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ABSTRACT Combination chemotherapy is widely exploited
to overcome multidrug resistance (MDR) and enhance the
therapeutic effect of anti-tumor agents clinically. The tradi-
tional combination regimens applied in clinical practice still
suffer from various obstacles, such as inevitable side effects.
Fortunately, the application of nanotechnology and the pro-
posal of co-delivery systems make the combination therapy
more effective. The occurrence, development, and metastasis
of tumors are closely related to the cell cycle. The sensitivity of
tumor cells to chemotherapeutic drugs can be improved with
the cooperation of cell cycle regulators. In this review, the
influence of the cell cycle on tumorigenesis and development is
introduced briefly. The current strategies of combining
chemotherapeutic drugs and cell cycle regulators through co-
delivery systems are discussed in detail. We also sketch the
possibility of treating tumors mildly via artificially controlling
the cell cycle and outline the challenges and perspectives about
the improvement of co-delivery systems for cancer therapy.

Keywords: chemotherapy, cell cycle regulation, co-delivery sys-
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INTRODUCTION
In current cancer treatments, cancer cells often produce
defensive measures against treatment strategies. The
emergence of tumor chemotherapy resistance makes
single chemotherapy unable to meet the requirements of
clinical treatment. Therefore, combination of different
chemotherapeutic drugs or treatments (e.g., chemo-

therapy and radiotherapy) is operated to prevent the re-
plication, invasion, and metastasis of cancer cells clini-
cally [1]. Combination therapy strategies are of great
significance for reducing side effects, overcoming multi-
drug resistance (MDR), reducing the dosage of each drug,
and finally improving the therapeutic effect. However,
due to different physical and chemical properties, differ-
ent drugs have different pharmacokinetic properties in
the body, resulting in different drug distribution ratios in
tumor tissues. This will cause the combination of drugs to
fail to achieve the expected efficacy. The application of
nanotechnology in drug delivery has improved the
pharmacokinetics of drugs [2]. Commonly used co-de-
livery nanocarriers include liposomes, micelles, polymer
nanoparticles (NPs), exosomes, dendrimers, and mag-
netic NPs [3,4]. These carriers can improve the solubility,
stability, and targeting of drugs, and combine the ad-
vantages of multiple cargoes to achieve a synergistic ef-
fect. For example, paclitaxel (PTX) and sunitinib (SUN)
have a synergistic effect in the self-assembly co-delivery
system, which provides a combination chemo-immuno-
therapy strategy to improve the therapeutic effect of tri-
ple-negative breast cancer (TNBC) [5]. The combined use
of PTX/lapatinib (LAP) and cisplatin (CDDP)/metformin
(ME) has also been proven to produce synergistic effects
and improve the effectiveness of tumor treatment [6,7].

Cell cycle regulation is important for cell proliferation,
growth and damage repair. Abnormal tumor proliferation
is related to abnormalities of the tumor cell cycle, signal
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transduction, and apoptosis pathways [8]. Chemo-
therapeutic drugs could be classified into cell cycle non-
specific agents (CCNSA) and cell cycle specific agents
(CCSA) according to their effects on the cell cycle [9].
CCNSA, such as alkylating agents and anthracyclines, act
on cells in all phases of the proliferating cell population,
including cells in the G0 phase [10]. Alkylating agents can
covalently bind to biological macromolecules in cells
(such as DNA, RNA, and enzymes), making them in-
active or damaged. Platinum-based drugs can also cause
extensive DNA damage [11]. These injuries can be re-
paired through the nucleotide excision repair (NER), re-
sulting in MDR [12]. CCSA mainly affects a certain phase
of the cell cycle [13]. For example, antimetabolites have a
significant impact on S-phase cells, and plant alkaloids
mainly act on M-phase cell [14,15]. PTX can specifically
act on the G2 and M phases of the cell cycle and inhibit
the formation of spindle filaments. Thus, the division and
proliferation of tumor cells would be prevented [16].
Tetramethylated hydroxydiethylene caused cell cycle ar-
rest in S phase and apoptosis by down-regulation of the
cycling A1/cycling A2 expression and the rise of Bax/Bcl-
2 ratio in a p21-dependant pathway [17].

In the current study, regulating cell cycle for tumor
therapy is mainly to control the expression of related
genes and the activity of enzymes, proteins, or signaling
factors in the cell [18]. As shown in Fig. 1, the strategies
can be divided into two parts: (1) inhibition—by blocking
cells at a certain phase to increase the sensitivity of CCSA;
(2) promotion—by driving G0 tumor cells to re-enter the
replication cycle and increase tumor sensitivity to chemo-

therapy. For example, curcumin (CUR) modulates di-
verse transcription factors, inflammatory cytokines, en-
zymes, kinases, growth factors, receptors, and various
other proteins. It can also regulate tumor cell growth via
modulation of numerous cell signaling pathways and
potentiates the effect of chemotherapeutic agents and
radiation against cancer [19]. Some chemotherapeutic
drugs work by blocking the cell cycle. Concato et al. [20]
proved that 3,3′,5,5′-tetramethoxybiphenyl-4,4′-diol
(TMBP) has a strong cytotoxic effect on human non-
small cell lung cancer (NSCLC) A549 cells and can cause
mitochondrial dysfunction, induce cell G2/M phase ar-
rest, and reduce cell survival rate. Zhang et al. [21] de-
monstrated that Asparanin A (AA) can be a possible
functional food ingredient to cure endometrial cancer
followed by clinical trials. AA inhibited the Ishikawa cell
proliferation and caused cell morphology alteration and
cell cycle arrest in G0/G1 phase. There are also studies
that increase the sensitivity of tumor cells to chemo-
therapeutic drugs by speeding up the cell cycle [22–25].
Zhu et al. [26] found that LB1 (4-(3-carboxy-7-oxa-bi-
cyclo [2.2.1] heptane-2-carbonyl) piperazine-1-carboxylic
acid tertbutyl ester) could enhance the effect of cancer
chemotherapy by driving quiescent cancer cells into the
cell cycle and by blocking other replication checkpoints
triggered by DNA damage through a significant inhibi-
tion effect of PP2A. De Jong et al. [27] reported that
tyrosine kinase inhibitors MK-5108, LY2603618 and
Volasertib can promote DNA-damaged cells into mitosis
and increase the sensitivity of conventional chemother-
apy. The combination of cell cycle regulation and che-

Figure 1 Combination strategies of chemotherapeutic drugs and cell cycle regulation.
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motherapy is of great significance for overcoming the
obstacles encountered in chemotherapy alone and im-
proving the efficacy of tumor therapy. Although many
studies on this area have been proposed, few reviews on
this field have been reported to date.

In this review, we first briefly introduce the impact of
cell cycle on tumor tumorigenesis and development, as
well as the mechanism of commonly used chemo-
therapeutic drugs. The collaborative strategies of cell cycle
regulation and chemotherapy are discussed. Then we
focus on the exemplary co-delivery systems used to im-
plement the collaborative strategy for cancer therapy.

CELL CYCLE REGULATION AND
CHEMOTHERAPEUTIC DRUGS

Cell cycle and regulation
The cell cycle is an ordered set of events that ultimately
leads to cell growth and division. The cell cycle of eu-
karyotes can be divided into intermitotic and mitotic
phases. The division phase provides material preparation
for cell division and is divided into G1, S, and G2 phases.
The division period is mainly the process of dividing cells
into two separate parts, which is divided into prophase,
metaphase, anaphase and telophase. After a period of
division, the DNA and proteins of the cell are divided
equally into two cells, completing the process of cell re-
plication. Cells enter the G1 phase, during which RNA
and protein are synthesized but no DNA is replicated.
The start of DNA replication marks the transition from
the G1 phase to the S phase, and when DNA replication is
complete, it means the end of the S phase. In the S phase,
the amount of DNA is doubled. At this stage, the nucleus
becomes larger, the protein accumulates, and the chro-
matin is concentrated, but there is no change in mor-
phology. G0 phase is a special period in which the cells do
not divide or proliferate temporarily, but can re-enter the
cell cycle under proper stimulation. Cell division is
orchestrated by a complex network of interactions be-
tween proteins, metabolism and microenvironment in-
cluding several signaling pathways and mechanisms of
control aiming to enable cell proliferation only in re-
sponse to specific stimuli and under adequate conditions
[28].

Cyclin-dependent kinases (CDKs) are serine/threonine
kinases and their catalytic activities are modulated by
interactions with cyclins and CDK inhibitors (CDKIs)
[29]. The close cooperation among the three is necessary
for ensuring orderly progression through the cell cycle. At
the same time, they play an indispensable role in pro-

cesses such as cell transcription, epigenetic, metabolism
and stem cell self-renewal. Since each of CDK subunits
only binds to its specific cyclins, the activation of the
CDK cyclin complexes governing the transitions between
cell cycle phases depends on the availability of the reg-
ulatory subunits. Thereby, cell machinery regulates cyclin
oscillatory changes by controlling their synthesis and
degradation at specific times, leading to the orchestrated
progression of the cell cycle [30]. Cells lacking cyclin are
blocked at the G1/S border [31]. The activation of cyclin
D and cyclin E can promote the transition of cells from
G1 phase to S phase while the activation of cell division
cycle gene 2 (Cdc2) can promote the transformation of
cells from S phase to G2/M phase [29]. The activity of
CDKs controls the cell cycle transcription and plays an
important role in regulating spindle polymerization
checkpoints.

The cell cycle checkpoint is significant for the cell to
ensure the quality of DNA replication and chromosome
allocation and is the regulatory path that controls the
sequence and time of cell cycle transition. When DNA is
damaged, checkpoints provide repair time by blocking
the cell cycle, and respond to the damage by inducing
transcription or genes that promote repair [32]. Some
drugs can abolish cell cycle checkpoints at critical time
points in cells, so that cells with damaged DNA have no
time to be repaired and enter the next stage directly,
thereby activating the apoptosis pathway and causing
apoptosis. The DNA damage response (DDR) is re-
sponsible for detecting DNA damage, pausing the cell
cycle and initiating DNA repair. According to the type of
DNA damage, DNA damage checkpoints can be divided
into ataxia telangiectasia and Rad3-related (ATR) protein
or telangiectasia mutated (ATM) protein kinase phos-
phorylation and activate checkpoint kinase 1 (CHK1).
ATR proteins are responsible for sensing stress and
sending signals to the S and G2/M checkpoints to pro-
mote injury repair. ATM can activate checkpoint kinase 2
(CHK2), which in turn activates the tumor suppressor
gene tumor protein 53 (p53). Activated p53 can partici-
pate in many important signaling pathways that control
cell proliferation and death, including cell cycle regula-
tion, DNA repair, metabolism, senescence, autophagy,
and apoptosis [33,34]. For example, p53 can directly
regulate the expression levels of key kinases p21 and CDK
during cell cycle progression, leading to the inhibition of
cyclin E CDK2 complex and G1 blockade [35]. The p21
protein inhibits cyclin at the G1 checkpoint and affects
the cell’s transition from the G1 phase to the S phase.

The cell cycle regulation is closely related to the reg-
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ulation of cell signaling pathways [36]. In tumor cells,
signal pathways are involved in cell growth, proliferation,
differentiation, protein synthesis, glucose metabolism and
other activities. There are many pathways that regulate
the cell cycle, such as ATR-CHK1/ATM-CHK2, JAK-
STAT signaling pathway, p53 signaling pathway, NF-κB
signaling pathway, and PI3/AKT/mTOR signaling path-
way [35,37–39]. Cell cycle regulators or drugs affect the
expression of certain genes in these pathways or affect the
expression of proteins and kinases to block or promote
the normal progression of a certain cycle [40]. These
processes can be utilized to artificially control the fate of
tumor cells [41]. At the same time, some signaling
pathways are ROS (reactive oxygen species)-responsive,
and ROS, especially hydrogen peroxide, can act as the
second messenger of cell signals [42]. ROS can upregulate
the mRNA levels of cyclins that participate in the cell
cycle to expedite G1 to S phase transition [43]. Excessive
elevation of ROS levels in tumors can lead to tumor cell
cycle arrest, senescence or cell death (Fig. 2) [44].

The action mechanism of the commonly used
chemotherapeutic drugs
There are many types of chemotherapeutic drugs and
their mechanisms of action are not exactly the same.

According to the mechanism of action at the molecular
level, chemotherapeutic drugs can be divided into several
categories including alkylating agents, nucleotide re-
ductase inhibitors and anti-metabolites, antibiotics and
anti-tumor botanicals [45,46]. There are dozens or even
hundreds of drugs in each category that act on different
parts of tumor cells to inhibit or kill tumors. Common
ones include destroying cell structure or preventing DNA
replication, inhibiting enzyme or protein synthesis, de-
stroying cellular structural components, and inhibiting
tumor angiogenesis.

Some drugs such as alkylating agents, topoisomerase
(Topo) inhibitors, and replication inhibitors, can destroy
the structure of DNA or interfere with DNA replication.
Alkylating agents (including nitrogen mustard, ethylene-
imine, nitrosourea, methylxanthate, and epoxy com-
pounds) can produce intra-chain or inter-chain cross
links or transfer alkyl groups to guanine residues of DNA,
leading to the formation of DNA base mispairs and
preventing strand separation during DNA synthesis [47].
Although platinum drugs are also alkylating agents, they
do not interact with biological macromolecules, but form
a complex with the N7 position of guanine, thereby in-
hibiting DNA replication and transcription, and inducing
apoptosis [48]. Topo inhibitors, which are divided into

Figure 2 Generation, regulation and effects of cellular ROS. Reprinted with permission from Ref. [44]. Copyright 2010, Taylor & Francis.
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topoisomerase I inhibitors (e.g., topotecan (TPT) [49],
irinotecan [50], belotecan [51] and camptothecin (CPT)
[52]) and topoisomerase II inhibitors (e.g., etoposide,
teniposide), can inhibit the activity of Topo involved in
DNA replication and transcription, causing DNA single-
strand or double-strand breaks. In addition, many com-
mon drugs, such as doxorubicin (DOX), mitoxantrone,
coumarone, gemcitabine, mercaptopurine, CPT, PTX,
vinorelbine, CDDP, carbachol and quinone drugs, can
generate ROS and induce DNA damage to achieve anti-
cancer effects [53,54].

5-Fluorouracil (5-FU), deoxyfluorouridine, and peme-
trexed (PMX) can inhibit thymine synthase and induce
DNA damage [55–57]. Dihydrofolate reductase (DHFR)
catalyzes the regeneration of tetrahydrofolate by reducing
dihydrofolate. Tetrahydrofolate is a substance necessary
for the synthesis of purine and thymine as well as glycine,
methionine and serine. DHFR inhibition disrupts the
biosynthesis of purine and thymine, affects DNA re-
plication, and leads to cell death [58]. Methotrexate
(MTX), raltitrexed, PMX, and pralatrexate can be used as
DHFR inhibitors to affect DNA replication [59]. The
diterpenoid nagilactone E (NLE) inhibits the proliferation
of lung cancer cells by down-regulating cyclin B1-medi-
ated G2 cell cycle arrest [60]. Actinomycin D can be in-
serted into the DNA double helix to form a covalent
bond, destroy the DNA template function, hinder DNA
replication, transcription and translation and other
functions, and interfere with rRNA transcription and
protein synthesis [61]. L-asparaginase is an important
enzyme that can hydrolyze L-asparagine, a key raw ma-
terial for tumor protein synthesis, to L-aspartate, which
leads to the inhibition of tumor protein synthesis [62].

Some chemotherapeutic drugs can destroy cell struc-
tural components such as cell membranes, organelles, and
biological macromolecules. Note that targeting the cell
membrane also affects dormant cancer cells. Triphenyl-
phosphonium (TPP) is a delocalized cationic lipid that
can target mitochondria. Since the mitochondrial mem-
brane is highly negatively charged, TPP can easily accu-
mulate at and penetrate the mitochondrial membrane
[63]. A lot of evidences prove that anthracyclines can
quickly penetrate mitochondria and interact with multi-
ple molecular targets including the multienzyme complex
of electron transfer chain (ETC)/oxidative phosphoryla-
tion system (OXPHOS), mitochondrial DNA (mtDNA),
and mitochondrial permeability transition pore (MPTP).
Anthracycline-mediated mitochondrial damage leads to
energy metabolism disorders and induces apoptosis [64].
Ribosomes are organelles responsible for protein synth-

esis. Taking the ribosome as a target can not only inter-
fere with the cancer cell’s dependence on protein
synthesis, reduce the high turnover rate of oncogenic
protein levels (MYC, MCL1), but may also lead to
apoptosis [65]. Studies have shown that oxaliplatin, DOX,
mitoxantrone (DHAQ), and MTX can affect rRNA
transcription levels [66]. CPT, flavonol, and roscovitine
(ROSC) can act on the early rRNA processing while 5-
FU, MG-132, and homoharringtonine can act on late
rRNA processing and inhibit ribosome synthesis. The
blocking of rRNA transcription or early rRNA processing
steps leads to disintegration of nucleoli, while the block-
ing of late rRNA processing steps keeps nucleoli intact.
These drugs have good performance in targeting ribo-
somes and treating cancer [66]. The Golgi apparatus is
involved in the processing and secretion of intracellular
proteins. In tumor cells, all secreted proteins involved in
tumorigenesis and development are modified, trans-
ported and secreted by the Golgi apparatus [66]. Cel-
ecoxib (CLX) is a specific inhibitor of COX-2, which can
block the catalytic effect of COX-2 on promoting en-
dothelial cell (EC) migration, enhancing vascular per-
meability, and up-regulating the expression of MMP-9 or
VEGF [67]. CLX can inhibit the expression of Bcl-2
protein, interfere with the proliferation of tumor cells,
thereby changing the permeability of mitochondria and
promoting apoptosis [68]. Brefeldin A (BFA) is a signal
transfer inhibitor that acts on the Golgi apparatus. After
incubation, it collapses and merges into the endoplasmic
reticulum, affecting vesicle transport and inhibiting the
secretion of secreted proteins [69]. BFA can also increase
the endoplasmic reticulum stress level of cancer cells,
thereby inducing caspase-12 pathway-mediated apoptosis
[70].

The characteristics of the infinite proliferation of tu-
mors determine that the density of blood vessels around
tumor cells is higher than that of normal cells [71]. Tu-
mor cells secrete pro-angiogenic factors such as vascular
endothelial growth factor (VEGF) to promote angiogen-
esis [72]. Therefore, to place tumor cells in a dormant or
starvation state by inhibiting the secretion of angiogenic
factors or blocking the flow of blood in the blood vessels
is a promising treatment strategy for cancer [73]. PTX is a
member of the taxane family and exerts an anti-tumor
effect by targeting microtubules in cancer cells. Studies
have shown that PTX has anti-angiogenic effects and
induces tumor cell apoptosis [74]. Dihydroartemisinin
(DHA), as an anti-angiogenic drug, inhibits the expres-
sion of fatty acid synthase (FASN) and inhibits EC tube
production by inhibiting the STAT3 signaling pathway
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[75]. Bevacizumab is the first anti-angiogenic monoclonal
antibody approved by the FDA [76]. Other anti-angio-
genic drugs such as SUN, pazopanib, vandetanib, axitinib,
regorafenib, cabozantinib, and lenvatinib have been ap-
proved by the FDA for the treatment of various cancer
patients [77].

Combination strategies of chemotherapeutic drugs and cell
cycle regulation
The proliferation of cancer cells is uncontrolled and not
regulated by the negative feedback regulation. Compared
with normal cells, cancer cells differ in the factors and
proteins that regulate the cell cycle. From the action
mechanisms of the typical chemotherapeutic drugs
summarized above, it can be seen that although che-
motherapy is highly toxic to cells, cancer cells may acti-
vate various DNA repair mechanisms or rely on
checkpoints to repair DNA damage. The base damage
caused by the alkylating agent and ROS will produce base
mutations under the genotoxic stress during the cell re-
plication of DNA, resulting in the failure of the drug. Or
the cells may start to replicate the proteins needed to
initiate DNA replication, such as the replication factor
protein Cdt1, resulting in DNA to replicate again. DNA
damage caused by a single chemotherapeutic drug may

cause cells to acquire mutations or epigenetic modifica-
tion, resulting in drug resistance. CCSA mainly works on
cells during certain cell cycle. If the cells are artificially
gathered at a certain phase, tumor cells can be killed more
effectively by chemotherapeutic drugs. Therefore, using
cell cycle inhibitors to block cells for a certain period
during chemotherapy, the impact of drug resistance
would be reduced, and the efficacy would be improved
[78]. For example, Sun et al. [79] copolymerized car-
boxymethyl chitosan and diallyl disulfide to obtain na-
nogels, and further grafted valproic acid to give them the
ability to reactivate CDDP and promote early apoptosis
(Fig. 3). Subsequently, they used CDDP-resistant lung
cancer cells (A549/DDP) as a model and showed that the
system not only significantly increased intracellular ROS,
but also improved the capacity of CDDP in G2/M arrest
[79].

CCSA has limited effect on dormant cells. Generally,
solid tumors are not sensitive to chemotherapeutic drugs
because most tumor cells are at a low proliferation rate
and the treatment is usually unsatisfactory. Even residual
cancer cells can be the source of tumor recurrence and
metastasis. Therefore, by regulating the cell cycle and
driving dormant cells (G0 phase cells) back into the cell
cycle, it may improve the sensitivity of tumors to chemo-

Figure 3 The mechanism of CDDP-coated nanogels to activate CDDP intracellularly and enhance early apoptosis. Reprinted with permission from
Ref. [79]. Copyright 2020, Elsevier Ltd.
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therapeutic drugs. Based on this strategy, in addition to
suppressing the cell cycle, tumors can also be treated by
the combination of chemotherapy and cell cycle regula-
tion that drive the cell cycle. The principle is usually to
cancel the circulating checkpoints of tumor cells [80]. For
example, as shown in Fig. 4, Cong et al. [81] used de-
methylcantharidin (DMC) to inhibit protein phosphatase
2A (PP2A), thereby accelerating cell division to improve
the chemotherapy effect of CDDP.

To solve the problems of weak targeting, side effects,
and drug resistance of chemotherapeutic drugs in the
clinic, the strategies of combining cell cycle regulation

with chemotherapy would be promising. Co-delivery
systems make it possible to combine cell cycle regulatory
agents and chemotherapeutic drugs [82–84].

ADVANCES OF COMBINATION
STRATEGIES FOR CANCER THERAPY
Combination of chemotherapeutic agents affecting me-
chanisms regulating the same cell cycle phase should
improve cytostatic and even cytotoxic efficacy of cancer
treatments, but may not lead to higher specificity due to
the similarity between normal and cancer cell prolifera-
tion. In the past few decades, various drug delivery sys-

Figure 4 The construction and mechanism of dual drug backboned shattering polymeric theranostic nanomedicine (DDBSP). (a) The structure of
Pt(IV)-1, and the synthesis and decomposition of DDBSP. (b) Illustration of establishment of patient-derived lung cancer (PDLC) model and Pt-based
drug-mediated computer tomography (DMCT) after intravenous injection with DD-NP. (c) The dual mechanism of DDNSP in cancer cells.
Reprinted with permission from Ref. [81]. Copyright 2018, Wiley-VCH.
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tems have been proposed to extend the half-life of drugs,
increase drug targeting, improve drug bioavailability, and
reduce adverse reactions of chemotherapy drugs [16].
Many effective drug delivery vectors, such as liposomes
[85], polymer NPs [86], micelles [87], exosomes [88],
hydrogels [89], polymersomes [90], and drug-polymer
conjugates [91], have been proposed to ensure that two or
more drugs are delivered to the tumor site at the same
time (Fig. 5) [92]. These nanocarriers are colloidal sys-
tems in the nanoscale size range and capable of loading
small molecules as well as macromolecule drugs. Sy-
nergistic actions with decreased side effects are a main
goal of co-delivery systems. The application of nano-
carriers can prevent the degradation of drugs during long
circulation, reduce side effects, increase drug payload,
control drug release, improve drug solubility, and in-
crease drug delivery by incorporating targeting ligands
[93]. Co-delivery of cell cycle regulators and chemo-
therapeutics to the tumor site using drug carriers can play
a synergistic effect and can greatly increase the tumor
killing rate. At present, a large number of studies have
used carriers to co-deliver cell cycle regulators and che-
motherapeutic drugs [94–96]. Here, we mainly summar-
ize the recent examples of co-delivery of cell cycle
regulators and chemotherapy drugs from the perspective
of drug carriers.

Co-delivery of chemotherapeutic drugs and cell cycle
inhibitors

Liposomes
Liposomes encapsulate hydrophilic and hydrophobic
drugs in their unique structure [97]. Drug-loaded lipo-

somes have displayed the characteristics of enhanced
accumulation in cancer tissues and prolonged circulation
in blood [98]. In clinical applications, liposomal drugs
with a particle size of less than 200 nm have been proven
to be most useful for their ability to passively accumulate
at sites of increased vasculature permeability and for their
ability to reduce the side effects of the encapsulated drugs
relative to free drugs [99]. Liposomes have been widely
used to combine anticancer drugs of different therapeutic
classes [100]. Studies have shown that functional vin-
cristine plus dasatinib liposomes can induce the cell cycle
arrest at the G2/M phase, inducing apoptosis, inhibit
adhesion, migration, and invasion of breast cancer cells
[101]. The immune cycle checkpoint inhibitors namely
programmed cell death protein-1 (PD-1) and its ligand
PD-L1 interact to protect tissues from the host immune
defense system. The co-delivery of siRNA-PD-L1 (siPD-
L1) and imatinib (IMT) in liposomal NPs can synergis-
tically knock down PD-L1, suppress the mTOR signaling
pathway, restore the immunity of cytotoxic T lympho-
cytes (CTLs) and enhance anticancer efficacy in mela-
noma [102]. PLK-1 is a key player in the eukaryotic cell
cycle and actively regulates the G2/M transition [103].
Studies have shown that the reduction of PLk-1 expres-
sion mediated by siRNA (siPLK1) leads to inhibition of
G2/M phase of the cell cycle [104]. Using cationic lipo-
somes to co-deliver the anticancer drug PTX and siPLK1
to the tumor cell can exert the synergistic effect of the two
drugs and significantly improve the cytotoxicity of breast
cancer [105]. The combination of all-trans retinoic acid
stealth liposomes and the cytotoxic vinorelbine stealth
liposomes was developed for preventing the relapse of
breast cancer and for treating the cancer. The mechan-

Figure 5 Several commonly used nanocarriers for cancer treatment. Reprinted with permission from Ref. [92]. Copyright 2016, Springer Science
Business Media New York.
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isms of action were defined in two aspects: blocking
breast cancer stem cells in the G0/G1 phase of mitosis,
and inducing the differentiation of breast cancer stem
cells [106]. The co-loading of resveratrol and DOX in
liposomes has a good synergistic effect on the treatment
of solid tumors. The evaluation of molecular pathways
showed that the drug delivery systems for drug combi-
nations can induce apoptosis by controlling the cell cycle
and downstream inducing apoptosis proteins like cas-
pase-3 and PARP [107]. Using folate receptor-targeted
liposomes to carry celastrol and irinotecan for breast
cancer therapy can significantly improve the targeted
release of drugs to cancer cells (Fig. 6). This system can
block the cell cycle in G2 and M phases, and significantly
improve the sensitivity of cells to drugs and the ther-
apeutic effect [108].

Organic/inorganic NPs
The organic NPs mentioned here are mainly polymer
NPs, which are the most common drug carriers [109].
The advantages of polymer NPs are their high stability
and mass production [110]. Owing to the modification of

the polymer surface and the enhanced permeability and
retention effect on tumors, polymeric NPs can actively or
passively target and penetrate tissues, greatly improving
the efficiency of drug delivery [111,112]. Co-delivering
chemotherapeutics and chemosensitizers within poly-
meric NP carriers is a good choice. The stealth nano-
carrier modified by methoxy polyethylene glycol (mPEG)
synergistically delivers MTX and PMX to prepare NPs
with controllable particle size and good sustained release
in vitro (Fig. 7). The dual drug-loaded nano-delivery
system can inhibit DNA replication and block lung can-
cer cells in S phase, thereby inhibiting cell proliferation
and promoting cell apoptosis [113]. Poly(lactic-co-gly-
colic acid) (PLGA)-based materials are frequently used in
combination therapy of tumors [114]. Co-delivery of
berberine and adriamycin via PLGA NPs using a con-
jugation/encapsulation strategy has been shown to exert a
synergistic effect of the two drugs [115]. This method can
significantly change the mitochondrial potential thus
proving their mode of cell death via mitochondrial de-
pendent pathway besides causing cell cycle arrest at G1
phase. Folate-polyethylene glycol-appended dendrimer

Figure 6 Schematic illustration of the preparation of folate receptor-targeted liposomes containing the combined drugs, celastrol and irinotecan, for
breast cancer therapy. Reprinted with permission from Ref. [108]. Copyright 2018, Elsevier B.V.
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conjugate with glucuronylglucosyl-β-cyclodextrin (Fol-
PEG-GUG-β-CDE) has the potential as a tumor-selective
co-delivery carrier for siPLK1 and DOX. The ternary
complex has a significant blocking effect on the cell cycle,
and has shown potent anti-tumor activity in vivo without
causing serious adverse effects [116].

Inorganic NPs are also commonly used drug co-deliv-
ery carriers. For example, a ratiometrically designed
mesoporous silica nanoformulation utilizing remote
loading to co-encapsulate CDK4/6 inhibitor palbociclib
(PAL) and an autophagy inhibitor hydroxychloroquine
(HCQ) has been demonstrated to have synergistic effects
(Fig. 8a). This program significantly improves the deliv-
ery efficiency of the drug, blocks the cell G1 phase, and
has a significant anti-tumor effect (Fig. 8b–d) [117].
Mesoporous silica nanocapsules (MSNCs) with a hollow
mesoporous structure were proposed for co-loading of T-
type Ca2+ channel siRNA and DOX with high drug
loading efficiency. It was demonstrated that co-loading of
siRNA and DOX into the MSNCs had a synergistic
therapeutic effect, which can reduce the intracellular Ca2+

concentration, block the G0/G1 phase, increase the in-
tracellular drug concentration, and effectively overcome
the MDR of breast cancer [118]. Similarly, photo-

luminescent graphene quantum dots-encapsulated me-
soporous NPs (GND@MSNs) with encapsulated DOX
and cyclosporin (CsA) can induce DNA damage and
block the cell cycle, opening up a new way to solve the
complexity of lung cancer treatment [119]. Du et al. [120]
developed a multifunctional mesoporous silica NP
(MSNsGOx/PLL/HA) coated with poly(L-lysine) (PLL)
and hyaluronic acid (HA) for co-delivery of glucose
oxidase (GOx) and anticancer drug PTX. These NPs can
effectively decompose glucose inside the tumor, produce
toxic H2O2, inhibit the G2/M phase, and further block
energy supply. At the same time, the chemotherapeutic
drug further exerts its pro-apoptotic effect to achieve
synergistic treatment.

Polymeric micelles
The polymer micelle (PM) is composed of an inner hy-
drophobic core and an outer hydrophilic shell, so it can
encapsulate hydrophobic drugs and isolate drugs from
the external medium [121]. The use of a multifunctional
drug co-delivery system with PMs as a carrier can in-
crease the drug loading rate, reduce side effects, improve
the efficacy of chemotherapy, and overcome MDR [119].
For example, redox-sensitive prodrug of epalrestat (EPR)

Figure 7 Schematic illustration for co-delivery processing of MTX/PMX-coloaded PCNPS in target tumor cells by active targeting. Reprinted with
permission from Ref. [113]. Copyright 2018, Taylor & Francis.
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combined with tocopherol PEG succinate self-assembled
into micellar prodrug (EPR-SS-TPPGS). This system was
loaded with DOX at the same time to realize the co-
delivery of the two drugs and to achieve synergistic
chemotherapeutic efficacy. Experimental results proved
that EPR significantly enhanced the sensitivity of DOX,
and induced apoptosis by inducing mitochondrial mem-
brane depolarization and cell cycle arrest (Fig. 9) [122].
Chen et al. [123] designed Pluronic P105 DOX conjugate
as a hydrophobic core to entrap another anticancer drug
PTX with Pluronic F127 to form the dual drug-loaded
mixed micelles (PF-DP). Co-delivery of hydrophilic DOX
and hydrophobic PTX can achieve the synergistic effect of
the two drugs, which is more effective in blocking the cell
cycle and inducing cell apoptosis than single drug. 6-
Mercaptopurine (MP) is a purine antimetabolic prodrug.
By coupling hydrophobic MP and thio-HA, a dual-sen-
sitive polymeric drug conjugate (HA-SS-MP) was syn-
thesized, which can be used as a carrier for DOX. The
results showed that DOX-loaded HA-SS-MP blocked the
parental HCT116 colon cancer cells in S phase, while cell
block was observed in G0/G1 phase in HCT116-CSCs
[124]. Han et al. [125] prepared DOX and rhubarb (RHE)
co-loaded PMs (nano-DOX/RHE) to achieve the co-

transmission of DOX and RHE and reduce the drug re-
sistance of ovarian cancer cells. Nano-DOX/RHE in-
hibited the proliferation of ovarian cancer cells and
induced apoptosis by inducing cell cycle arrest. mPEG-b-
oligo(ε-caprolactone) micelles with co-encapsulated
quercetin (QCT) and superparamagnetic iron oxide NPs
(SPIONs) were developed for the treatment of liver can-
cer. Among them, SPION-loaded polymeric micelles can
increase the sensitivity of magnetic resonance imaging
(MRI) and improve the biocompatibility. QCT-SPION-
loaded micelles can block the cell cycle in G0/G1 phase,
which is effective in tumor detection and treatment [126].

Hydrogels
Hydrogels are hydrophilic polymer networks that can
absorb huge volumes of water and can undergo swelling
and shrinkage. This feature promotes hydrogels to con-
trol drug release, making them a widely used drug carrier
in recent years [127]. Hydrogels can be stimulated by
external environment such as heat, pH, light and ultra-
sound, which enables in-situ gelation and controlled drug
release, greatly improving the convenience and efficiency
of drug delivery [128]. Both natural and synthetic hy-
drophilic polymers can form hydrogels through physical

Figure 8 (a) Schemes depicting the structure of lipid-coated MSNP nanocarrier and the mechanism for simultaneous remote loading of PAL and
HCQ using a trapping agent. (b) Cell cycle analysis using flow cytometry (triplicate). (c) PAL/HCQ content at the tumor site. (d) Efficacy study in
subcutaneous PANC-1 xenograft model. Reprinted with permission from Ref. [117]. Copyright 2020, the Authors.
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or chemical crosslinking. There have been many studies
on hydrogels for co-delivery of chemotherapeutics and
cell cycle regulators. Lv et al. [129] established a chemo-
immunotherapy system of DOX, interleukin-2 (IL-2) and
interferon-γ (IFN-γ) based on poly(γ-ethyl-L-glutamate)-
PEG-poly(γ-ethyl-L-glutamate) (PELG-PEG-PELG) hy-
drogel for local treatment of melanoma xenograft. DOX/
IL-2/IFN-γ co-loaded hydrogel can enhance the anti-tu-
mor effect by increasing the apoptosis rate and G2/S cycle
block. The self-assembling peptide hydrogel synergisti-
cally delivers DOX and CUR, and has a good curative
effect on head and neck cancer cells, and it can control
the release rate of the drug based on its aqueous solubi-
lity. Studies have confirmed that the drug-loaded hy-
drogel can enhance the apoptosis response, interfere with
the cell cycle process, and significantly change the ex-
pression profile of apoptosis/anti-apoptosis genes [130].
Wu et al. [131] prepared an in-situ thermosensitive hy-
drogel based on PEG and PEG-b-PELG for the co-de-
livery of interleukin-15 (IL-15) and CDDP to jointly
improve the anti-tumor effect on melanoma (Fig. 10a).
IL15 and CDDP co-loaded hydrogels can show a sy-
nergistic therapeutic effect by regulating the immune
function and inducing cell cycle arrest. In addition, they
used the Schiff base reaction to prepare in situ hydrogels
to co-deliver ME and 5-FU [132]. In vitro degradation

and drug release studies demonstrated that this hydrogel
could release ME and 5-FU in response to pH, and had a
synergistic inhibitory effect on colon cancer cell cycle
progression and cell proliferation (Fig. 10b). Ma et al.
[133] developed a biodegradable thermosensitive hydro-
gel PELG-PEG-PELG to co-deliver PLK1shRNA and
DOX for the synergistic treatment of osteosarcoma. This
system showed a significant synergistic effect on tumor
cell toxicity, PLK1 silencing efficiency, cell apoptosis and
cell cycle arrest in vitro.

Other drug delivery systems
Other drug carriers such as exosomes and polymersomes
also have applications in the co-delivery of chemo-
therapeutic drugs and cell cycle regulators. Exosomes are
small (<150 nm) extracellular vesicles that contain genetic
material, proteins, and lipids [88]. Exosomes have natural
material transportation properties, intrinsic long-term
circulatory capability, and excellent biocompatibility,
making them have great potential to be drug delivery
vehicles [134]. Appropriate modification of exosomes can
improve the stability and efficacy of imaging probes and
therapeutics while enhancing cellular uptake, which are
promising for use as vectors for clinical application [135].
Liang et al. [136] used engineered exosomes to simulta-
neously deliver the anticancer drug 5-FU and miR-21

Figure 9 Schematic illustration of vitamin B6 transporting membrane carrier (VTC) receptor-mediated intracellular uptake of DOX-loaded EPRSS-
TPGS-B6 micelles and redox-responsive drug release. Inset shows the synthetic scheme of (a) EPR-SSTPGS and (b) TPGS-B6 conjugates. Reprinted
with permission from Ref. [122]. Copyright 2019, Royal Society of Chemistry.
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inhibitor oligonucleotide (miR-21i) to Her2-expressing
cancer cells (Fig. 11). The results showed that the 5-FU
and miR-21i co-delivery system based on the engineered
exosome can effectively facilitate cellular uptake and
significantly down-regulate the expression of miR-21 in
5-FU resistant cells, ultimately leading to cell cycle arrest,
tumor proliferation decrease, and increase apoptosis.

A measure of carrier performance is to improve the
bioavailability of anticancer drugs and reduce the toxicity
to the body. Polymersomes just meet this requirement.
Polymersome-based therapeutic drug delivery strategies
have shown remarkable potential in the therapy of cancer
due to their physical and chemical robustness, high drug
loading capability, high colloidal stability, significant
biocompatibility, and their ability to encapsulate both
hydrophilic and hydrophobic molecules [137]. Qin et al.

[138] constructed a folate-decorated PCL-ss-PEG-ss-
PCL-based redox-responsive polymersome (FA-TQR-Co-
PS) and simultaneously loaded with the P-gp inhibitor
tariquidar (TQR) and the anticancer drug DOX as well as
PTX. After folate-mediated endocytosis, the chemo-
sensitizer TQR was slowly released to interdict the P-gp
efflux activity. At the same time, PTX and DOX were
released into the cytoplasm to respond to GSH and play a
synergistic effect (Fig. 12). In addition, TQR significantly
enhanced the cytotoxic and pro-apoptotic activities of
DOX and PTX on MCF-7/ADR, and the cell cycle was
deeply blocked in G2/M phase. This nano-system pro-
vides a powerful platform for multi-drug delivery and
overcoming drug resistance. Table 1 briefly summarizes
examples of various nanocarriers co-delivering chemo-
therapeutic drugs and cell cycle inhibitors.

Figure 10 (a) Schematic representation of the mechanism for synergistic antitumor effects of localized co-administration of IL-15 and CDDP
released from the mPEG-b-PELG hydrogels. Reprinted with permission from Ref. [131]. Copyright 2017, Elsevier B.V. (b) The schematic illustration
of synergistic antitumor effects of combination treatment of ME and 5FU released from the PFA/PPLL hydrogels. Reprinted with permission from
Ref. [132]. Copyright 2015, Elsevier Ltd.

Figure 11 Engineered exosome-based nanocarrier for simultaneous delivery of 5-FU and miR-21i to HCT-1165FR human colon cancer cells for
enhancing chemotherapy efficacy. Reprinted with permission from Ref. [136]. Copyright 2020, The Author(s).
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Table 1 The summary of co-delivery systems of chemotherapeutic drugs and cell cycle inhibitors

Nanocarrier type Chemotherapeutic drug Cell cycle inhibitors Targeted cell cycle Therapeutic use Ref.

Liposomes

Dasatinib Vincristine G2/M Lung metastasis of
breast cancer [101]

Paclitaxel siPLK1 G2/M Breast cancer [105]

Vinorelbine All-trans retinoic acid G0/G1 Breast cancer [106]

Doxorubicin Resveratrol G2/M Head and neck cancer [107]

Irinotecan Celastrol G2/M Breast cancer [108]

Polymeric nanoparticles

Methotrexate Pemetrexed S Lung cancer [113]

Doxorubicin Berberine G1, G2/M Breast cancer [115]

Doxorubicin
Folate-polyethylene, glu-
curonylglucosyl-β-cyclo-

dextrin
G2/M Oral squamous cell

carcinoma [116]

Mesoporous silica
nanoparticles

Hydroxychloroquine Palbociclib G1 Pancreatic cancer [117]

Doxorubicin T-type Ca2+ channel
siRNA G0/G1 Breast cancer [118]

Paclitaxel Glucose oxidase G2/M Liver cancer [120]

Polymeric micelles

Doxorubicin Epalrestat G2/M Breast cancer [122]

Doxorubicin 6-Mercaptopurine S, G0/G1 Colon cancer [124]

Doxorubicin Rhubarb G0/G1 Ovarian cancer [125]

Superparamagnetic iron
oxide nanoparticles Quercetin G0/G1 Liver cancer [126]

Hydrogels

Doxorubicin Interferon-γ,
interleukin-2 G1/S Melanoma xenograft [129]

Cisplatin Interleukin-15 G1/S Melanoma [131]

5-Fluorouracil Metformin G1 Colon carcinoma [132]

Doxorubicin Plk1shRNA G2/M Osteosarcoma [133]

Figure 12 Illustration of folate-targeted redox-responsive polymersome for co-delivery of chemotherapeutic drugs and tariquidar (FA-TQR-Co-PS)
to achieve tumor targeting and redox-responsive drug release, exerting MDR reversal effects. Reprinted with permission from Ref. [138]. Copyright
2018, American Scientific Publishers.

REVIEW . . . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials

1840 August 2021 | Vol. 64 No.8© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021



Combination of chemotherapeutic drugs and agents
promoting cell cycle
Promoting cell cycle progression is not in the literal sense,
but is forcing the cycle progression of cancer cells that are
in a low metabolic state or whose DNA is damaged. For
example, the reduction of hormone chemotherapy will
induce the G0/G1 blockade of the tumor, thereby pro-
ducing chemotherapy resistance [139]. In this situation,
promoting cell cycle progression can increase the sensi-
tivity of cancer cells to chemotherapeutic drugs. For ex-
ample, gonadal hormone, growth hormone, thyroid
hormone, and insulin can increase the proportion of tu-
mor cells in S phase and play a role in chemosensitizing
of the tumor (Fig. 13) [140,141]. In the in vivo experiment
using a mouse model, the survival time of mice injected
with growth hormone and carboplatin was significantly
longer than that of mice injected with growth hormone
and carboplatin alone as well as somatostatin plus car-
boplatin [142]. Insulin can markedly increase the cell
population of the S phase, while it can decrease the cell
number of the G0/G1 phase in Eca 109 and Ls-174-t cells
[143]. Compared with 5-FU, insulin/5-FU treatment can
enhance tumor cell apoptosis and change the level of TS
and TS ternary complex. Triiodothyronine (T3) can en-
hance the chemical sensitivity of MCF-7 to 5-Fu and
TAX, as well as advance cells from G0-G1 phase to S

phase, which may provide a new adjuvant therapy for
future treatment of breast cancer, especially for breast
cancer with hypothyroidism during chemotherapy [141].

On the other hand, when intracellular DNA is da-
maged, ATM and ATR are activated, starting checkpoint
control and stopping cell cycle progression to coordinate
repair of DNA damage [144]. When the activity of CHK1
or CHK2 is inhibited, the cell cycle checkpoint is abol-
ished, expediting the cell cycle progression of unrepaired
DNA damage, promoting the activation of the apoptosis
pathway, and making the cell prone to apoptosis. The use
of checkpoint kinase inhibitors in combination with
DNA-damaging chemotherapeutic drugs can enhance
tumor killing rates and eliminate cell cycle-mediated re-
sistance to chemotherapeutic drugs. UCN-01, adavo-
sertib, SRA737, XL-844, and GDC-0575 are all checkpoint
kinase inhibitors, which have been studied in combina-
tion with chemotherapy drugs [145–149]. The develop-
ment of specific carriers to co-deliver cell cycle
checkpoint inhibitors and chemotherapeutic drugs can
greatly improve the efficiency of drug delivery and reduce
the toxic side effects of drugs on the body. For example,
DMC, as a PP2A inhibitor, enhances the antitumor ac-
tivity with DNA damaging agents by specifically inhibit-
ing PP2A, without evident acute or chronic toxicity [81].
Studies have shown that DMC and platinum drugs have a

Figure 13 Possible mechanism of choriocarcinoma chemotherapy and chemosensitization role of thyroid hormone in breast cancer. Reprinted with
permission from Ref. [141]. Copyright 2013, Huang et al.; licensee BioMed Central Ltd.
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good synergistic effect [150]. It can accelerate cells from
G1 to S phase, block cells in G2/M phase, and lead to
apoptosis [151]. There are many experimental protocols
for co-delivery of DMC and platinum drugs. Cong et al.
[81] synthesized DMC and CDDP in a 2:1 ratio, and used
ethylenediamine to connect the two prodrugs to achieve
precise delivery of the two drugs. Wang et al. [152]
combined DMC with oxaliplatin and coupled it with the
amphiphilic biodegradable copolymer mPEG-b-P(LA-
coMCC/OH) to form a conjugated polymer to achieve the
coordinated release of the two drugs (Fig. 14). Similarly,
Zhou et al. [153] connected DMC and CDDP in series
and then coupled with mPEG-b-P(LA-coMCC/OH) by a
N,N-dicyclohexylcarbodiimide (DCC)/N-hydroxybenzo-
trizole (HOBt) method to form a polymer-(tandem
drugs) conjugate (polymer-Z-DMC-CIS). In addition, the
study by Fan et al. [154] demonstrated that shRNA-in-
duced CHK1 silencing can override G2/M arrest and
impair homologous recombination (HR) repair by redu-
cing breast cancer susceptibility gene 1 (BRCA1) ex-

pression. Studies have shown that CCT245737, an orally
bioavailable CHK1 inhibitor, can significantly enhance
the sensitivity of cells to etoposide. This combined
method has a strong synergistic anti-cancer effect in the
treatment of chronic myeloid leukemia (CML). Sanij et al.
[155] found that the RNA polymerase I transcription
inhibitor CX-5461 and PARP inhibitors (PARPi) can
synergistically exacerbate replication stress, aggravate
DNA damage and enhance synthetic lethal interactions of
PARPi with HR deficiency in the treatment of high-grade
serous ovarian cancer (HGSOC).

CONCLUSIONS AND PERSPECTIVES
The combination of chemotherapeutic drugs is the main
method of clinical response to chemoresistance in recent
years, but there are still many problems such as side ef-
fects and poor efficacy. The emergence of drug delivery
systems appropriately solves these problems. The co-de-
livery carrier is a bridge to achieve effective coordination
of multiple drugs. Synergistic effects and reduced side

Figure 14 (a) Synthesis of complex 2 (Z-DMC-OXA). (b) Preparation of polymer-Z-DMCOXA conjugate and micelles. (c) Dual action modes upon
cancer cells of polymer-Z-DMCOXA conjugate. Reprinted with permission from Ref. [152]. Copyright 2014, WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.
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effects are expected from the use of co-delivery systems
[93]. The occurrence, development, and metastasis of
tumors are closely related to the cell cycle. The cell cycle
is regulated by a variety of factors, and these factors are
mutually associated and constrained. Most chemo-
therapeutic drugs affect cells in the replication cycle.
Therefore, the cell cycle regulator combined with chemo-
therapeutic drugs is an anticancer strategy with huge
application potential. These regulatory factors can reg-
ulate the cell cycle, block cells in a certain cycle, or pro-
mote cell cycle progression. Cell cycle regulators
combined with chemotherapeutic drugs can increase the
sensitivity of cancer cells to chemotherapeutic drugs, re-
duce the resistance of cells to chemotherapeutic drugs,
and improve the treatment efficiency. The regulatory
factors that promote cell cycle progression are mainly
acting on cancer cells in the G0 phase, which can promote
their entry into the cell cycle, make them sensitive to
CCSA drugs, increase the tumor killing ratio, and further
inhibit the recurrence of cancer. On the other hand, while
the cell cycle checkpoint is abolished, the cells damaged
by chemotherapeutic drugs are too late to repair the da-
mage and enter the next cell cycle, thereby inducing
apoptosis.

Most of the current research is focused on inhibiting or
blocking cell cycle progression. There is insufficient re-
search on the combination of cell cycle regulators and
chemotherapeutic drugs, especially the factors that can
promote the progress of the cell cycle. The current clinical
treatment of solid tumors is mostly operated by using
radiation or surgery to shrink or remove the tumor firstly,
and the remaining cancer cells are cleared by chemo-
therapy. There is the possibility that the dormant cells
inside the tumor are stimulated by surgery or radio-
therapy to re-enter the replication phase, which can be
effectively killed further by cell cycle-specific chemo-
therapy drugs [156]. Using chemotherapy in combination
with cell cycle regulation strategies to achieve a clinically
similar effect on tumors in a reasonable implementation
method would avoid the side effects and pain associated
with radiation therapy and surgery. Note that the dosage
of cell cycle regulation agents should be precise and well-
controlled.

At present, some malignant tumors are difficult to
eradicate in clinical practice, and these residual cancer
cells have stronger invasive ability and are easier to me-
tastasize and relapse. Some cancer cells that evade se-
nescence may gain stemness capacity through genetic
reprogramming, thereby having stronger replication and
invasion capabilities [157]. In fact, regulating the cell

cycle to treat tumors does not necessarily mean annihi-
lating all tumor cells. Tumor dormancy therapy has been
proposed in academia [158]. It may be a good choice to
stabilize G0 cells or induce cells to enter the dormant
phase during cancer therapy. The concept is aimed at
stabilizing the condition of cancer patients and enabling
them to live with the dormant tumor, just like treating
diabetes. Excruciating pain and side effects would be al-
leviated.

There are currently a large number of articles studying
how to overcome various barriers by using co-delivery
systems to deliver drugs with ideal efficiency [159,160].
Precise drug loading and controlled release of drugs tar-
geting the complex microenvironment of tumors are the
research directions of co-delivery systems. By utilizing
nanotechnology, precise and efficient collaborative treat-
ment of the chemotherapy and cell cycle regulation
strategy would be achieved. This has significant implica-
tions for the design of drug delivery system and tumor
treatment strategies.
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细胞周期调控与化疗共给药策略在癌症治疗中的
应用
孙莹1†, 胡浩1†, 荆晓东1, 孟庆业1, 于冰1,2, 丛海林1,2*, 申有青1,3

摘要 联合化疗是临床上用于克服肿瘤多药耐药性、提高肿瘤治
疗效果的常用策略. 然而在临床上, 传统的联合用药仍存在诸多缺
陷, 如不可避免的副作用. 纳米技术的应用和多药共同递送体系的
提出使联合治疗的治疗效果得以显著提升. 肿瘤的发生、发展和
转移与细胞周期密切相关. 因此, 在化疗过程中配合使用细胞周期
调节剂可以增强肿瘤细胞对化疗药物的敏感性. 本综述首先简要
介绍了细胞周期对肿瘤发生和发展的影响, 然后详细讨论了目前
通过多药共同递送体系结合化疗药物和细胞周期调节剂的一系列
策略. 最后, 我们总结概述了通过调控细胞周期进行肿瘤治疗的挑
战和前景.
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