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In the past decades, with the notable and rapid development of nanotechnology, nanomaterials have been applied in various research fields and 

industries, including in medicine. The unique chemical, physical and biological properties of nanomaterials successfully address the barriers of 

drug delivery, improve the therapeutics, and enhance the accumulation of the functional nanoparticles in targeted tissues with amplified signals 

for probes or bio-images. This review summarized the updated progresses of nanomaterials serve as drug delivery and theranostic platforms for 

cancer therapeutics and diagnosis. 
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1. Introduction
Nanomedical engineering has grown remarkably in the past decades 

with the concurrent rise of biomedical engineering and nanotechnology. 

It involves the manipulation of matter in the size range of 1-1000 nm 

for medical applications, which generally can be categorized as 

therapeutic agents (carriers for drug delivery) or medical imaging 
1agents.  Compared to existing drugs and agents, this new kind of 

nanotechnology is attractive due to their unique characteristics, 

including large surface area, structural properties, and long circulation 
2time in blood.  Potential advantages of engineered nanomedical agents 

are the ability to: improve drug delivery across biological barriers and 

compartments; control the release of bioactive agents; enhance the 

therapeutic effect by targeted delivery; and perform theranostic 

functions by combining multimodal imaging and simultaneous 
3-5diagnosis and therapy into multifunctional nanoplatforms.

A large research focus of nanomedicines has been placed on 

cancer treatments. Nowadays, cancer is still a main leading cause of 

death worldwide, largely due to the heterogeneous and idiosyncratic 

nature of individual cancers, and the inability to target therapeutics to 
6 neoplastic areas without damaging normal tissues. Among the 

 emerging technologies, nanotechnology provides a plethora of 

promising avenues for cancer theranostics, especially for drug delivery 

to solid tumor. Nanomedicine compounds can alter the biodistribution 

of drugs by allowing them to accumulate preferably at the tumor site 

attributed to leaky tumor vasculature and impaired lymphatic drainage. 

This phenomenon is known as enhanced permeability and retention 
7effect (EPR).

A wide range of nanomaterials based on various components from 

metals to proteins, including carbon, silica oxides, metal oxides, 

nanocrystals, lipids, polymers, dendrimers, and quantum dots, as well as 

newly developed materials, have been employed for the development of 
8-12new cancer therapeutics.  There are several excellent review articles on 

the biomedical applications of these nanomaterials. Although these 

materials are likely to provide a high degree of biocompatibility, several 

issues should be considered to translate developed nanomedicines into 

clinical practice, such as off-target effects, organism effective clearance 

or toxicity to healthy tissues. During the past several years, our group 

has devoted enormous efforts to develop various inorganic and organic 

nanomaterials,  including β-cyclodextrin (β-CD), porous silicon, 

quantum dots, and gold nanoparticles, etc. And we designed a variety of 

nanoplatforms for siRNA delivery, chemo-therapy, codelivery of 

multiple therapeutics, probe and bio-imaging in cancer therapy.

Therefore, in this review, we shall discuss our own work made in 

the designed fabrication of nanoparticles for the multifunctional 

platform as drug carriers and tumor diagnosis. Nanoparticles design and 

surface modification targeting the dynamic interplay of the tumor 

microenvironment will be highlighted, which aiming to summarize 

some of the past works, and to analyze the challenges and opportunities 

at present.

2. Nanotechnology Advances in therapeutic agents
2.1. siRNA delivery by nanomaterials

As the new anti-cancer therapeutics, small interfering RNA (siRNA) 

and RNA interference (RNAi) have been widely recognized to be a 
13promising biotechnology.  Despite the great versatility of RNA 

interference (RNAi) technology, which can down-regulate any protein 

in targeted cells and tissues, many physiological and biological 

obstacles still stand in the clinical application, such as negative charges, 
14short half-life and low stability.  These issues can be overcome by 
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chemical modifications of the RNA backbone or by embedding the 

siRNA into nano-carriers. Up to now, a great number of systems were 

reported for delivery siRNA including a new, non-viral way to 
15overcome bio-barriers.  Here we summarize the siRNA delivery 

systems by metallic and non-metallic core hybrids with organic 

moieties.

Non-viral siRNA delivery hybrid nanoparticles have shown 

promise and have been used in clinical trial. These functional systems 

have the advantages, such as low/non-toxicity, easy fabrication, 

biodegradation, biocompatibility, non-immunogenicity, low price and 
 16high efficacy comparing with the commercial agents.  Gold 

nanoparticle (NP) is the typically metal-based NP for the siRNA 
17delivery.  Gold is known to be one of the least reactive metals, 

exhibiting incredible chemical resistance against both oxidation and 

corrosion. The biocompatibility of Au nanomaterials has been widely 

demonstrated by a number of in vitro and in vivo studies. However, the 

modification of the surface of gold NPs is essential before they can be 

used for biomedical applications. We have used Au NRs as a delivery 

platform for siRNA gene silencing agents. The surface of Au NRs was 

Fig. 1 Schematic illustration of the fabrication and function of PEI–Au NRs for the delivery of siRNA. (Reprinted with permission from Ref. [18]. 

Copyright 2014, Wiley Online Library.)

modified with polyethylenimine (PEI) through layer-by-layer assembly 
18and siRNA was absorbed on the surface (Fig. 1).  We demonstrated that 

PEI–Au NRs not only protect siRNA from degradation, but also 

facilitate endosomal escape, both of which are prerequisites for 

successful gene silencing. 

The other serial of the hybrid Nano systems is non-metal based 
19core with further functional organic shells such as silica/silicon.  Precise 

nanopore formation and easily surface modification are the main factors 

that brought interest to silicon and silica nanoparticles. Silica 

nanoparticles are biocompatible, biodegradable and efficiently bio-

eliminated in vivo. In order to develop a tumor-specific delivery system, 

a nanoparticle-in-microparticle multistage vector (MSV) delivery system 

with the sustained release of siRNA oligos have been developed (Fig. 
202).  This kind of MSV composed of two carriers: the first-stage carriers 

are mesoporous microscale biodegradable silicon particles, allowing for 

the loading and release of second-stage nanocarriers in a sustained 

manner. The second stage includes micelles, liposomes, polymeric 

nanoparticles or metallic nanoparticles, etc. The third stage is the 

payload drugs including siRNA, chemotherapeutics, miRNA, and so on.



Fig. 2 The MSV consists of three components: a porous silicon microparticle, nanoparticles, and therapeutic agents. (Reprinted with permission from 

Ref. [20]. Copyright 2010，Elsevier.)

Fig. 3 Polycation nanoporous silicon (PCPS) releases self-assembled secondary nanoparticles for siRNA delivery. (Reprinted with permission from Ref. 

[21]. Copyright 2013, American Chemical Society. )
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Based on MSV systems, we further develop a high capacity 

polycation-functionalized nanoporous silicon (PCPS) platform 

consisting of new-style second stage complexes which can form 
21nanoparticles over time as the first-stage carrier degrades ( .  This Fig. 3)

platform has the following advantages: (1) high loading capacity, (2) 

low or no toxicity, (3) a friendly production protocol, and (4) stability 

during transportation and storage. Additionally, the self-assembled 

nanoparticles could successfully help siRNA polyplexes to escape from 

the endosome and lysosome to the cytoplasm with the benefits from the 

PEI moieties triggering the proton sponge effects. Furthermore, 

systemic delivery of PCPS/STAT3 siRNA in the murine model of 

MDAMB-231 breast cancer enriched particles in tumor tissues and 

reduced STAT3 expression in cancer cells, causing significant reduction 

of cancer stem cells in the residual tumor tissue. Totally, these inorganic 

(silicon) and organic (liposome or polymer) hybrid systems offers a 

safe vehicle for effective delivery of gene silencing agents. We also 

develop a universal siRNA carrier consisting of a mesoporous silica 

nanoparticle (MSNP) functionalized with cyclodextrin-grafted 
22polyethylenimine (CP) (Fig. 4).  CP provides positive charge for 

loading of siRNA through electrostatic interaction and enables the 

effective endosomal escape of siRNA. Using intravital microscopy we 

were able to monitor tumor enrichment of CP-MSNP/siRNA particles 

in live mice bearing orthotopic MDA-MB-231 xenograft tumors. CP-

MSNP delivery of siRNA targeting the M2 isoform of the glycolytic 

enzyme pyruvate kinase (PKM2) resulted in effective knockdown of 

gene expression in vitro and in vivo. Suppression of PKM2 led to 

inhibition of tumor cell growth, invasion, and migration.

2.2. Chemo-therapy by nanomaterials

Cancer treatments have been significantly refined due to an increased 

awareness of the molecular, cellular, and physiological mechanisms 
23 involved in the initiation and progression of the disease. Small 

molecule drugs are still one of the most important modalities of cancer 

treatment, however it is often accompanied by systemic side effects 

including poor solubility, stability and pharmacokinetics of drugs, 

distribution to nontumor tissues, hemorheological flow limitations and 
24 multidrug resistance (MDR). The use of nanocarriers usually 

improves therapeutic efficacy and reduces side effects, as it can 

reduce renal clearance, prolong blood circulation, and improve 

Fig. 4 Schematic illustration on fabrication of the CP-MSNP delivery carrier for gene silencing agents. (Reprinted with permission from Ref. [22]. 

Copyright 2014, Ivyspring.)

 25tumor accumulation.  In this section, several representative drug 

delivery systems for chemo-therapy are summarized.

Among some of the most widely studied delivery platforms, 

mesoporous silica nanoparticles (MSNPs) have attracted attention owing 

to their large pore volume and surface area, good biocompatibility, 
 26easily functionalized surface, and high cellular uptake efficiency.  

Many studies have focused on the modification of MSNPs for effective 

drug delivery and gene transfection. We also have reported an injectable 

nanoparticle generator (iNPG) that overcomes multiple biological 
 27barriers to chemo-therapy delivery.  The iNPG is a discoidal 

micrometer-sized MSNPs that can be loaded with chemotherapeutics. 

We conjugate doxorubicin to poly(l-glutamic acid) by means of a pH-

sensitive cleavable linker, and load the polymeric drug (pDox) into 

iNPG to assemble iNPG-pDox (Fig. 5). Once released from iNPG, 

pDox spontaneously forms nanometer-sized particles in aqueous 

solution. Intravenously injected iNPG-pDox accumulates at tumors due 

to natural tropism and enhanced vascular dynamics and releases pDox 

nanoparticles that are internalized by tumor cells. Intracellularly, pDox 

nanoparticles are transported to the perinuclear region and cleaved into 

Dox, thereby yielding high intracellular concentrations of activated Dox 

in a cellular domain beyond the reach of cell-surface drug efflux pumps.

Up to now, carbon-based nanomaterials (CBNs) have also been 

actively investigated due to their advantageous chemical and physical 

properties (i.e., thermal effect, electrical conductivity, and high 
16mechanical strength).  This perspective highlights different types of 

carbon-based nanomaterials such as carbon nanotubes (CNTs), 

graphene, fullerene, carbon quantum dots and carbon fibers currently 
 28used in biomedical applications.  We use carbon nanotubes (CNTs) as 

the model, through an analogous layer-by-layer assembly method, on 
29which uniform mesoporous silica shells can successfully be formed.  

Carbon nanotubes allow to easily cross the plasma membrane and 

translocate into the cytoplasm of cells due to their particular needle 

shape. Therefore, these nanotube-based drug transfer vectors have 

shown minimal cytotoxicity and effective delivery.

2.3. Codelivery of multiple therapeutics by nanomaterials

Cancer progression involves dynamic changes in the genome and a 

complex network of interactions among cancer cells with multiple, 

distinct cell types that form tumors. The complexity of the signaling 
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Fig. 5 iNPG-pDox characterization and pDox assembly and release from iNPG. (a) Schematic diagram depicting iNPG-pDox composition, pDox 

prodrug encapsulation, and pDox nanoparticle assembly and release from nanopores. (b) Z-series confocal microscopy imaging of the iNPG-pDox 

particles, highlighting the presence of pDox (red) within the nanopores of the silicon carrier particle (gray). Scale bar, 1 µm. (c) The schematic diagram 

demonstrating the individual components of the iNPG-pDox construct and the distinct biological barriers that each component is capable of overcoming 

following systemic administration. (Reprinted with permission from Ref. [27]. Copyright 2015, Nature Publishing Group.)

web, combined with multiple mechanisms to evade programmed cell 

death, makes curing cancer a formidable challenge. As a result, cancer 

treatment that uses a combination of approaches with the ability to take 

advantage of distinct mechanisms of action of the multiple 

therapeutics/modalities has been proven highly effective in the 
 30treatment of many cancers.  However, little attention has been paid to 

the potential of simultaneous delivery of combinations of traditional 

small molecule drugs with nucleic acids clinically. This lack of attention 

is obvious in the limited selection of suitable vectors due to differences 

in the physicochemical properties of the two types of agents. Here, we 

discuss our group recent advances in the development of nanomaterials 

using combinations of small molecule drugs and nucleic acid 

therapeutics to treat cancer.

In order to overcome MDR in cancer cells, we have designed a 

multifunctional porous silica-based nanoplatform for the codelivery of 

chemotherapeutic agents and siRNA to tumor tissue. This platform 

consists of cyclodextrin-grafted polyethylenimine (CP) functionalized 
31mesoporous silica nanoparticles (MSNP) (Fig. 6).  A unique multi-step 

encapsulation procedure was used to obtain a high loading capacity for 

doxorubicin (DOX) and siRNA oligos. The first step was loading of 

DOX inside the pores of the MSNP, and the second step was capturing 

of DOX in the hydrophobic cavities of CD, which was conjugated to 

the surface of MSNPs. Additionally, MSNPs were functionalized with 

CD-grafted PEI to facilitate PKM2 siRNA loading through electrostatic 

interactions. The in vivo and in vitro results from this study demonstrate 

that gene silencing and cancer cell apoptosis was achieved. In 

particular, suppression of PKM2 expression was shown to sensitize 

breast cancer cells to DOX. Taken together, this study lays the 

foundation for further development of porous silica-based nanoparticles 

for codelivery of chemotherapy and gene silencing agents.

Although particles in the nano-size range display favorable 

transport properties compared to small molecules, the bulk of the 

injected material lacks therapeutic activity. This excess material could 

by itself pose a safety concern. Additionally, it is probable that cells will 

eventually reach a limit in regards to the uptake capacity of drug 

carriers. In cases where this internalization limit is reached before the 

therapeutic threshold of the drug is obtained, the loading capacity will 

be a major limitation for therapeutic efficacy. These challenges have 

motivated the development of self-delivery systems that are formed by 

self-assembly of different therapeutic agents, including chemotherapy, 
 32proteins, and small interfering RNA (siRNA).  This strategy eliminates 

the need for carriers that lack therapeutic properties and provides an 

effective means for developing synergistic combination therapies, 

enhancing loading capacity, and exploiting nanoparticle transport 

properties (Fig. 7). These self-delivery systems also highlight that the 

distinction between carrier and drug should become obsolete from a 

regulatory perspective. Recent research has demonstrated that siRNA 

could self-assemble with polymeric metformin (PolyMet), forming 
33around 80 nm particles.  Metformin has shown promise as an 

anticancer agent in multiple clinical trials, which could increase cellular 

uptake, enhance transfection, and circumvent efflux pumps. The results 

indicated that nanoparticle-treatment caused a dramatic reduction in 

tumor growth compared to control groups. Specifically, polymeric 

metformin serves both as a therapeutic agent and carrier for siRNA. 

This strategy paves the way for the next generation of therapeutic 

nanoparticles for the treatment of disease.
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Fig. 6 Schematic representations of the fabrication of CD-grafted PEI-mesoporous silica nanoparticles@Dox/siRNA as a codelivery system for triple-

negative breast cancer (TNBC). ICP, (3-isocyanatopropyl)triethoxysilane. (Reprinted with permission from Ref. [31]. Copyright 2017, Royal Society of 

Chemistry.)
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Fig. 7 Schematic representation of Self-delivery systems for combination therapy. (Reprinted with permission from Ref. [32]. Copyright 2017, Elsevier.)

3. Nanotechnology advances in disease detection 

and diagnosis
3.1. Probe or bio-imaging

Many cancers would be curable or at least treatable if it can be 

diagnosed at its earliest stage. In this regard, molecular imaging with 

targeted contrast agents, such as nuclear and optical probes, can play a 
34key role in cancer screening, detection, and management.  In addition 

to meeting the broad interest in the area of drug delivery, 

nanotechnology is also playing a leading role in biomedical imaging 

especially in medical conditions such as cancer. The combination of 

nanotechnology and molecular imaging provides a versatile platform 

for novel (nano-) probe design, which can enhance the sensitivity, 
 35specificity and signal amplification of traditional imaging agents.

luminescent quantum dots (QDs) have become well-established 

fluorophores in various biomedical areas since the pioneering works in 
361998.  QDs exhibit unique optical properties, such as size-tunable 

emission, resistance to photobleaching, superior signal brightness, and 

broad absorption spectra of excitation. Therefore, QDs have been 

considered to be promising nanoscale scaffolds for designing 

multifunctional nanosystems with nanomedical probe or bio-imaging a 

functions. For instance, it is possible to label proteins with selective 

fluorescent, which is traditionally classical immunocytochemistry done. 

In addition, quantum dots present minimal photobleaching and a much 

higher signal to noise ratio compared to traditional methods. They have 

a wide absorption spectrum while maintaining very narrow emission 

spectra, allowing multiplexing of many quantum dots of different colors 
37in the same sample.  This is unique and cannot be achieved using 

traditional fluorophores.

When used QDs as a probe for detecting biological samples, the 
38water-solubility and biocompatibility are very essential.  The most 

common strategy to make QDs water-soluble is anchoring thiol (-SH) 

functionalities that are reactive to the surface of QDs. However, it was 

found that they do not efficiently stabilize QDs, and can result in 

significant drop in quantum yields (QYs) in biological buffers or culture 
39media. Furthermore, they were highly toxic to living cells.  Our group 

prepared a series of QDs (CdSe, CdSe/CdS and CdSe/ZnSe), coated 
40,41with L-arginine-functional beta-cyclodextrin (Fig. 8).  We observed 

that b-CD-L-Arg-coated QDs are water-soluble and stable with high 

colloidal properties in water. Their photophysical properties are similar 

to those of trioctylphosphine oxide (TOPO)-coated nanocrystals. Most 

important of all, the in vitro cytotoxicity analysis in ECV-304, SH-

SY5Y and Hela cells showed these QDs presented lower toxicity to 

living cells. A series of different kinds of amino acid ( -His, -Trp, -Phe, L L L

-Cys)-modified β-CD-coated QDs also were prepared to study the L
42luminescence and biocompatibility properties.  It was found that -His-L

β-CD-coated QDs had the best optical properties and colloidal stability. 

In particular, -His-β-CD-coated QDs were the least cytotoxic. These L

results show that the QDs coated by amino acid-modified β-CD can be 

used as a potential photoluminescent nanocrystal probe with good 

biocompatibility.

3.2. Theranostic platform

Clever combinations of different kinds of functional nanostructured 

materials will enable the development of multifunctional nanomedical 

platforms for multimodal imaging or simultaneous diagnosis and 
43  therapy, referred as theranostics. Theranostic agents based on 

nanoparticles will enable monitoring of drug delivery carrier, such as 

measuring delivery efficiency, selectivity, sites of localization of 

drugs/genes, and concurrent measurement of the drug treatment 
44response (such as reduction in tumor volume).  In addition, in situ 

imaging of drug delivery nanoparticles can provide startling insights 

about the molecular mechanism of tumor progression (such as its 

invasion and metastatic behavior), and can help in the future design and 
34development of novel molecular nanoprobes-based delivery systems.  

These advanced multifunctional theranostics nanosystems are thus 

envisaged to play a major role in the area of personalized cancer 

therapy.

Theranostic nanomedicine can work better than other theranostics 

since they have advanced capabilities in an all-in-one single platform, 

which include controlled release, targeted delivery, synergetic 
43performance and multimodality diagnosis.  Interestingly, siRNA can 

also be included in theranostic nanomedicine as an inhibitor of 
45theranostic resistance.  The siRNA based theranostic nanomedicine has 

shown to have greatly improved the diagnosis and therapy as 

multimodality therapy. With excellent fluorescence properties, siRNA 

nanocarriers engineered from QDs offer great advantages for targeted 

siRNA delivery tracking, mechanistic studies and therapeutic efficiency 

evaluation. Mao's group has reported a series of biocompatible QDs 

modified with amino acid grafted b-cyclodextrin (b-CD) derivatives. 

The arginine–b-CD modified QDs (Arg–CD-QDs) not only have a 

Review PaperEngineered Science

© Engineered Science Publisher LLC 2019  Eng. Sci., 2019, 7, 1–9 | 7



Fig. 8 (a) Schematic illustration of the formation of the b-CD-L-Arg-coated QDs nanocrystals, (b) Luminescent images of b-CD-L-Arg/CdSe/ZnSe QDs 

cultured with ECV-304 cells with green emission, (c) with red emission, (d) Effects of b-CD-L-Arg/CdSe/ZnSe QDs on ECV-304 cells at different time 

points. (Reprinted with permission from Ref. [40]. Copyright 2010, Elsevier.)

Fig. 9 Schematic Representation of Lipo-Ru with the in vitro and in vivo imaging and therapy. (Reprinted with permission from Ref. [47]. Copyright 

2017, American Chemical Society.)

positively charged surface to absorb siRNA, but also a hydrophobic 

cavity of b-CD, which serves as a molecular capsule to encapsulate 
46doxorubicin (Dox).  The siRNA was designed to target and silence the 

multidrug resistance gene (MDR-1), which is responsible for multidrug 

resistance in cancer cells. By simultaneous transportation of siRNA, 

DOX and QDs across the cell membrane to down-regulate the 

expression of P-glycoprotein (P-gp), the multidrug resistance could be 

reversed and as a result the efficiency of theranostics complexes can be 

improved. At the same time, these QDs complexes could also be used 

as nanocrystal probing agents, allowing real-time tracking and 

localization of drugs during delivery and transfection.

Many of the biocompatible polymers are suited to encapsulate 

mult iple  types  of  imaging  probes  and  drugs  in  high 

concentrations/loading. We have developed a liposome-based 

theranostic nanodelivery system for [Ru(phen) dppz](ClO )  (Lipo-Ru) 2 4 2
47(Fig. 9).  Ru has a range of unique oxidation states (II, III, and IV) that 

contribute to the anticancer activity. Besides exhibiting anticancer 

activity, Ru complexes also display the potential to be used as imaging 

agents by binding to DNA through noncovalent interactions. The lipid 

bilayer of our system provides a hydrophobic environment that causes 
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Ru to continuously emit fluorescence light, thereby enabling 

nanoparticle tracking inside the body. Notably, once the drug is released 

from the liposomes, it continues to generate florescence by binding to 

DNA. Incubation of MDA-MB-231 breast cancer cells with Lipo-Ru 

induced double-strand DNA breaks and triggers apoptosis. In a mouse 

model of triple-negative breast cancer, treatment with Lipo-Ru 

dramatically reduced tumor growth. In conclusion, this study has 

confirmed the potential of Lipo-Ru to serve as an efficient theranostic 

platform and the results suggest that this system could have broad 

applicability across a variety of solid tumors.

Conclusion and Perspectives
The unique properties of carefully designed nanomedicines hold great 

potential for the treatment of cancer. In this chapter we present some of 

our own technologies in nanoplatform that have the potential to drug 

delivery and imaging including gold nanoparticles, porous silicon, 

carbon nanotubes, QDs and Ru complexes. These nanoplatforms 

provide opportunities to overcome challenges such as poor solubility, 

stability, biocompatibility, distribution to nontumor tissues, 

hemorheological flow limitations and multidrug resistance (MDR) on 

cancer therapy. However, several   challenges still need to be overcome 

in order for these nanostructured materials to achieve translation into 

the clinical setting. In particular, more thorough preclinical assessment 

of nanomedicines must be conducted. Until recently, methods for 
25studying nanoparticle intratumoral behavior were limited.  Besides, the 

in vivo clearance and potential long-term immune responses of 

nanoparticles should be more exploited. Further, recent researches have 

demonstrated tumor stromal cells (cancer-associate fibroblasts, 

macrophages, etc) play a crucial role in nanomedicine delivery and 

significantly alter particle pharmacokinetics and bioavailability. If these 

issues are satisfactorily addressed in the future, these multifunctional 

nanoplatforms will provide important new tools for simultaneous 

diagnosis and efficient and specific treatment of diseases in the clinical 

practices.
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