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Abstract: Conventional cancer chemotherapy presents notable drug side effects due to non-selective
action of the chemotherapeutics to normal cells. Nanoparticles decorated with receptor-specific
ligands on the surface have shown an important role in improving site-selective binding, retention,
and drug delivery to the cancer cells. This review summarizes the recent reported achievements
using nanostructured coordination polymers (NCPs) with active targeting properties for cancer
treatment in vitro and in vivo. Despite the controversy surrounding the effectivity of active targeting
nanoparticles, several studies suggest that active targeting nanoparticles notably increase the selectivity
and the cytotoxic effect in tumoral cells over the conventional anticancer drugs and non-targeted
nanoparticle platform, which enhances drug efficacy and safety. In most cases, the nanocarriers have
been endowed with remarkable capabilities such as stimuli-responsive properties, targeting abilities,
or the possibility to be monitored by imaging techniques. Unfortunately, the lack of preclinical studies
impedes the evaluation of these unique and promising findings for the translation of NCPs into
clinical trials.

Keywords: coordination polymers; nanomedicine; cancer therapy; drug delivery; EPR (Enhanced
Permeability and Retention effect); tumor-targeting

1. Introduction

Nanostructured Coordination Polymers (NCPs) represent a versatile class of nanomaterials based
on the coordination of structural and functional organic ligands with metal ion nodes. The rich
chemistry and infinite combination of different binomial metal-ligand units make these hybrid
materials a fascinating class of nanomaterials with interesting applications. The self-assembly of
NCPs with well-defined compositions and homogeneous sizes is a challenging area of growing
interest. The chemical flexibility of these materials allows for systematically controlling and tuning
their physicochemical properties and endowing them with interesting optical, magnetic, electronic,
and catalytic properties [1,2]. The nanostructure of the coordination polymers has represented an
opportunity to develop a unique class of highly tailorable functional materials. The nanometer size
improves colloidal dispersion and increases the surface area, which allows a fine-tuning of the materials’
physicochemical properties [3].

Traditionally, the term NCPs has been used for amorphous nanoparticles and the crystalline
and porous counterpart have been named as nanostructured metal-organic frameworks (NMOFs) [4].
Even though the crystalline nature of NMOFs facilitates the analysis of drug encapsulation,
loading capacity and release studies are crucial for applications such as nanomedicine [5,6], NCPs
represents an interesting alternative to NMOFs since, in recent years, several simple and reproducible
synthetic methods for obtaining nano-constructs with high encapsulation capabilities as well as
excellent colloidal and chemical stabilities were developed. Most of the NCPs were synthesized
using fast precipitation methods by mixing metal ions and organic ligands in the presence of a poor
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solvent [7]. Since the seminal research works of Mirkin [8] and Wang [9] published in 2005, the number
of publications related to NCPs have grown exponentially. This growth shows different applications
of these versatile materials such as a heterogeneous catalyst [10–12], spin-crossover devices [13,14],
(bio)sensors [15–17], or gas absorption systems [18,19] among others.

The special features and capabilities of NCPs have positioned them to be used in medical
applications. These nanomaterials have special ability to integrate by physical encapsulation or chemical
entrapment of a wide range of active species [20]. As a general trend, NCPs have shown controlled
release properties of active principles such as organic dyes, drugs, or inorganic nanoparticles [21].
The principal advantage of these nano-systems lies in their chemical flexibility, which allows designing
ligands susceptible to be cleaved under physiological conditions or in response of a specific external
stimulus [22].

2. NCPs for Cancer Treatment

The use of nanoparticles in cancer treatment has reduced the systemic toxicities and improved
the pharmacokinetics of anticancer drugs through passive or selective targeting to tumors with the
subsequent local delivery of the therapeutic agents. The fine tune of nanoparticles sizes, surface
passivation, and surface coating with specific targeting molecules for the detection of tumoral cells
have increased the anticancer action of well know anticancer drugs and the design of new nanodrugs.
The ability of most of the nanoparticles to passively target tumors taking advantage of the leaky
vasculatures in the tumoral area through the enhanced permeability and retention (EPR) effect,
or the interaction of targeting molecules with specific receptors in the membrane of tumor cells
(active targeting) has allowed increasing the therapeutic effect of the drugs by minimizing systemic
toxicity or other side effects. Moreover, the ability of some nanoparticles to include different drugs in
the same nano-construct with the possibility to modulate the release profiles can induce or maximize
drugs′ synergistic effect.

An extensive number of publications and review articles have shown the progress in improving
drug delivery pharmacokinetics and altering the drugs′ biodistribution by preferentially accumulating
the nanoparticles in diseased tissues. The principal efforts have been focused on finding new strategies
for incorporating different drugs into the coordination polymer matrix by controlling the drug release
profiles and providing multifunctionality to the nano-formulation. The potential multifunctionality
of these nano-systems and their chemical flexibility open new possibilities for their use as smart
drug delivery systems, bioimaging probes, or a combination of both (theranostic applications).
The increasing number of in vitro and in vivo studies concerning the use of NCPs for therapy and
diagnosis in cancer treatment helps to understand their mechanism of action and their interaction with
biological environments. As a result of these studies, a series of limitations and challenges have been
highlighted as critical points for the clinical translation.

Like many nanoparticles used in nanomedicine for cancer treatment, NCPs have the advantage of
targeting cancer by simply being accumulated and entrapped in tumors by the EPR effect (passive
targeting), which was caused by leaky angiogenetic vessels and poor lymphatic drainage [23].
Some studies have determined that the EPR effect is highly heterogeneous, which changes over
time during tumor development and varies between mouse models and patients among tumor
types [24]. Therefore, the treatment effectivity cannot be anticipated on the basis of preclinical studies.
However, even if the overall median accumulation on nanoparticles in tumors is around a 0.7%
injected dose, it seems sufficient and normally much higher than standard cytostatic compounds [25].
The use of Polyethyleneglycol (PEG) for coating the nanoparticles will protect the nanoparticles from
the Reticulo-Endothelial System (RES). However, it seems to prevent cell uptake and the required
intracellular drug release [26]. Additionally, the grafting of bio-recognition molecules onto the
nanoparticles can induce the active targeting and increase specific cell uptake (Figure 1). Recognition
of these ligands by cell surface receptors leads to receptor-mediated endocytosis. Several materials
have been suggested for this purpose such as different polymers, folic acid, antibodies, aptamers,
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peptides, antibodies, or polysaccharides [27]. These ligands have been attached to the NCPs′ surface
in a covalent or non-covalent manner and used with or without a targeting molecule.
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Figure 1. Schematic representation of passive and active targeting approaches. The figure is reproduced
from Reference [27] with the permission from Hindawi.

There are several examples of successful cancer diagnostic and therapeutic nanoparticles, and many
of them have rapidly moved to clinical trials [28]. Therefore, there is still room for optimization
for NCPs in the area of the nanoparticle stability during plasma circulation, tumor bioavailability,
and the study of the targeting ligands’ effect on their efficiency to treat cancer. NCPs acting via
both mechanisms (EPR, active targeting) have been shown to increase drug concentration in cancer
cells. However, active targeting nanoparticles have shown to be more efficient in increasing drug
accumulation in cancer cells and cellular uptake playing an important role in cancer chemotherapy.
The objective of this current review is to summarize the most relevant examples that demonstrated an
efficient nano-construct for cancer treatment, especially in vivo.

3. Design of NCPs Nano-Formulations

From 2005, when the first publications concerning the use of NCPs for biomedical applications
were described, numerous articles were published showing the incorporation of multiple functionalities
through the rational selection of specific metal ions and organic linkers. Various NCPs demonstrated
their ability to co-encapsulate and deliver drugs and/or imaging agents in a controlled manner, which is
difficult to achieve with other nano-formulations. Even though NCPs are not hollow or open-framework
structures, their tunable matrix composition facilitates encapsulation of different functional species.
The encapsulation usually proceeds through two distinct strategies: (1) using the drug as a building
block integrated into the NCPs′ polymeric framework [29–32] and (2) physically entrapping the
therapeutic agent within the polymeric matrix [33–35]. Accordingly, the release mechanism and release
profile will be dictated by the particle degradation, fast diffusion processes, and/or a combination of
both (Figure 2) [20].
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Figure 2. (a) Schematic of the nanostructured coordination polymers (NCPs) preparation containing a
drug as a building block (M1) or entrapped into the polymeric matrix (M2). (b) Drug release profiles in
aqueous media of guest molecules controlled by NCPs’ degradation (M1) or fast diffusion through the
polymeric matrix (M2). The figure is reproduced from Reference [20] with the permission from John
Wiley and Sons.

Coordination bonding has emerged as a versatile method to prepare nano-complexes by assembling
drugs into polymeric nanoparticles. Most of the studies showed that different metals can form
coordination bonds with drugs such as daunorubicin or doxorubicin (DOX) [36], methotrexate
(MTX) [37], bisphosphonates (N-BPs) [38,39], nicotinic acid [40], gossypol, and AQ4N [41] due
to the presence of carboxyl, hydroxyl, aldehyde, or amino groups. Moreover, platinum-based
chemotherapeutics (Cisplatin, carboplatin, and oxaliplatin) have often been used as building blocks
in NCPs, and the combination of these platinum-based drugs with other chemotherapeutics has
allowed to increase the synergistic therapy for treating multiple types of cancers including lung,
breast, neuroblastoma, colorectal, pancreatic, cervical, and ovarian cancers, among others [42–44].
Additionally, in the last decade, an extensive study concerning the use of active metals such as
ruthenium [45], copper [32,46], zinc, cobalt [47,48], or indium-based compounds [49] has received
intensive attention as an alternative to cisplatin in order to reduce its cytotoxic effect and increase
anticancer properties. The formed coordination bonds have adequate pH-response ability and can
release drug molecules under small pH variations [50–54].

Many of the current nanomedicines, used for solid tumor treatment, accumulate in tumors
due to the EPR effect. A thorough knowledge of the physical properties (e.g., size, surface charge,
shape, and mechanical strength) and chemical attributes of nanoparticles facilitates their application
in biomedicine [55]. Specifically, nanoparticles in the range 10–100 nm can passively target tumors
by freely passing through large pores (40 nm to 1 um in size) and achieve higher intra-tumoral
accumulation [56] due to the highly permeable blood vessels provoked by the rapid and defected
angiogenesis and dysfunctional lymphatic drainage [57]. In this sense, although the wide variety of
NCPs-based nano-systems are expected to accumulate in tumors through the EPR effect, one of the
most challenging goals has been addressing these nano-constructs toward individualized therapy
and cancer treatment, especially based on the identification of cancer biomarkers [58]. The design of
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strategies for detecting in vivo markers’ expression and monitoring them during treatment is a real
challenge. In this scenario, nanoparticles decorated with specific targeting molecules can be designed
for detecting extracellular cancer biomarkers, imaging tumors, and monitoring the treatment evolution.
The objective is to obtain efficient nanoparticles that enormously help the pre-surgery and post-surgery
cancer treatment.

In this review, we will summarize the most recent strategies for coating and surface
functionalization of NCPs designed for passive and active targeting in cancer treatment.

3.1. Platinum-Based NCPs

Since resistance to the platinum chemotherapeutic agents is a major limitation for the successful
treatment of many cancers, development of novel strategies to overcome intrinsic and acquired resistance
to chemotherapy is of critical importance for the effective treatment of different types of cancers. In the
case of NCPs, the exploration of non-classical mononuclear or polynuclear platinum(II) compounds,
platinum(IV) prodrugs, or photoactivatable platinum (IV) complexes has afforded an intense number
of research works including supramolecular self-assembled nanostructures, metal-organic frameworks,
and diverse coordination polymer-based nano-formulations for developing the next generation of
platinum cancer drugs.

Since 2008, Lin and coworkers have been developing a series of platinum-based NCPs
nano-constructs to deliver platinum-based chemotherapeutics. Although the first publications were
related to the synthesis, physicochemical characterization and study of NCPs’ cytotoxic effects [29,59,60].
In the last decade, the proposed nano-systems have increased in complexity, multifunctionality,
selectivity, and effectivity at in vitro and in vivo levels. Most proposed nano-systems need a protective
coating to avoid premature degradation and to increase colloidal stability in a physiological medium.
One of the first examples of cancer targeting nanoparticles studied by Lin′s group detailed the
synthesis of NCPs obtained from the coordination of Tb(III) ions with the cisplatin derivative
c,c,t–(diamminedichlorodisuccinato)Pt (IV) [26]. The as-obtained nanoparticles were coated with a
silica layer to stabilize the nanoparticles and increase the control on the release profile of the platinum
(IV) prodrug. The silica coating was subsequently decorated with a silyl-derived peptide RGD and a
small cyclic peptide with high binding affinity for ανβ3 integrin, which provided actively targeted
cancer in vitro in the overexpressed HT-29 cell line. Although Pt (IV) prodrug remains inactive in
physiological conditions, once inside the cells, the Pt (IV) complexes can become the pharmacologically
active Pt (II) species by the action of reducing agents (i.e., ascorbic acid or glutathione) present in the
intracellular environment [61]. The results suggested that the targeted nanoparticles were internalized
much more than the non-functionalized ones presumably via receptor-mediated endocytosis.

Apart from the silica coating, the stabilization with lipid coatings is one of the most common
methodologies for conferring physical and chemical stability to NCPs. The lipid coating allows
functionalizing the surface by targeting molecules such as anisamide (AA) to enhance cellular uptake
and cytotoxicity in human cell lung cancer cells [62], or using a lipid coating intercalating PEG chains
to minimize the nanoparticles’ clearance by the mononuclear phagocyte system and increase the blood
circulation half-lives [63]. The studies with this kind of nanoparticles bearing different combinations of
Pt (IV) prodrugs demonstrated the superior efficacy in treating different subcutaneous tumor murine
models when compared with free drugs. This strategy was developed successfully to encapsulate
and deliver in a control manner multiple chemotherapeutics for synergistic combination therapy
including Pt (IV) prodrugs and gemcitabine in treating pancreatic or ovarian cancer [43,44] (Figure 3).
The nanostructure of different drugs allows prolonged blood circulation half-life, improves tumor
uptake, reduces the growth inhibition, and induces a practical regression of tumor cells.
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Figure 3. (a) Schematic of carboplatin and gemcitabine bearing NCPs (NCP-Carbo/GMP). (b) Cellular
uptake of Carbo and GMP and NCP-Carbo/GMP in SKOV-3 cells determined by inductively coupled
plasma mass spectrometry (ICP-MS). (c) In vivo tumor growth inhibition with a mixture Carbo
and gemcitabine and NCP-Carbo/GMP administered on days 0, 3, and 6. Data are expressed
as means ± SD (n = 5). The figure is reproduced from Reference [44] with the permission from
American Chemical Society.

Other nano-constructs have been designed for the co-delivering of chemotherapeutics and
siRNAs to eradicate tumors of cisplatin-resistant cancer by overcoming intrinsic and acquired
resistance to chemotherapy [64,65]. The NCP/siRNA combinations promote cellular uptake of
cisplatin-derivatives and siRNA enable efficient endosomal escape in cisplatin-resistant ovarian cancer
cells by downregulating the expression of multi-drug resistance genes. It has been demonstrated that
the local administration of these nano-systems reduced tumor sizes of cisplatin-resistant subcutaneous
xenografts. The combination of synergistic drugs using NCPs with targeting properties has received
high attention since this strategy was presented as a solution for poor pharmacokinetics/dynamics,
the rapid development of drug resistance, or the suppression of metastases [41,66,67].

Some examples of NCPs designed to target specific organs were published recently. In these
systems, the use of precise biomolecules for improving the nanoparticles accumulation in the site of
action has allowed the efficient delivery of therapeutics. Zhao and coworkers designed a cisplatin
prodrug bearing Zn-based NCPs, which were coated with polyethylene glycol (PEG) and decorated
with alendronate (ALN), which is a bone-seeking moiety [68]. The resulting nanoformulation showed
much higher affinity for hydroxyapatite in vitro and bone in vivo than non-targeted nanoparticles.
The in vivo biodistribution study after intravenous administration corroborated the increasing
delivering (about four-fold) of platinum drug to the bone metastatic lesions in comparison with
healthy bones. The treatment with these NCPs showed reduced toxicity of platinum, the inhibition of
tumor growth, and the reduction of the osteo-calastic bone destruction.

Cancer immunotherapy is an interesting field in which the nanotechnology can afford different
solutions [69]. It has been demonstrated that, in specific cases, nanoparticles can potentially stimulate
tumor microenvironments to produce antitumor immunity. A very recent example was reported
by Lin and coworkers who synthesized NCPs containing an immunostimulatory chemotherapeutic
combination of Oxaliplatin (OxPt) and dihydroartemesinin (DHA). The NCP combination provoked
an effective immunotherapy of colorectal cancer based on systemic drug delivery [70]. The authors
developed a self-assembled NCPs carrying a Zn-OxPt coordination polymer coated by a lipid bilayer,
which contained a cholesterol-DHA conjugate (chol-DHA). The chemotherapeutic activity combines
the synergy of immune system activation by DHA [71–73], and the anticancer activity of Oxaliplatin.
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The favorable biodistribution, low cytotoxicity, and notable tumor uptake of these biodegradable NCPs
allowed total tumor eradication in vivo.

3.2. NCPs Including Non-Metal Chemotherapeutics

Apart from the ability of NCPs to encapsulate or integrate metal-based anticancer drugs
(especially Pt-based drugs) as building blocks, these nanoparticles have demonstrated their capacity
for encapsulating small chemotherapeutics by physical entrapment into the NCPs′ matrix or using
the coordination ability of some organic drugs to be included as bridging ligands in the coordination
polymer network. As previously mentioned, the mode of drug incorporation will determine the
release profile of the nano-construct [20]. Usually, the encapsulation yield through physical entrapment
is lower (20% in weight) in comparison with the chemical inclusion (up to 80%). Most of the
encapsulated chemotherapeutics using NCPs include drugs that induce cell apoptosis such as
Methotrexate (MTX) [37], prevent DNA replication such as doxorubicin (DOX) [74,75] or others used
in treating multiple cancer types (5-Fluorouracil [76], bisphosphonates [39,77], and camptothecin [34]).

The lability of coordination bonds in NCPs facilitates the fabrication of nano-systems with
responsive properties that may be used to improve the stability in physiological environments and
control of targeted delivery. This pH-response behavior is of special relevance due to the pH changes
in cancer cells and tumoral environments. Taking advantage of these properties, a vast number of
research works have been developed to assure a rapid and quantitative release in tumors subject to pH
regulation [36,37].

Despite the therapeutic importance and targeting properties of drug-contained NCPs
in vitro [78–80], few examples reported a study of NCPs concerning their in vivo antitumoral activity
or its use as targeted multidrug delivery systems for cancer treatment. However, there is an
increasing interest in designing multifunctional nano-formulations including a mixture of synergic
chemo-therapeuticals and active multitherapy effect to improve anticancer efficacy. Combination
therapy is proposed as an alternative to reduce drug resistance and increasing the therapeutic effect
obtained by using the drugs separately. An interesting example is found in the nano-system proposed
by Lin and coworkers who reported a core–shell NCPs obtained by the coordination of Zn (II) ions
with a Pt (IV) cisplatin prodrug coated by the first lipid layer. These primary nanoparticles were
coated by an outer lipid layer containing PEG chains and pyro-lipid photosensitizer to use them in
combined chemotherapy and photodynamic therapy (PDT) [81]. The controlled release of cisplatin
and pyrolipid molecules induce cancer cell apoptosis and necrosis in vivo, and high tumor regression
efficacy in a subcutaneous xenograft mouse model of resistant head and neck cancer in comparison to
the administration of the drugs separately. Although the nanoparticles do not have a targeting molecule
on the surface, the PEG chains induce a prolonged systemic distribution and tumor accumulation by
taking advantage of the EPR effect. This study suggests multifunctional NCP core-shell nanoparticles
act as a versatile and effective drug delivery system for incorporating multiple therapeutic agents or
modalities that treat many complex cancers. The same kind of nanoparticles are able to induce a strong
tumor-specific immune response in advanced colorectal cancer models in vivo, which demonstrated
their enormous multifunctionality and effectivity (Figure 4) [82].

Another example of NCPs effective in the combination of chemotherapy and PDT was reported by
Liu and coworkers recently. The authors presented a type of NCPs formed by the coordination of Cu (II)
ions with the banoxantrone (AQ4N) and doxorubicin [83]. The inherent porosity of the resulting material
is able to encapsulate a photosensitize (phthalocyanine, ZnPC). In this case, the chemotherapeutic
efficacy is induced by “on-demand” photodynamic therapy since the photosensitization of ZnPC is
quenched by Cu (II) until the acidic-based cleavage of coordination bonds in the tumor environment and
ZnPC recover the photo-properties. Afterward, the PDT effect further induces a hypoxic environment
necessary to enhance the reduction of AQ4N and increase the therapeutic efficiency. This is a clear
example of a programmable nano-formulation able to control the synergistic effect of the therapeutic
agents for cancer therapy. Although the nanoparticles were no covered with a specific coating or
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targeting molecules, the biodistribution analysis in vivo in HepG2 tumor-bearing mice showed a
prolonged blood circulation and distribution in different organs with nonspecific preference for the
tumor. However, a deeper and better penetration in tumors were observed in comparison with the free
drugs administered separately.
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polymers (NCP) @pyrolipid able to induce immunogenic cell death and an inflammatory environment
at the primary tumor site, which leads to the release of tumor-associated antigens (TAAs). The result of
this action is not only tumor eradication in the primary sites but also a systemic antitumor immune
response to reject distant tumors. The figure is reproduced from Reference [82] with the permission
from Springer Nature.

3.3. Development of Targeting NCPs for Photodynamic Therapy

Although PDT is proposed in combination with chemotherapy, various NCPs designs have been
developed to deliver PDT agents to tumors. However, only a few of them achieved a clinically relevant
anticancer efficacy. Apart from the photosensitizer-containing porous metal–organic framework (MOF)
nano-systems [84,85], some unique examples of NCPs have also been found in recent publications.

PDT is an effective anticancer procedure that involves the administration of a tumor-localizing
photosensitizer (PS) that can be activated by light activation to generate highly cytotoxic reactive oxygen
species (ROS) in situ. Usually the ROS production is related to generating singlet oxygen (1O2), which is
a specie able to provoke cell apoptosis/necrosis and induce antitumor immunity [86]. The development
of PS-containing NCPs with specific tumor-targeting abilities are interesting candidates to selectively
release the photoactive molecules in the tumor cells preserving adjacent tissues. Although some of
the limitations of this therapy is related to the difficulty of using a local light irradiation source in
deep tumors, it cannot cure advanced disseminated disease because irradiation of the whole body
with appropriate doses is not currently possible. However, for early or localized tumors, PDT can be a
selective and curative therapy with many potential advantages over available alternatives.
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Recent studies have afforded substantial advances in understanding the behavior of light in
human tissues [87,88] and in the development of equipment for light delivery of PDT [89]. The last
advancement has allowed designing methodologies to apply the optimal light irradiation (wavelength
and intensity) in internal and external tumors using endoscopy or interstitial treatment to channeling
light into optical fiber. PDT is now rarely rejected because of difficulties in light delivery. The key
parameters that determine PDT efficacy are the nature of the photosensitizer, the intensity and
wavelength of the light, and the tumor microenvironment. Over the years, several groups aimed to
monitor and manipulate the components of these critical parameters to improve the effectiveness of
PDT treatments. Thus, most of the NCPs’ designs are developed to take into account these parameters
to try to improve the clinical utility of PDT as a powerful modality for treating cancer.

One of the most interesting examples have been published by Zhao and coworkers. The authors
designed NCPs containing tetra(4-carboxyphenoxy)-phthalocyaninatozinc(II) (TPZnPc) photosensitizer
coordinated with zinc ions. The preformed nanoparticles were coated with a lipid bilayer containing
1,2-dicarboxylic-cyclohexane anhydride modified lysyl-cholesterol (DLC) that promotes tumor cellular
uptake through an electrostatic interaction induced by the mildly acidic tumor microenvironment [90].
These NCPs were proved to enhance selective tumor cellular uptake and generate more intracellular
1O2 after irradiation in vivo, which demonstrates the potential application of these NCPs in effective
PDT (Figure 5).
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Figure 5. (a) Schematic representation of the synthesis and application of photodynamic therapy
(PDT) active nanostructured coordination polymers (NCPs). (a) Preparation of the nanoparticles,
and (b) accumulation in the tumor after intravenous administration, which is followed by its
charge-reversal ability to improve the selective uptake and effective PDT in tumor cells after laser
irradiation. The figure is reproduced from Reference [90] with the permission from American
Chemical Society.

A more complex and multifunctional nano-construct has been developed by Chen and coworkers
using DNA-based NCPs obtained by the coordination of Ca (II) ions and AS1411 DNA G quadruplexes
functionalized with chlorine e6 (Ce6) photosensitizer, hemin, and iron-containing porphyrin [91].
Further polyethylene glycol (PEG) functionalization enabled NCPs for improving the intranuclear
transport of photosensitizer Ce6 and generating ROS inside tumor cells. Additionally, the inhibition of
antiapoptotic protein B-cell lymphoma 2 (Bcl-2) expression by AS1411 allowed for greatly improving
PDT-induced cell apoptosis. The catalase-mimicking DNAzyme function of G-quadruplexes and hemin
could decompose tumor endogenous H2O2 to in situ generated oxygen in order to further enhance
PDT by overcoming the hypoxia-associated resistance. This design showed an interesting concept of
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multifunctional NCPs for combining drug delivery properties with a PDT effect, down-regulation of
antiapoptotic proteins, and the modulation of the unfavorable tumor microenvironment simultaneously.

3.4. Other Explored Applications of NCPs in Cancer Treatment

The use of NCPs has opened new avenues in the design of new therapeutic tools and strategies
to treat many cancers. Different new approximations try to solve problems related to the physiology
of tumor extracellular matrix (ECM) to improve the tumor retention and penetration of therapeutic
agents [92], the use of NCPs as biocompatible gene-regulation agents [93], obtaining of active
nanoparticles in radioisotope therapy (RIT) for clinical cancer treatment [94], or the encapsulation of
individual tumor cells in biocompatible coordination polymers, as whole cell vaccines, to regulate the
immune system and combat metastatic cancer [95]. All these very recent examples prelude an intense
and prolific research field that make us think that the clinical use of these nano-systems is likely not
so far.

The development of hybrid nano-systems combining coordination polymers with other materials
has increased the pool of materials with biomedical applications using novel approximations with
high potentiality. Thus, we can found some examples like the coordination polymer derived from
(pq)2Ir(Hdcbpy) and Dy(OOCCH3)3 hybridized Au nanocages (AuNC@CPs) that offer excellent
photothermal, photoacoustic, and magnetic properties in solution. These special features make
AuNC@CPs interesting materials for near-infrared (NIR)-driven photothermal therapy (PTT) guided
by photoacoustic (PA) and magnetic resonance (MR) imaging in vivo [96]. Other interesting examples
include DNA-Iron based NCPs tailored for the delivery of functional DNA to cells in vitro and in vivo
and used for diagnostic and therapeutic applications [97].

Some of the recent publications have shown interesting multifunctional nanoplatforms, such as
that reported by Liu and coworkers, which detailed a biomimetic nanoprobe based on a pH-responsive
porous NCPs for activated fluorescence imaging and targeted drug delivery [85]. The reported
NCPs were synthesized by the coordination of polyphenol ligands and dopamine with Fe(III) ions.
Subsequently, the NCPs were loaded with DOX through physical and electrostatic absorption, and then
the nanoparticles were coated with a cell membrane extracted from Bel-7402 cancer cells, which have
been demonstrated to afford the ability to evade phagocytosis and enhance specific endocytosis by
homotypic cells [98]. The fluorescence of DOX was quenched due to the fluorescence resonance
energy transfer between DOX and the coordination polymeric matrix. However, under an acidic
environment inside cancer cells, NCPs were degraded, DOX was released, and the fluorescence of
DOX was activated. The resulting NCPs significantly enhanced the cellular endocytosis of DOX in
Bel-7402 cancer cells and exhibited an excellent cancer therapy effect in vitro, which demonstrated that
this platform is useful for an activated cancer imaging and personalized cancer treatment.

Another interesting example of multifunctional and synergetic tumor-targeted nanoparticles
were reported by Pan and coworkers. The authors reported a chemo-photothermal combined
therapeutic nanoplatform based on PEGylated borate-coordination-polymer coated with polydopamine
(PDA@CP-PEG) [99]. The nanoparticles exhibited a synergetic targeting property for the sialic
acid-overexpressed tumor cells since PEG improve the passive targeting and phenylboronic acid (PBA)
molecules induce the active targeting due to the weak-acid stable interaction of PBA and sialic acid under
the acidic tumor microenvironment. In addition, the photothermal effect of the polydopamine core
and DOX drug release properties endow the nanoparticles with the potential for chemo-photothermal
combination therapy. In vitro and in vivo studies demonstrated the multifunctional properties of these
NCPs with efficient tumor targeting, low toxicity, and excellent chemo-photothermal activity for tumor
inhibition. These types of multifunctional nanoparticles provided an insight into the development of a
high-efficiency anti-tumor nanoplatform for potential clinical applications.
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4. Conclusions and Future Perspective

As observed previously, there are few examples of active targeting for cancer treatment in the case
of NCPs. However, currently, there are many types of nanoparticles at an early design step that may
progress in the future to preclinical development for cancer imaging and therapy. A particular version
of these nanoparticles is the targeting-active nanoparticles. In this scenario, there is still plenty of room
for improvement.

The local delivery of a specific drug, or a combination of synergic drugs, can lead to cell killing
in a very specific tumor in a short period of time. The development of more effective and selective
therapies would avoid surgery and/or chronic chemotherapy treatments by increasing the quality and
life expectancy of the patient. Thus, more efforts should be put in developing new types of NCPs’
coatings (i.e., lipids, polymers, and inorganic coatings) to increase the physicochemical stability of the
nanoparticles in physiological environments, and design new manners to decorate the nanoparticles’
surface with specific targeting molecules (i.e., hyaluronic acid, folic acid, antibodies, aptamers,
carbohydrates, or polysaccharides) to adequately treat specific cancer types. There are important
factors that should be revised and studied such as the performance of PEG-coated nanoparticles
(PEG size and its grafting density) in order to design and apply for optimum circulation times and
tumor cell uptake. In the same way, it is important to design new targeting ligands to avoid macrophage
recognition and faster clearance compared to the non-targeted nanoparticles. The objective is to obtain
smart nanoparticles bearing a cleavable masking of the ligands until reaching the tumor cells.

Complementarily, there is a need to study different administration routes (i.e., intravenous, oral,
intranasal, etc.) as well as the mechanism of clearance, metabolism, and excretion of nanoparticles and
their components. Active targeting NCPs containing chemotherapeutic drugs have been demonstrated
in various studies, both in vitro and in vivo, to improve selectivity of cellular uptake through
receptor-mediated endocytosis. This fact represents several advantages concerning drug efficacy
(selective action to cancer cells) and safety (avoid of side effects) over the conventional chemotherapeutic
drugs and non-targeted nanoparticles. However, the main limitation for the clinical application is
that their use is limited to only certain types of cancer that express specific receptors on the cell
surfaces. Selection of the targeting nanoparticles is determined by the types of target proteins or
receptors expressed on cancer cell surfaces. Clinical studies are required to confirm their application in
cancer patients.

NCPs for cancer therapy have evolved enormously during the last decade and it is expected to
end up in clinical assays and clinical practice in a short time. Therefore, it is necessary for expert
and emergent research groups in areas such as chemistry, biology, medicine, chemical engineering,
among others, in order to optimize many of the proposed examples and new ones that may reach
clinical application. The control of the physicochemical properties of NCPs and the exploitation of
multifunctionality aspects are the main reasons for their increasing applications as anticancer agents.
Moreover, there is still a lack of knowledge in the control of biodegradation and metabolic processes,
the interaction with the immune system, and the excretion mechanisms. From a technical point of view,
there are still some limitations concerning the cost of production and manufacturing of nanoparticle
platforms that require sophisticated technology.

Since the early 1990s, nanoparticle drug delivery systems have been used in the clinic to improve
the delivery of different therapeutics. Over past decades, newer generations of nanoparticles like
NCPs have emerged to try to reach clinical trials and be approved for various applications. However,
there is still a long way toward the complete regulation of nanomedicines. The need for more
sophisticated nanostructured designs also requires a careful understanding of pharmacokinetic and
pharmacodynamic properties of nanomedicines, determined by the respective chemical composition
and physicochemical properties, which poses additional challenges in regulatory terms. To avoid any
concern, it is necessary to establish an unambiguous definition of nanomaterials and work on the
regulatory process to facilitate the reach of nanoparticles to the market and the clinical use.
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