These problems as well as the self-
assembly and synergistic effect of PDNAs are the future research
highlights of PDNAs.
4.2. Future prospects

In response to the unsatisfactory performance of simple anticancer
drugs and traditional Nano-DDS, the carrier-free PDNAs have
emerged as a facile nanoplatform for efficient cancer therapy.
PDNAs are a widely applicable nanoplatform, featured with both
functional modification and translational potential. PDNAs have
been widely used for mono therapy, and the combinations of
tumor diagnosis, chemotherapy, phototherapy and immuno-
therapy. Their advantages including facile and reproducible
preparation technique, ultra-high drug loading and efficient co-
delivery behavior, demonstrate a promising nanomedicine for
clinical oncology. The era of cancer immunotechnology has
arrived. The progress of PDNAs in immunotherapy is also pretty
eye-catching. With more research on PDNAs and parse on the
assembly mechanisms, we believe that there will be clinical trials
and even medical products of PDNAs in the near future.
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103. Yamashita K, McDaid J, Öllinger R, Tsui TY, Berberat PO,

Usheva A, et al. Biliverdin, a natural product of heme catabolism,

induces tolerance to cardiac allografts. FASEB J 2004;18:765e7.

104. Wegiel B, Gallo D, Csizmadia E, Roger T, Kaczmarek E, Harris C,

et al. Biliverdin inhibits Toll-like receptor-4 (TLR4) expression

through nitric oxide-dependent nuclear translocation of biliverdin

reductase. Proc Natl Acad Sci U S A 2011;108:18849e54.
105. Twelves C, Jove M, Gombos A, Awada A. Cytotoxic chemotherapy:

still the mainstay of clinical practice for all subtypes metastatic

breast cancer. Crit Rev Oncol Hematol 2016;100:74e87.

106. Bocci G, Kerbel RS. Pharmacokinetics of metronomic chemo-

therapy: a neglected but crucial aspect. Nat Rev Clin Oncol 2016;13:

659.
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