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Abstract

Nanotechnology offers new solutions for the development of cancer therapeutics that display 

improved efficacy and safety. Although several nanotherapeutics have received clinical approval, 

the most promising nanotechnology applications for patients still lie ahead. Nanoparticles display 

unique transport, biological, optical, magnetic, electronic, and thermal properties that are not 

apparent on the molecular or macroscale, and can be utilized for therapeutic purposes. These 

characteristics arise because nanoparticles are in the same size range as the wavelength of light 

and display large surface area to volume ratios. The large size of nanoparticles compared to 

conventional chemotherapeutic agents or biological macromolecule drugs also enables 

incorporation of several supportive components in addition to active pharmaceutical ingredients. 

These components can facilitate solubilization, protection from degradation, sustained release, 

immunoevasion, tissue penetration, imaging, targeting, and triggered activation. Nanoparticles are 

also processed differently in the body compared to conventional drugs. Specifically, nanoparticles 

display unique hemodynamic properties and biodistribution profiles. Notably, the interactions that 

occur at the bio-nano interface can be exploited for improved drug delivery. This review discusses 

successful clinically approved cancer nanodrugs as well as promising candidates in the pipeline. 

These nanotherapeutics are categorized according to whether they predominantly exploit 

multifunctionality, unique electromagnetic properties, or distinct transport characteristics in the 

body. Moreover, future directions in nanomedicine such as companion diagnostics, strategies for 

modifying the microenvironment, spatiotemporal nanoparticle transitions, and the use of 

extracellular vesicles for drug delivery are also explored.
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1. Introduction

Definitions of nanotechnology vary in different countries, which has implications for the 

clinical approval of nanodrugs [1]. Nevertheless, the common denominator among various 

definitions of nanotechnology is the use of constructs with nanoscale dimensions (Box 1). 

There are three distinct advantages that arise from applying nanotechnology to the treatment 

of disease. The first advantage is that several functional components can be incorporated into 

nanotherapeutics as they are much larger than most conventional drugs. Each component can 

be tailored to contribute in different ways to overall therapeutic activity and safety. The 

second advantage is that materials on the nanoscale display unique electromagnetic 

properties, which can be exploited for therapeutic purposes. The third benefit of using 

nanotechnology in medicine is an increased ability to differentiate between pathological and 

normal tissues. This ability is based on exploiting distinct interactions and processing 

pathways in the body that are unique to nanoparticles. Notably, site-specific delivery of 

systemically injected drugs can be improved by taking advantage of bio-nano interactions.

In 1995, Doxil (liposomal doxorubicin) became the first nanoparticle-based drug for cancer 

treatment to receive clinical approval in the United States [2]. Since then, several other 

nanodrugs have entered the market for treatment of various diseases. These nanotherapeutics 

include topical, local, and systemically administered organic and inorganic particles. 

Clinically approved nanotherapeutics are often categorized based on material composition, 

belonging to the lipid, polymer, protein, or metal-based nanoparticle category [3]. However, 

an alternative grouping of nanotherapeutics is based on the above-mentioned principles by 

which materials on the nanoscale can improve therapeutic efficacy. This type of 

categorization gives a more complete understanding of the diverse benefits of 
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nanotechnology in medicine. Table 1 summarizes the advantages of nanotherapeutics using 

examples of clinical-stage nanoparticles for cancer therapy. For a more comprehensive list of 

nanoparticles in the clinic, please refer to reviews by Wicki et al [4] and Anselmo et al [3]. 

Although certain entries in Table 1 could fall into several categories, it is clear that the full 

potential of nanotechnology in medicine still lies ahead as nanodrugs that exploit a 

comprehensive set of nanoscale benefits have yet to reach the clinic. In addition to 

introducing a new system for the classification of therapeutic nanoparticles, the focus of this 

review is to discuss clinically available cancer nanodrugs. Some promising future 

opportunities in the field of cancer nanomedicine are also reviewed in the closing section.

2. Exploiting multifunctionality

Nanomedicine enables the design of therapeutics with multiple functional elements. Namely, 

in addition to an active pharmaceutical ingredient, several other supportive components can 

be included due to the large size of nanoparticles compared to small molecules. These 

supportive components can aid in drug protection, site-specific activation, cellular uptake, 

and imaging. Figure 1 shows a summary of the various multifunctional properties of 

nanotherapeutics.

2.1. Solubilization and sustained drug release

The simplest form of multifunctionality in nanomedicine is the addition of materials that 

enable drug solubilization. Several chemotherapeutic agents are poorly water soluble, which 

necessitates the use of toxic solvents for administration. For example, docetaxel and 

paclitaxel are administered with polysorbate 80 (Tween 80) and polyethoxylated castor oil 

(Kolliphor EL)/dehydrated ethanol, respectively [5], Accordingly, corticosteroids and 

antihistamines are prescribed to cancer patients in order to avoid the side effects of these 

solvents [6]. Nanomedicine offers a safer alternative to harmful formulations. For instance, 

Abraxane is an albumin-based paclitaxel-containing nanoparticle that has been approved by 

the United Stated Food and Drug Administration (FDA) for the treatment of several types of 

cancer [7]. Albumin is suitable for nanomedicine applications as it is the most abundant 

protein in the blood and serves as a carrier for endogenous hydrophobic molecules [8]. 

Clinical studies have shown that Abraxane administered at a 50% higher paclitaxel dose than 

the conventional formulation results in fewer and less severe cases of neutropenia, a 

common side effect of therapy [9]. Moreover, Abraxane can be administered over a shorter 

infusion time (30 min) than paclitaxel due to less risk of hypersensitivity reactions [10]. It is 

thought that the enhanced safety profile of Abraxane is potentially due to improved 

pharmacokinetics and the absence of Kolliphor EL [9]. Other examples of avoiding side 

effects from toxic solvents is the use of paclitaxel-containing polymeric micelles composed 

of polyethylene glycol (PEG) and poly-DL-lactic acid copolymers (Genexol-PM, approved 

in Korea [11]) and liposomes (Lipusu, approved in China [12]). Although nanomedicine 

usually enables higher drug doses to be administered, studies investigating optimal 

nanoparticle dosing, scheduling, and infusion rates are lacking. Additionally, due to the 

heterogeneity of nanotherapeutics the development of standardized methods for dose 

calculations is challenging. Notably, for breast cancer, Abraxane was shown to outperform 

solvent-based paclitaxel when administered every three weeks [9], while weekly injection 
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schedules have revealed contradictory results in regards to the superiority of albuminbound 

paclitaxel. Specifically, one study demonstrated that Abraxane was superior to solventbased 

paclitaxel in regards to treatment response [13], while another study demonstrated a trend 

toward longer progression-free survival and less side effects with solvent-based paclitaxel 

[14]. The latter study suggests that nanoparticle-based therapy would primarily be 

advantageous for maintaining drug concentrations within the therapeutic window when 

doses are administered less frequently. However, it is worth noting that in this study, 

Bevacizumab was also administered in both treatment arms [14]. It is possible that 

Bevacizumab has different effects on free and nanoparticle-bound paclitaxel, especially as 

intratumoral accumulation of Abraxane is more dependent on vasculature properties. In fact, 

preclinical studies have demonstrated that antiangiogenic therapy lowers intratumoral drug 

accumulation [15].

Another important consideration for nanotherapeutics is high drug loading capacity to 

reduce exposure to excess materials that lack therapeutic efficacy. In particular, high levels 

of drug loading can be achieved with nanocrystals [16] or therapeutic agents that self-

assemble into nanoparticles [17]. In addition to improving solubility, nanoparticles enable 

sustained drug release, which permits drug concentrations to stay within the therapeutic 

window instead of fluctuating between toxic and sub-therapeutic levels, which is usually the 

case for small molecules [18]. In a mouse study where liposomes with various drug release 

kinetics were compared, slower release rates, similar to that of clinically approved 

therapeutics, were found to lead to increased drug accumulation in tumors and improved 

therapeutic efficacy [19]. Notably, slower release kinetics also led to increased drug 

deposition in cutaneous tissues [19]. However, preclinical studies have also demonstrated 

that therapeutic efficacy is compromised with excessively slow release rates, as cancer cells 

have minimal exposure to bioavailable drugs [20].

2.2. Protection from degradation

Another supportive function of nanoparticles is to provide protection from enzymatic and 

mechanical degradation of drugs. This property is particularly important when it comes to 

drugs that are sensitive to degradation, such as various gene-silencing agents, including 

antisense oligonucleotides (ASOs), small interfering RNAs (siRNAs), and microRNAs 

(miRNAs). Gene-silencing agents provide new ways to modulate disease-associated 

signaling pathways that are difficult to target using contemporary approaches. However, the 

blood, extracellular space, and lysosome contain high levels of ribonucleases and 

deoxyribonucleases that rapidly destroy oligonucleotides [21–23]. Therefore, chemical 

modifications and drug delivery systems are necessary to ensure the stability of these 

therapeutic agents [24]. Moreover, the negative charge and relatively large size of 

oligonucleotides prevent efficient cellular internalization [25]. In addition to protecting 

oligonucleotides from enzymes in the circulation and extracellular space, nanoparticles can 

aid in cellular uptake and lysosomal escape [24]. Notably, in vitro-in vivo correlations of 

therapeutic efficacy are difficult to make as most cell culture models lack key aspects of the 

biological environment. In a study investigating the ability of in vitro assays to predict the 

effect of hepatocellular siRNA nanodelivery in animal models, it was found that cell type 

and siRNA entrapment efficiency played a role, while nanoparticle size and zeta potential 
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did not [26]. In particular, freshly isolated primary hepatocytes were more predictive of in 
vivo gene silencing efficiency compared to cancer cells. Interestingly, the use of HeLa 

cervical cancer cells lead to more predictive results than Hepa1–6 liver cancer cells. Overall, 

there is a need to evaluate and optimize in vitro assays for improving translation of 

nanodrugs.

Currently, there are several clinical trials for oligonucleotide-containing nanoparticles, and 

one has received clinical approval [27, 28]. A few chemically modified ASOs have also 

reached the market. For instance, fomivirsen, mipomersen, nusinersen, and eteplirsen are 

clinically approved in the United States for the treatment of cytomegalovirus retinitis 

(intraocular injection), homozygous familial hypercholesterolemia (subcutaneous injection), 

spinal muscular atrophy (intrathecal injection), and Duchenne muscular dystrophy 

(subcutaneous injection) respectively [29, 30]. A major challenge for the clinical translation 

of gene silencing agents is safety. In a pilot study of an intravenously injected lipid-

conjugated ASO (Imetelstat) for myelofibrosis, 18% of patients experienced 

thrombocytopenia, which lead to intracranial hemorrhage and death in one patient [31]. 

Similarly, a phase II clinical trial of Imetelstat for pediatric brain tumors was prematurely 

terminated due to two deaths caused by thrombocytopenia-induced intratumoral hemorrhage 

[32]. However, platelet deficiency does not seem to be a class effect of ASOs [33] and may 

be due to specific chemical modifications that lead to binding to platelet-specific 

glycoprotein-VI receptors [34].

In 2016, the field of RNA interference (RNAi) faced a major setback as the development of 

revusiran, a promising siRNA-N-acetylgalactosamine (GalNAc) ligand conjugate for 

hereditary transthyretin amyloidosis with cardiomyopathy, was discontinued due to higher 

mortality than the placebo group in a phase III trial [35]. Potential reasons for increased 

mortality in response to revusiran are off-target effects, unexpected on-target effects, 

immunological activation, and poor study design in regards to statistical analysis. Mice 

studies have demonstrated that siRNAs can induce vascular and immune effects through 

activation of Toll-like receptor 3 (TLR3) [36], which is a sensor for foreign double-stranded 

RNA [37]. However, chemical modifications, such as those used for revusiran [38], have 

been shown to prevent TLR activation [39]. Moreover, design algorithms were used in the 

development of revusiran in an attempt to avoid off-target effects [35]. It is possible that on-

target effects arising from suppression of wild type transthyretin could lead to side effects, as 

this protein plays an important role in several physiological processes. For instance, 

thransthyretin is a carrier for thyroid proteins and retinol-binding proteins in the blood, 

protects pancreatic β-cells from apoptosis, and displays proteolytic activity against amyloid 

β, apolipoprotein A-I, and amidated neuropeptide Y [40]. With several oligonucleotide 

nanomedicines in clinical trials, it remains to be seen whether toxicity will be common for 

this type of drugs or limited to specific therapeutic agents/formulations. In fact, encouraging 

safety results were recently reported for a phase III trial of patisiran [41], a liposome-based 

version of revusiran [42], which became the first siRNA-based therapy to receive clinical 

approval [28], marking a major breakthrough in this field. In regards to cancer treatments, 

RNAi nanotherapeutics are in earlier stages of clinical development. Specifically, lipid, 

cyclodextrin, and bacterial minicells have been utilized in phase I/II clinical trials for 

delivery of siRNAs and miRNAs [43]. Although the treatments were generally well tolerated 
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with some mild inflammatory reactions, a small number of grade 3–4 adverse events [44–

46] and one potential therapy-related death due to liver failure [44] were reported. The most 

favorable outcome of these trials was stable disease with some partial responses [43]. 

Accordingly, the clinical development of several siRNA nanotherapeutics for cancer, such as 

the lipid nanoparticle DCR-MYC, has been discontinued due to insufficient patient 

outcomes [47]. On the contrary to hereditary conditions that are caused by a single genetic 

defect, most cancers have several genome abnormalities that together contribute to 

malignancy. Therefore, clinical trials should be designed as combination therapies, as 

siRNA-based treatments for cancer are unlikely to be effective unless coupled with other 

therapeutic agents. Another promising application of nanomedicine is gene editing based on 

delivery of components of clustered regularly interspaced short palindromic repeats 

(CRISPR)/associated protein 9 (CRISPR/Cas9) technology. Although genome editing 

therapeutic agents are in early stages of development, nanoparticles offer an alternative to 

viral vectors, which pose various safety concerns [48].

2.3. Immunoevasion

Another example of multifunctionality in nanomedicine is the use of components that 

facilitate immunoevasion. Common strategies for avoiding immunological recognition and 

clearance of nanoparticles include surface modifications with anti-fouling polymers [49], 

self peptides [50], and cell coatings [51, 52]. A clinically approved strategy for decreasing 

nanoparticle uptake by the immune system relies on the stealth polymer, PEG. Nanoparticle 

pegylation creates a steric barrier that reduces binding of plasma opsonins and prevents 

interactions with cells [53]. Clinically approved examples of pegylated nanoparticles include 

Doxil [2] and Onivyde [54], which are liposomal formulations of chemotherapy drugs. In 

many cases, the altered pharmacokinetics of drugs as a result of nanodelivery reduces side 

effect. In fact, Doxil was approved for multiple myeloma based an equivalent efficacy but 

improved safety compared to free doxorubicin [2]. However, it is important to note that 

while nanotherapeutics generally reduce drug toxicity, they may cause new types of side 

effects to arise. For instance, although Doxil decreases the risk of cardiotoxicity, the 

occurrence of palmar-plantar erythrodysesthesia increases [55].

Notably, pegylation does not necessarily result in substantial improvements in tumor 

accumulation, although this strategy dramatically prolongs circulation times [56, 57]. The 

PEG dilemma is based on the inability of this polymer to specifically prevent interactions 

with immune cells, leading to decreased nanoparticle uptake in cancer cells as well [58]. 

Additionally, pegylation predominantly delays immunological clearance as opposed to 

preventing this process, as evidenced by studies demonstrating that phospholipid-PEG 

conjugates gradually detach from lipid nanoparticles in the circulation [59, 60]. 

Furthermore, in some patients, pegylated nanoparticles have been found to activate the 

complement system, which can increase immunological removal and cause hypersensitivity 

reactions [61, 62]. Frequent infusion reactions have also occurred when Doxil was 

administered over a 1 h period, causing longer infusion times (4 h) to be used [63]. In animal 

models, repeated injections have resulted in the production of PEG antibodies that are 

responsible for the accelerated blood clearance (ABC) phenomenon, in which pegylated 

nanoparticles are rapidly cleared by the immune system, paradoxically leading to much 
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shorter circulation times [64]. However, it is questionable whether the ABC phenomenon is 

clinically relevant, as excessively high doses of pegylated liposomes have been used in 

animal studies. Notably, several clinically approved liposomes for cancer therapy are 

nonpegylated, including DaunoXome [65], Myocet [66], Marqibo [67], and MEPACT [68]. 

Taken together, more effective and specific strategies are necessary to avoid immunological 

clearance of nanoparticles. Efficient immunoevasion will likely require the concurrent use of 

microenvironmental modification strategies and innovative nanoparticle design approaches 

that avoid immunological triggers and incorporate markers of self, such as CD47 [50]. 

Various strategies for priming the innate immune system for reduced nanoparticle uptake 

will be discussed in the future directions section of this review. A major exception to the 

aforementioned approaches is immunotherapy, where the ability of nanoparticles to activate 

the immune system is advantageous. In fact, a few nanovaccines for the treatment of cancer 

have already reached clinical trials. For instance, a liposome-based vaccine that incorporates 

patient-specific cancer cell membrane proteins as well as interleukin-2 (IL-2) has shown 

promise for inducing sustained tumor-specific T cell responses in patients with lymphoma 

[69]. Indeed, one of the main advantages of nanoscale vaccines is the ability to incorporate 

multiple components, such as various antigens and adjuvants, in the same platform. 

Additionally, nanoparticles enable the use of safe and broadly applicable messenger RNA 

(mRNA)-based vaccines by providing protection from degradation and inducing cellular 

internalization. For example, in a small cohort of melanoma patients, antigen-specific T-cell 

responses occurred after systemic treatment with a lipid-based mRNA nanovaccine designed 

to target dendritic cells [70]. Alternatively, dendritic cells can be exposed to antigen-loaded 

nanoparticles ex vivo prior to injection into the body as cell-based vaccines [71].

2.4. Combination therapy

Combination treatment regimens are considered standard of care for most cancer types [72]. 

In fact, concurrent targeting of multiple malignant processes or different elements of the 

same process usually leads to improved outcomes [73]. Studies have also demonstrated that 

it is important to consider drug ratios to obtain optimal therapeutic synergy [74]. A major 

advantage of nanomedicine is the ability to deliver several drugs in the same nanoparticle. 

Indeed, it is easier to achieve ideal intratumoral and intracellular drug ratios by co-

encapsulation in nanoparticles than taking into account the pharmacokinetics of individual 

therapeutic agents. In 2017, Vyxeos became the first nanomedicine for combination therapy 

to enter the market. This nanodrug is a liposomal formulation of cytarabine and 

daunorubicin [75] approved for the treatment of high-risk acute myeloid leukemia (AML). 

Vyxeos has a cytarabine to daunorubicin molar ratio of 5:1, as this ratio was found to 

display the highest synergistic therapeutic activity in cell culture and animal studies [76]. 

Importantly, it was also shown that the ratio was maintained for prolonged periods of time in 

the bone marrow [76]. In a phase III trial for secondary AML, patients treated with Vyxeos 

had a median overall survival of 9.56 months compared to 5.95 months in patients 

administered with a combination of free cytarabine and daunorubicin (standard of care) [77]. 

In addition to delivery of chemotherapy cocktails, it is likely that nanomedicine will be 

beneficial for successful implementation of several other therapeutic combinations. 

Furthermore, theranostic nanoparticles that contain both therapeutic and imaging agents 

could facilitate disease staging, treatment selection, response assessment, and recurrence 
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detection [78]. Nanoparticle-mediated combination therapy could also be useful for 

increasing drug penetration depth in tumors. In fact, it is essential that drugs effectively 

penetrate tumor tissue to avoid subpopulations of cancer cells surviving and causing tumor 

recurrence [79]. Nanoparticles that incorporate proteolytic enzymes that break down the 

dense extracellular matrix (ECM) of tumors have been developed for improved intratumoral 

drug distribution [80, 81]. However, nanoparticles that contain permeation enhancers have 

not yet reached the clinical stage and are likely to display side effects-induced by proteolytic 

enzymes.

2.5. Targeting.

Nanoparticle targeting is based on surface conjugation of molecular targeting ligands. This 

strategy enables the design of drug carriers that recognize biomolecules that are associated 

with specific disease conditions. Such nanoparticles are usually designed to bind to 

molecules that are overexpressed on the surface of tumor vasculature or cancer cells. 

Targeted nanoparticles have not yet reached the market but several are currently undergoing 

clinical trials. For instance, MM310 is an ephrin type-A receptor 2 (EphA2)-targeted 

docetaxel-containing liposome that is in phase I clinical trials for patients with solid tumors 

[82]. Notably, EphA2 is present on the surface of multiple cells in the tumor 

microenvironment, including cancer cells, stromal cells, and endothelial cells [83]. The field 

of targeted nanodelivery underwent a major setback in 2016, when the promising nanodrug 

BIND-014 failed in a phase II clinical trial for the treatment of cervical and head-and-neck 

cancers, followed by the bankruptcy of Bind Therapeutics [84]. BIND-014 is a docetaxel-

containing polymeric nanoparticle with surface ligands for prostate-specific membrane 

antigen (PSMA) [85], which is expressed on prostate cancer cells and on the vasculature of 

many other solid tumors [86]. Another commonly exploited target on tumor blood vessels is 

the αVβ3 integrin receptor [87], while nanoparticle surface ligands for the transferrin 

receptor [88] and folate receptors [89] have frequently been utilized for cancer cell targeting. 

Notably, molecular recognition of cancer cells does not increase nanoparticle passage from 

the circulatory system into the tumor interstitium, but rather promotes retention after 

extravasation has occurred. In addition to enhanced retention, one of the main benefits of 

cancer cell targeting is increased cellular internalization due to ligand-mediated endocytosis. 

In fact, even untargeted nanoparticles can substantially aid in the cellular uptake of 

therapeutic agents through various forms of endocytosis [90]. Nanoparticle-mediated 

internalization can also circumvent drug efflux pumps, thereby overcoming drug resistance 

[91].

There are several potential reasons for disappointing outcomes with targeted 

nanotherapeutics, including increased immunological recognition and clearance due to the 

presence of surface ligands. Moreover, targeting molecules enlarge the size of nanoparticles, 

which could lead to decreased levels of extravasation and intratumoral penetration. Another 

problematic factor is the binding-site-barrier, which occurs when ligands bind with high 

affinity to target molecules, thereby preventing further diffusion throughout the tumor [92]. 

Therefore, it is important to balance binding affinity and diffusion ability when designing 

targeted nanoparticles. Strategies to achieve this balance include the use of fast-penetrating 

nanoparticles, low-affinity ligands, stimuli-triggered drug release, and ligand unveiling 
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strategies [93, 94]. Moreover, targeting approaches should be tailored based on tumor types. 

For example, the stroma content of tumors is likely to have a major impact on which cells in 

the tumor microenvironment would be ideal targets [93]. Accordingly, an understanding of 

the tissue and cell surface distribution of molecular targets as well as the effect of ligand-

receptor binding on nanoparticle diffusion and cellular internalization will be critical for 

successful clinical translation of targeted nanoparticles. An additional challenge of targeted 

delivery is the protein corona that forms around the surface of nanoparticles upon exposure 

to biological fluids [95]. This layer of biomolecules can mask surface ligands and prevent 

target recognition [96]. Moreover, protein binding to the nanoparticle surface can lead to 

conformational changes, which could induce an immunological response [97]. Additionally, 

the biomolecular layer can affect biodistribution, nanoparticle degradation, and drug release. 

A potential solution to the corona problem is surface modification of nanoparticles to 

promote binding of specific plasma proteins that dictate preferential transport properties 

[98]. For instance, one study showed that polymeric nanoparticles coated with polysorbate 

80 attracted apolipoprotein binding, which mediated blood brain barrier crossing [99]. 

Additionally, carbon nanotube-polymer complexes have been surface engineered to display 

binding pockets for specific proteins [100]. Similarly, libraries of hydrogel nanoparticles 

with distinct biomolecular absorption properties can be used to dictate the composition of 

the protein corona [101]. Although studies evaluating interactions between nanoparticles and 

biomolecules following plasma incubation can be informative, studies that in a systematic 

manner address the impact of nanoparticle characteristics on pharmacokinetics are essential 

for improving tumor-targeting. Coupling in vivo studies with mathematical modeling of 

biomolecule-nanoparticle interactions [102] will be valuable for establishing a general 

framework for optimizing nanoparticle design. Moreover, in situ measurements of the 

hydrodynamic radius of nanoparticles using fluorine-19 diffusion-ordered nuclear magnetic 

resonance spectroscopy may provide dynamic protein absorption measurements in vivo 
[103]. Additionally, although proteomic studies evaluating the composition of the protein 

corona are frequently reported, visualization of the biomolecular layer could provide 

important structural insight. Taken together, an increased understanding of interactions that 

occur at the bio-nano interface will be critical for the success of targeted delivery.

2.6. Triggered activation

Nanomedicine also enables the triggered activation or release of therapeutic agents in the 

tumor. There are several stimuli in the tumor microenvironment that can be used as triggers, 

such as low pH, high levels of glutathione, and elevated amounts of enzymes. Additionally, 

exogenous stimuli, such as heat, ultrasound, and magnetic/electric fields, can be applied to 

externally accessible tumors to induce drug release from nanomaterials that are responsive to 

specific energy sources. Clinical-stage examples of stimuli-responsive therapeutics include 

Probodies, which are antibodies that are activated by tumor-associated proteases, such as 

urokinase-type plasminogen activator, membrane-type serine protease 1, legumain, and 

various matrix metalloproteinases (MMPs) [104]. The antigen-binding site of Probodies is 

masked by a peptide that is cleaved in the tumor microenvironment, thereby reducing 

antibody binding to normal cells. For instance, CX-072 is a anti-programmed death-ligand 1 

(PD-L1) Probody in phase I/II clinical trials for patients with solid tumors and lymphoma 

[105]. This Probody has the potential to decrease the side effects of anti-PD-L1 therapy, 
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including the risk of autoimmune-like conditions [104, 106]. Another example is CX-2009, 

an anti-CD166 probody-maytansinoid DM4 conjugate that is undergoing phase I/II clinical 

trials for solid tumors [107]. CD166 is an antibody that is upregulated in tumors, while DM4 

is a cytotoxic agent. Although Probodies and antibody-drug conjugates are multifunctional 

nanosized therapeutics, they are not generally categorized as nanomedicine. Nevertheless, 

similarly to nanodrugs, Probodies have the potential to reduce side effects and enable the use 

of higher doses of therapeutic antibodies. A clinical stage example of a nanoparticle strategy 

that utilizes an external trigger for drug release is ThermoDox, which is a thermosensitive 

liposome that releases doxorubicin in response to temperature elevations above 39 °C [108]. 

In a Phase III trial of ThermoDox coupled with radiofrequency-induced heating for 

hepatocellular carcinoma, the primary endpoint of progression-free survival was not reached 

[108]. Potential reasons for the failure of this trial include cancer cell resistance to 

doxorubicin, inadequate dose of doxorubicin, inappropriate primary endpoints, and 

unexpected anticancer activity in the control group that received radiofrequency ablation 

(RFA) without ThermoDox [108]. Additionally, the lack of a standardized procedure for 

RFA is likely to have impacted the results of this study. In fact, retrospective analysis of 

patients that received RFA for at least 45 min did show a substantial improvement in 

progression-free survival [108]. This study highlights the importance of selecting 

appropriate drug candidates, drug doses, diseases, and treatment procedures in order to gain 

a clear understanding of the benefits of the nanoscale component of the treatment strategy.

3. Exploiting electromagnetic properties

Inorganic nanoparticles can convert energy from external sources into heat, which can be 

utilized for therapeutic purposes. A major advantage of these strategies is that the external 

energy source, such as near-infrared light, radiofrequency waves, and magnetic fields, can 

usually be localized to a specific area in the body in order to reduce damage to healthy 

tissues. In fact, nanoparticle-based thermal therapy can cause intratumoral temperatures to 

rise above 70 °C [109], resulting in cancer cell death. Most of the therapies that have shown 

promise in the preclinical and clinical setting are based on local injection of nanoparticles. 

However, it is important to develop systemically administered therapies, as the majority of 

cancer deaths are caused by metastatic lesions that are impossible to individually target 

through local interventions. Studies have shown that high concentrations of nanoparticles are 

necessary to achieve hyperthermia (> 42 °C) or thermal ablation (> 50 °C) [110]. Therefore, 

heat-generation capacities and biodistribution profiles should be optimized to potentially 

achieve therapeutic efficacy through systemic injections.

The only example of a clinically approved treatment strategy that utilizes the unique 

electromagnetic properties of nanoparticles for thermal ablation is NanoTherm. NanoTherm 

is an iron oxide nanoparticle-based suspension, which is approved in Europe for the 

treatment of patients with brain tumors [111]. Iron oxide nanoparticles are administered 

through local infusion into the brain, after which patients are exposed to an alternating 

magnetic field that causes heat-induced tumor ablation. Studies have shown that this 

treatment combined with radiotherapy has few side effects and extends overall survival 

compared to conventional treatment options [111]. In addition to the clinical utilization of 

magnetic nanoparticles, clinical trials are underway to assess the safety and efficacy of laser-
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heated gold nanoshells (AuroShell) in prostate cancer patients [112, 113]. In the preclinical 

setting, near-infrared light [114, 115] and radiofrequency irradiation [116] have been applied 

to heat gold and carbon nanoparticles for cancer therapy. Besides tumor ablation, less 

dramatic nanoparticle-induced temperature elevations have been used to enhance 

intratumoral permeability for improved drug delivery [117]. However, the limited tissue 

penetration depth of near-infrared light brings into question the utility of this strategy for 

clinical applications. Although radio waves can easily penetrate through the body, there is 

controversy surrounding the contribution of gold nanoparticles to radiofrequency heating. In 

fact, one study reported that electrolytes in nanoparticle suspensions are responsible for 

radio wave-induced temperature elevations [118].

4. Exploiting mass transport characteristics

The circulatory system is responsible for the transport of nutrients, oxygen, waste products, 

cells, and endocrine factors throughout the body. The blood circulation is also exploited for 

the delivery of intravenous or oral drugs, which account for the largest proportion of 

therapeutic agents. The characteristics of the vascular system differ based on developmental 

stage, organ type, and disease condition. Indeed, properties such as vessel diameter, blood 

flow velocity, and vascular permeability vary depending on the physiological function of the 

tissue. For example, the capillaries in the lungs are narrower than those in other organs to 

ensure that red blood cells come in close contact with alveolar spaces, enabling efficient gas 

exchange [119]. Conventional drugs are often smaller than 1 nm and can efficiently diffuse 

throughout most tissues in the body regardless of organ-specific vasculature characteristics. 

Although widespread diffusion permits exposure of diseased cells to drugs, dose limitations 

are necessary due to damage inflicted on healthy cells. Drug doses that are intended to avoid 

adverse side effects are in many cases insufficient to treat disease. Therefore, there is a need 

to develop strategies for site-specific drug delivery. Compared to small molecules, 

nanoparticle transport in the body is more dependent on vasculature properties. For instance, 

widespread diffusion of nanoparticles in tissues throughout the body rarely takes place, as 

nanoparticles are too large to pass through the vascular wall. Moreover, studies have 

indicated that the cutoff size for renal clearance of rigid particles is 5.5 nm [120]. A large 

portion of nanoparticles in the circulation are sequestered by the liver due to vascular 

fenestrations and resident macrophages that are responsible for the clearance of pathogens 

and cellular debris, which are often in the nanosize range [121, 122]. The dependence of 

nanoparticle transport on vasculature properties can be exploited for tissue-specific delivery 

to avoid complete liver clearance. Accordingly, the term transport oncophysics was coined to 

denote a different way of viewing cancer, which enables the design of drug delivery 

strategies that take advantage of the unique transport properties of tumors [123–125]. The 

physics component indicates that physics is required to understand the movement of 

nanoparticles within and between various biological compartments in the body.

The growth of a tumor beyond 2–3 mm in diameter requires the recruitment of a vasculature 

network to ensure efficient gas, nutrient, and waste exchange [126]. The characteristics of 

tumor blood vessels differ substantially from healthy vasculature as the neovascularization 

process (tumor-associated angiogenesis) is forced to take place in a short period of time to 

accommodate rapid tumor growth [127]. In particular, tumors often display a disorganized 
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vasculature network and individual blood vessels exhibit immature properties, such as 

endothelial fenestrations. Drug delivery systems can be designed to exploit the unique 

characteristics of cancer blood vessels to increase drug accumulation in tumors. The most 

well known phenomenon that relates to the utilization of abnormal tumor vasculature 

properties for drug delivery purposes is the enhanced permeability and retention (EPR) 

effect. Another emerging drug delivery strategy that exploits differences between normal and 

tumor blood vessels is based on hemodynamics.

4.1. EPR effect

The EPR effect, which was first described in 1986 [128, 129], entails the increased 

accumulation of nanosized matter in tumors primarily due to vascular fenestrations (up to 

~500 nm [130]) and poor lymphatic drainage. Specifically, immature vasculature has 

reduced pericyte coverage and less endothelial tight junctions, causing gaps in the vessel 

wall. Additionally, a lack of functional lymphatic vessels, abnormal blood flow patterns, and 

a dense ECM have been proposed as explanations for enhanced retention of nanoparticles in 

the tumor microenvironment after extravasation [131, 132]. In particular, it is likely that the 

characteristic intratumoral increase in ECM components [133] leads to adhesive interactions 

with nanoparticles. Fibronectin and collagen have both been referred to as extracellular glue 

due to the capacity of these proteins to bind a wide variety of molecules [134, 135]. In fact, 

collagen is derived from the Greek word ‘kolla’, which means glue [135]. In addition to the 

biomolecular adhesive properties of ECM components, it is probable that the structural 

organization of the protein fiber network will entrap nanoparticles. Another reason for 

accumulation of nanoparticles in tumors is interactions with cells in the tumor 

microenvironment. For instance, it has been shown that tumor-associated macrophages can 

promote intratumoral uptake of nanotherapeutics [136]. The beneficial effects of many 

clinically approved nanoparticles, especially liposomes [137] and polymeric nanoparticles 

[138], have been attributed to the EPR effect. In the preclinical setting, liposomal delivery 

has been found to lead to a several fold increase in intratumoral drug accumulation 

compared to administration of free drugs [139–141]. Although there is evidence of the EPR 

effect in humans, considerable heterogeneity exists in the prevalence of this phenomenon 

among individuals [142]. For example, the accumulation of liposomes in tumors varied from 

0–3.5% of the injected dose in patients with head and neck, breast, and lung cancer [143]. 

Notably, two out of 17 [143] and two out of 22 [144] cancer patients exhibited undetectable 

levels of intratumoral liposomes, suggesting that the EPR effect may be entirely absent in 

certain cases. Moreover, there was an inverse correlation between tumor size and liposome 

accumulation/kg tumor tissue [143]. This observation may be due to large tumors having 

more necrotic areas that contribute to tumor size but lack functional vasculature. Indeed, in 

animal studies, larger tumors have been associated with higher levels of necrosis and less 

liposome uptake normalized by tumor weight [145]. In another patient study, tumor 

vasculature density, measured by CD31 staining, was found to correlate with liposome 

accumulation [146]. In addition to liposomes, the EPR effect has also been observed in 

patient studies with other types of nanoparticles. For instance, polymeric nanoparticles were 

shown to display increased deposition in tumors compared to adjacent noncancerous tissues 

in nine out of nine cancer patients [147]. Notably, preferential tumor accumulation of 

nanoparticles has been observed for both primary [143, 144, 146–148] and metastatic [144, 
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149] cancer patients. Analysis of 17 clinical studies revealed that the EPR effect was most 

pronounced in pancreatic, colon, breast, and stomach cancers, which displayed more than 

ten times higher intratumoral nanoparticle levels compared to those in normal tissue [150]. 

In contrast, head and neck cancer and melanoma patients displayed a twofold increase in 

preferential tumor accumulation [150]. In addition to interpatient variability in regards to the 

EPR effect, it is probable that high levels of intratumoral heterogeneity exist. In fact, in one 

study, nanoparticle levels differed substantially (four-fold) in two samples taken from 

different locations of a stomach tumor [151]. Mathematical modeling [152] and 

experimental studies [79] have demonstrated that such variations in spatial drug distribution 

can lead to the formation of drug resistance, especially in cases in which cancer cells have 

limited ability to migrate. The amount of variation observed in the distribution of 

nanoparticles in these small cohorts of cancer patients is a strong indicator that the EPR 

effect in humans is more heterogeneous than what has been observed in the preclinical 

setting. In fact, the characteristics of tumors in animal models and patients often differ 

substantially in regards to growth rate, size relative to body mass, and features of the 

microenvironment, all of which are likely to influence the neovascularization process, which 

serves as the underlying cause of the EPR effect. In particular, cancer cell injections in 

animals result in tumors that lack typical tumor-stroma interactions, which play a major role 

vascularization and nanodelivery. Taken together, the lack of animal models that accurately 

recapitulate the EPR effect as well as inter-patient and intra-patient variability is likely to 

play a major role in the clinical failure of several nanotherapeutics.

4.2. Tumor hemodynamics

The disorganized structure of tumor vasculature leads to blood flow abnormalities. The flow 

of fluid through a tube can be expressed as the shear rate, which is calculated based on the 

tube diameter and fluid velocity. In general, the shear rates that occur in tumor blood vessels 

are lower (< 100 s−1) than those in normal blood vasculature (> 100 s−1) [153, 154]. 

Accordingly, a complementary strategy to utilizing the EPR effect for improved tumor drug 

delivery is taking advantage of hemodynamics. Specifically, drug carriers can be designed to 

preferentially attach to the vasculature in blood flow conditions with low shear rates (Fig. 2). 

The two requisites for particle attachment is proximity to the vessel wall during flow and 

sufficient adhesive interactions with the endothelium. The size and shape of drug carriers 

can be tailored to meet both of these criteria. For instance, discoidal microparticles display a 

tendency to drift laterally against the wall, while spherical particles follow the streamline 

[155]. Additionally, disc-shaped microparticles have a much larger parallel surface area that 

can adhere to the vessel wall [153, 156]. Therefore, it is not surprising that platelets display 

a discoidal morphology as hemostasis is dependent on binding of these cell fragments to the 

endothelium [157]. Notably, although the vast majority of drug delivery systems are 

spherical, discoidal particles appear to be superior in regards to attaching to the vasculature. 

Importantly, the diameter and height of disc-shaped particles can be fine-tuned to obtain 

different vasculature binding patterns in normal and tumor tissues. In fact, in normal 

vasculature with higher shear rates, strong hydrodynamic forces cause adhered particles to 

dislodge from the endothelium [153, 156]. On the contrary, reduced shear rates in tumor 

blood vessels enable permanent adhesion of microparticles to the vasculature. In essence, 

strong particle binding to the endothelium is promoted by low shear rates, while high shear 
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rates lead to transient particle adhesion. Hemodynamic targeting approaches for cancer 

therapy rely on identifying optimal ratios between particle adhesion and hydrodynamic 

forces. Mathematical modeling and animal studies have demonstrated that discoidal 

microparticle-based drug delivery systems can be designed to preferentially bind to tumor 

vasculature, resulting in increased tumor accumulation and improved therapeutic efficacy 

compared to spherical drug carriers [91, 153, 158, 159]. For instance, in a mouse model of 

breast cancer, tumor accumulation of discoidal silicon microparticles was fivefold higher 

than that of spherical particles with the same diameter [158]. Similarly, in a mouse model of 

melanoma lung metastasis, the accumulation of disc-shaped microparticles in tumor tissue 

was ten times higher than that of spherical nanoparticles [159]. Although certain dimensions 

of these particles are in the micron size range, some dimensions are nano-sized and the 

particles have other nanotechnological features, such as nanoscale pores. Other non-

spherically shaped particles, such as rods, have also outperformed spheres in binding to the 

endothelium of target organs [160]. An important consideration for the development of 

nanotehrapeutics with unconventional shapes is potential manufacturing challenges. While 

lithography-based techniques can be used for large-scale fabrication of silicon [161] and 

polymeric [162] particles of various shapes and sizes, this may prove less feasible for other 

materials, such as lipids.

Notably, patients have also been shown to display disorganized tumor vasculature 

characteristics [163]. In fact, an intravital microscopy study demonstrated that vasculature 

shear rates of human tumors are lower than those observed in animal models [163], 

highlighting the promising potential of hemodynamic targeting in the clinical setting. 

Clinical trials that utilize drug delivery strategies based on fluid dynamics are currently 

being planned for the treatment of breast cancer lung metastasis based on promising 

preclinical results [91, 161].

5. Future Directions

The use of nanocarriers has led to major improvements in site-specific drug delivery 

compared to administration of free drugs. These improvements range from a 10 to 100-fold 

increase in intratumoral drug accumulation [139, 141, 164, 165]. Despite major 

advancements in the biodistribution of drugs, less than 1% of systemically injected 

nanoparticles typically reach the tumor [57]. Over 90% of an injected nanoparticle dose 

usually ends up in the liver and spleen, as these organs are responsible for the clearance of 

nanosized cell debris and pathogens, which are often indistinguishable from 

nanotherapeutics [121, 122]. Moreover, the reasons for failed clinical trials in nanomedicine 

are largely unknown and are likely to be a combination of multiple complex factors [166]. 

Accordingly, nanomedicine still faces major challenge (Table 2) that necessitates the 

development of additional therapeutic strategies to enhance tumor accumulation. Such 

approaches include engineered extracellular vesicles, drug delivery vehicles that undergo 

spatiotemporal transitions, strategies to prime the microenvironment, and patient 

stratification according to tumor properties.
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5.1 Engineered extracellular vesicles

Extracellular vesicles are released by all cells and play a central role in cell communication 

by serving as endogenous carriers for biomolecules over both short and long distances [167]. 

Genetic or chemical engineering approaches can transform extracellular vesicles to drug 

delivery vehicles [168, 169]. The complexity of natural vesicle membranes is challenging to 

replicate in the synthetic setting and provides unique functional properties. For instance, it 

was recently shown that extracellular vesicles carrying gene silencing agents against 

oncogenic KRAS display improved therapeutic efficacy in pancreatic cancer models 

compared to liposomes [170]. Notably, it was postulated that the presence of the 

transmembrane protein CD47 was a major contributing factor for increased anticancer 

activity, as this protein reduces immunological clearance [170]. The use of extracellular 

vesicles as drug delivery vehicles is promising due to the abundance of surface proteins that 

can be exploited for tissue-specific targeting. However, successful implementation of these 

biological nanoparticles for drug delivery will be dependent on the identification and 

isolation of vesicles that display favorable biomolecular profiles. Another approach that also 

exploits biological membranes for drug delivery is the use of particles coated with cell 

membranes, including those derived from leukocytes [51] and erythrocytes [52]. On the 

contrary to engineered extracellular vesicles, membrane-coated particles are not confined to 

spherical shapes [51]. The major challenge for clinical translation of extracellular vesicles 

and other biological membrane-based therapeutics is the development of scalable cost-

effective production methods [171, 172]. Indeed, the most common method for the isolation 

of vesicles is ultracentrifugation, which is expensive, labor-intensive, and difficult to scale-

up for clinical-grade manufacturing [173]. Additionally, batch-to-batch consistency, purity, 

integrity, and recovery are low with this isolation method, necessitating the use of alternative 

production techniques for engineered extracellular vesicles. Despite these challenges, 

extracellular vesicles for immunotherapy entered clinical trials more then ten years ago. 

Specifically, in 2005, the results from metastatic melanoma and non-small cell lung cancer 

phase I clinical trials were published [174, 175]. These trials revealed that tumor antigen-

loaded exosomes derived from autologous dendritic cells were safe and in a few cases lead 

to a minor or partial therapeutic response. Accordingly, further research is necessary to 

identify the most effective ways of utilizing extracellular vesicles for immunotherapy. There 

are also several other promising nanotechnology-based strategies for inducing anticancer 

immune responses. These approaches are more than a decade away from clinical translation 

and have been extensively reviewed elsewhere [176–178].

5.2. Spatiotemporal nanoparticle transitions

In addition to the incorporation of multiple functional elements, drug delivery systems can 

be designed to display transitional properties in a spatiotemporal manner. Namely, the 

characteristics of nanoparticles change with time as they move from one compartment in the 

body to another. In fact, nanoparticle properties that are beneficial in some biological 

settings are unfavorable in others. For example, while pegylation provides an 

immunoevasive function in the circulation, this surface modification reduces cellular uptake 

in the tumor microenvironment. Multistage or transitional drug delivery systems that display 

adjustable stability, size, and surface properties can be developed to overcome such 

challenges [179]. The multistage vector is a drug delivery system that consists of several 
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components that are active at various stages in the drug delivery process [161, 180]. The first 

stage is a silicon microparticle that is designed to navigate in the circulatory system and bind 

to inflamed vasculature. The microparticle then releases a second stage, which consists of 

nanoparticles that display optimal properties for transport within the tumor interstitium. The 

final stage comprises a therapeutic molecule that binds to an intracellular target. The 

multistage vector is a versatile platform that has previously been used for the delivery of 

chemotherapeutic agents [91, 181], anti-inflammatory drugs [182], gene-silencing agents 

[183–185], and therapeutic proteins [186] encapsulated in various nanocarriers. Recently, a 

new multistage platform based on an injectable nanoparticle generator was developed [91]. 

This generator is an intravenously administered discoidal silicon microparticle that 

spontaneously produces and releases polymeric doxorubicin nanoparticles into the tumor 

microenvironment. Specifically, nanoparticles are formed by self-assembly of polymeric 

doxorubicin strands loaded inside the microparticle. The nanoparticles are then internalized 

by cancer cells through endocytosis, thereby overcoming drug efflux pumps [91]. 

Doxorubicin is released inside acidic endosomes following the cleavage of a pH-sensitive 

linker. In a breast cancer lung metastasis model, the survival time doubled in mice 

administered with the nanoparticle generator compared to those treated with a liposomal 

formulation containing the same dose of doxorubicin [91]. Other examples of multistage 

drug delivery system are 80–100 nm nanoparticles that in response to tumor enzymes or 

acidity release smaller 5–10 nm nanoparticles that can more easily diffuse throughout the 

tumor [187–189]. An alternative approach to the sequential release of nanoparticles is the 

design of multilayer nanodrugs. For instance, PEG layers can be shed in response to 

enzymes in the tumor microenvironment [190]. Additionally, the acidic environment of the 

tumor can be exploited to induce surface modifications that expose cell-penetrating [191] 

and nucleus-targeting peptides [192]. In conclusion, nanoproperty changes are necessary to 

ensure beneficial bio-nano interactions in different biological compartments. Although 

spatiotemporal transitions substantially improve drug delivery, it is important to note that 

complex nanotherapeutics face greater manufacturing and regulatory challenges. 

Nevertheless, large-scale production of the injectable nanoparticle generator based on 

photolithography and electrochemical etching according to the Current Good Manufacturing 

Practices (CGMPs) enforced by the United States FDA has been established [161]. Toxicity 

studies based on CGMP quality particles have been performed and an investigational new 

drug application for breast cancer lung metastases will be submitted within the next 12 

months. Clinical approval of a wide range of multifunctional and transitional nanoparticles 

will require retraining of the pharmaceutical industry to perform cost-effective 

manufacturing of nanoparticles.

5.3. Priming the microenvironment

A complementary approach to developing innovative nanoparticles for treatment of disease 

is the design of strategies aimed at targeting the microenvironment. Such approaches have 

generally focused on modifying tumor characteristics, such as the vasculature and ECM, for 

improved nanodelivery [193]. Indeed, there are several barriers in the tumor 

microenvironment that prevent effective nanomedicine delivery. These obstacles include 

uneven blood flow distribution, interstitial fluid pressure, a dense ECM, and a large 

population of stromal cells [93]. In animal models, antiangiogenic and angiogenic agents 
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have been administered to normalize cancer vasculature for improved nanoparticle 

accumulation [194]. Other studies have utilized hyperthermia to enhance nanoparticle 

permeability across the tumor endothelium [117]. Furthermore, degradation of modification 

of the ECM can decompress cancer vasculature and improve intratumoral diffusion of 

nanoparticles [93]. The tumor microenvironment can also be restructured through the 

inactivation or destruction of cancer-associated fibroblasts [93]. In the clinical setting, 

angiotensin inhibitors, which alter the vasculature and ECM of tumors [195], have been 

explored for improved delivery of chemotherapeutic agents. The findings from such clinical 

trials are inconclusive as retrospective studies have indicated promising results [196, 197], 

while other trials have failed to show any improvement [198]. It is worth noting that the 

effect of tumor microenvironment alterations on nanoparticle permeation may differ 

substantially from that of small molecules, as nanodrugs display unique transport 

characteristics. Moreover, a potential drawback of increased vascular permeability and 

reduced ECM thickness is the promotion of cancer cell invasiveness. In addition to 

modifying the tumor microenvironment for improved drug delivery, healthy organs such as 

the liver and spleen can be targeted to alter nanoparticle biodistribution [199]. For example, 

pretreatment of mice with gadolinium chloride was found to deactivate Kupffer cells in the 

liver, leading to increased accumulation of quantum dots in tumors [200]. Saturation of the 

innate immune system with decoy liposomes prior to injection of therapeutic iron oxide 

nanoparticles also demonstrated promise for improving tumor homing [201]. Additionally, 

preconditioning of the mononuclear phagocyte system with the clinically approved 

antimalarial agent chloroquine was shown to reduce nanoparticle uptake in the liver and 

improve intratumoral accumulation in a mouse model [202]. This pretreatment strategy is a 

simple, broadly applicable, and easily implementable approach to potentially increase site-

specific nanodelivery in the clinical setting [203]. Based on common biodsitribution trends 

[121, 122], a 1% redirection of nanoparticles from the mononuclear phagocyte system to the 

tumor would be sufficient to double intratumoral drug levels. Assuming that there is a 

correlation between tumor drug concentration and anticancer efficacy, a minor redistribution 

of nanoparticles could be a determining factor between life and death. Namely, small 

changes in liver and spleen accumulation could have major implications for therapeutic 

efficacy. The clinical translation of strategies to modify the mononuclear phagocyte system 

for improved tumor delivery of nanoparticles should be easily implementable in certain 

cases, as agents such as chloroquine that deactivate the innate immune system are already on 

the market and have shown acceptable safety profiles when combined with 

chemotherapeutic agents [204]. However, such strategies could also impact tumor-associated 

macrophages, which could have favorable or unfavorable effects depending on the tumor 

type [202]. Notably, the translation of therapeutic strategies to modify the tumor 

microenvironment has limited relevance unless animal models resemble clinical 

pathobiology. Accordingly, the suitability of tumor models should be assessed by comparing 

gene expression, histological features, and heterogeneity to biobanks of patient tumors 

[166]. In general, genetically engineered and patient-derived xenograft models tend to most 

accurately recapitulate the tumor microenvironment of patients [166].

Wolfram and Ferrari Page 17

Nano Today. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5.4. Companion diagnostics

Another approach to improve the performance of nanotherapeutics is to stratify patients 

according to tumor characteristics, such as vasculature density, vessel permeability, blood 

flow velocity, pressure gradients, and ECM density. Methods for patient stratification can be 

based on biomarker profiles or imaging. For instance, in animal models, it was shown that 

the ratio of MMP-9 to tissue inhibitor of metalloproteinase 1 (TIMP-1) can serve as a serum 

biomarker of nanoparticle accumulation in tumors [205]. Moreover, the content of capillary-

wall collagen has been shown to be a biophysical marker of nanoparticle extravasation from 

tumor vasculature [206]. Additionally, several angiogenesis biomarkers have been reported, 

including circulating cells, proteins, gene expression profiles, and functional parameters 

[207]. For instance, higher levels of circulating endothelial cells and endothelial cell 

progenitors are indicative of increased angiogenesis [208]. In the clinical setting, it has been 

demonstrated that imaging techniques can be used to predict intratumoral nanoparticle 

accumulation and therapeutic efficacy. For example, the uptake of iron nanoparticles in 

patients with advanced solid tumors was quantified by magnetic resonance imaging prior to 

treatment with Onivyde (irinotecan liposomes) [209]. Notably, intratumoral levels of iron 

nanoparticles were predictive of therapeutic responses to the liposomes [209]. Additionally, 

in metastatic breast cancer patients treated with radiolabeled doxorubicin-containing 

liposomes, tumor accumulation quantified by positron emission tomography was shown to 

correlate with treatment outcome [210]. This example highlights the value of theranostic 

nanoparticles that provide information about the success of drug delivery in addition to 

having therapeutic effects. Taken together, companion diagnostics present a promising tool 

for identifying patients that are likely to respond to nanotherapeutics. Future applications 

also include further pre-selection of patients according to the most suitable nanoparticle 

properties, such as size, shape, and charge. In order for companion diagnostics to achieve 

clinical relevance in nanomedicine, a decision-making framework needs to be created. The 

generation of such a framework requires improved tools and databases to assess tumor 

heterogeneity, especially in regards to parameters that dictate nanoparticle delivery to 

tumors. Moreover, the focus should be shifted from formulation-driven development of 

nanotherapeutics to design criteria that are based on treating specific tumor types [166].

6. Conclusions

The reasons for the failures of clinical trials to reach proposed objectives are invariably 

multifold, complex, and interwoven with each other. Unfortunately, it is the norm rather than 

the exception that therapeutic agents (chemo-, biological, or nanotechnological) prove to be 

very effective and cell-selective in targeting certain cancer cell populations in vitro, and even 

in suitable animal models, yet fail dramatically in clinical trials. It stands to reason that the 

biodistribution of the agent may be a fundamental factor for these failures, with insufficient 

concentrations being realized at target sites, and unwanted concentrations elsewhere causing 

dose-limiting toxicities. The biodistribution of therapeutic agents is largely controlled by the 

ability of the drug to penetrate across biological barriers, especially in the evolving forms 

they present in the course of carcinogenesis. The strategy of adding targeting moieties to 

therapeutic nanoparticles to increase their localization specificity has not yielded clinically 

approved drugs, to date, despite 30 years of attempts by many laboratories and 
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pharmaceutical companies. This pitfall is related to that the fact that the addition of 

molecular targeting agents increases recognition specificity, but at the cost of much greater 

difficulties in addressing biological barriers. This review highlights critical obstacles in 

nanomedicine and the necessity to develop strategies for addressing them in a sequential 

fashion for improved outcomes in clinical trials. The various benefits and characteristics of 

nanoparticles summarized in this review form the knowledge basis from which further 

strategies can be deployed to improve cancer therapeutics. Specifically, the major advantages 

of nanotherapeutics are multifunctionality, unique electromagnetic characteristics, and 

distinct transport properties. Although many of these benefits have been individually 

implemented in the clinical setting, successful future nanotherapeutics will likely integrate a 

wider range of valuable nanoscale characteristics combined with strategies to modify the 

microenvironment. In regards to clinical oncology, nanomedicine has the potential to 

substantially improve the treatment of aggressive diseases, such as triple negative breast 

cancer and pancreatic cancer. Specifically, the microenvironment of pancreatic tumors poses 

unique challenges due to poor vascularization and dense stroma, requiring a multipronged 

approach to treatment. In the case of metastatic breast cancer, nanoparticle-based treatments 

show promise for overcoming drug resistance and achieving site-specific delivery through 

approaches such as hemodynamic targeting. Although nanomedicine offers new and 

improved solutions for the treatment of cancer, there is a need for an improved 

understanding of bio-nano interactions in the body, as this interface is a determining factor 

of the success of nanotherapeutics. Accordingly, systematic studies that evaluate the impact 

of nanoparticle characteristics on biomolecular interactions and pharmacokinetics will be 

critical for the design of superior treatments. Furthermore, the commercialization process for 

nanotherapeutics is challenging due to a lack of industry experience in large-scale clinical-

grade manufacturing. Indeed, pharmaceutical production facilities are primarily specialized 

in small molecule and antibody production. In conclusion, an increase in industry knowledge 

of scalable nanoparticle synthesis coupled with the design of transitional multifunctional 

nanoparticles, microenvironmental priming strategies, and companion diagnostics is likely to 

radically transform cancer treatment.
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Box 1 |

Definitions of Nanotechnology

• Technology that fulfills the following criteria: i) has components in the 

nanosize range, ii) is man-made, and iii) has properties that arise due to 

nanoscale dimensions (Mauro Ferrari, Chief Executive Officer and President 

of the Houston Methodist Research Institute in the United States) [211]

• Work at the atomic, molecular, and supramolecular levels in order to 

understand and create materials, devices and systems with fundamentally new 

properties and functions because of their small structure (Robert Langer, 

Institute Professor at the Massachusetts Institute of Technology in the United 

States) [211]

• Toolbox that provides nanometer-sized building blocks for the tailoring of 

new materials, devices, and systems (Jackie Ying, Professor, Agency for 

Science, Technology and Research in Singapore) [211]

• Science, engineering, and technology conducted at the nanoscale, which is 

about 1–100 nm (informal definition by the United States National 

Nanotechnology Initiative) [212]

• The use of tiny structures - less than 1,000 nm across - that are designed to 

have specific properties (informal definition by the European Medicines 

Agency) [213]

• The branch of technology that deals with dimensions and tolerances of less 

than 100 nm, especially the manipulation of individual atoms and molecules 

(Oxford Dictionaries) [214]
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Figure 1 |. Multifunctional properties of nanotherapeutics.
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Figure 2 |. Hemodynamic-based tumor targeting.
Spherical nanoparticles follow the streamline (upper panel), while discoidal microparticles 

flow close to the vessel wall (lower panel). Proximity to the endothelium and a large parallel 

surface area that can attach to the vessel wall make disc-shaped particles ideal for vascular 

adhesion. Unique hemodynamics in normal and tumor blood vessels lead to different 

patterns of particle adhesion. Specifically, the disorganized vasculature network of tumors 

leads to lower shear rates and permanent attachment of discoidal microparticles
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Table 1 |

Advantages of nanotechnology in medicine with examples of clinical-stage cancer nanotherapeutics

Name Composition Cancer type Status Refs

MULTIFUNCTIONALITY

Solubilization/Sustained Release

Abraxane Albumin-bound paclitaxel Breast, lung, and pancreatic cancer Approved in the US 
(2005)

[27]

Genexol-PM Polymeric nanoparticles with paclitaxel Breast, lung, and ovarian cancer Approved in Korea 
(2007)

[11]

Lipusu Liposomal paclitaxel Breast, lung, and ovarian cancer Approved in China 
(2006)

[12]

Marqibo Liposomal vincristine sulfate Acute lymphoblastic leukemia Approved in the US 
(2012)

[67]

Protection from degradation

Atu027 Liposomal small interfering RNA 
(siRNA)

Advanced or metastatic pancreatic 
cancer

Phase I/II completed 
(2016)

[27]

ALN-VSP02 Liposomal siRNA Solid tumors with liver involvement Phase I completed 
(2011)

[44]

DCR-MYC Lipid nanoparticle with Dicer-substrate 
siRNA

Advanced solid tumors Phase I/II 
terminated (2016)

[46]

MRX34 Liposomal micro RNA (miRNA) Advanced cancers Phase I terminated 
(2016)

[215]

Immunoevasion

Doxil Liposomal doxorubicin (pegylated) HIV-related Kaposi sarcoma, 
ovarian cancer, and multiple 
myeloma

Approved in the US 
(1995)

[27]

Onivyde Liposoml irinotecan (pegylated) Advanced pancreatic cancer Approved in the US 
(2015)

[54]

Combination therapy

Vyxeos Liposomal cytarabine and daunorubicin High-risk acute myeloid leukemia Approved in the US 
(2017)

[27]

Targeted therapy

MM310 Ephrin type-A receptor 2-targeted 
liposomal docetaxel

Solid tumors Phase I ongoing [82]

Triggered activation

CX-2009 CD166 probodymaytansinoid conjugate Solid tumors Phase I/II ongoing [107]

CX-072 Antiprogrammed death-ligand 1 (PD-L1) 
Probody

Solid tumors and lymphoma Phase I/II ongoing [105]

ThermoDox Thermosensitive liposomal doxorubicin Hepatocellular carcinoma Phase III completed 
(2016)

[108]

UNIQUE ELECTROMAGNETIC PROPERTIES

NanoTherm Iron oxide NP Brain tumors Approved in Europe 
(2011)

[27]

AuroShell Gold nanoshells Prostate cancer Phase I ongoing [113]

UNIQUE TRANSPORT PROPERTIES

Enhanced permeability and retention (EPR) effect

SMANCS Polymer-neocarzinostatin conjugate Liver and renal cancer Approved in Japan 
(1993)

[27]

DaunoXome Liposomal daunorubicin HIV-associated Kaposi’s sarcoma Approved in the US 
(1996)

[65]
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Name Composition Cancer type Status Refs

Myocet Liposomal doxorubicin Metastatic breast cancer Approved in 
Europe/Canada 
(2000)

[66]

MEPACT Liposomal muramyl tripeptide 
phophatidyl-ethanolamine

Osteosarcoma Approved in Europe 
(2009)

[68]

Hemodynamics

Nanoparticle generator Porous silicon microparticle with 
polymeric doxorubicin

Breast cancer lung metastasis Planning of phase I [91, 161]
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Table 2 |

Limitations of nanotherapeutics

Type Limitations

Clinically approved

Non-pegylated nanoparticles • Rapid clearance by the immune system

• Low tumor accumulation

Pegylated liposomes • Polyethylene glycol (PEG) dilemma (reduced interactions with cancer cells)

• Transient protection from immunological clearance

• Potential activation of the complement system

• Accelerated blood clearance (ABC) phenomenon (antibody-mediated clearance following 
repeated injections)

Iron oxide nanoparticles • Require local injection to achieve sufficient quantities for thermal ablation

• Unknown effects of long-term accumulation in the body

Preclinical/Clinical trials

RNA interference nanoparticles • Complete protection required due to susceptibility of RNA to degradation

• Potential side effects

• Endosomal escape strategies necessary

• siRNA-based therapeutics are unlikely to be effective as monotherapy

• Toxicity of cationic nanoparticles that result in higher loading efficiency

DNA, mRNA nanoparticles • Problematic nanoparticle encapsulation due to large size

• Immune responses in intracellular compartments

• Endosomal escape strategies necessary

Immunotherapeutic nanoparticles • Unspecific immune activation

• Costly personalized approaches

Nanoparticles with permeation enhancers • Side effects

• Risk of increased metastasis

Targeted nanoparticles • Masking of targeting ligands by the protein corona

• Binding-site-barrier (ligands bind with high affinity to target molecules, thereby preventing 
further diffusion throughout the tumor)

• Decreased extravasation and intratumoral penetration due to increased size (targeting ligands on 
the surface)

• Potentially increased immunoactivation (targeting ligands on the surface)

Triggered-release strategies • Tumors need to be accessible if using external energy triggers

• Rarely completely specific to tumor tissue if using triggers in the microenvironment

Gold nanoparticles • Limited tissue penetration depth of infrared light

• Unknown effects of long-term accumulation in the body

Non-spherical nanoparticles • Manufacturing challenges

• Material limitations

Transitional/multistage nanoparticles • Complex manufacturing

• Complex characterization

• Regulatory challenges
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