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Abstract

Cancer treatment still remains a challenge due to the several limitations of currently used 

chemotherapeutics, such as their poor pharmacokinetics, unfavorable chemical properties, as well 

as inability to discriminate between healthy and diseased tissue. Nanotechnology offered potent 

tools to overcome these limitations. Drug encapsulation within a delivery system permitted i) to 

protect the payload from enzymatic degradation/inactivation in the blood stream, ii) to improve the 

physicochemical properties of poorly water-soluble drugs, like paclitaxel, and iii) to selectively 

deliver chemotherapeutics to the cancer lesions, thus reducing the off-target toxicity, and 

promoting the intracellular internalization. To accomplish this purpose, several strategies have 

been developed, based on biological and physical changes happening locally and systemically as 

consequence of tumorigenesis. Here, we will discuss the role of inflammation in the different steps 

of tumor development and the strategies based on the use of nanoparticles that exploit the 

inflammatory pathways in order to selectively target the tumor-associated microenvironment for 

therapeutic and diagnostic purposes.
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1. INTRODUCTION

Despite the multitude of chemotherapeutics already used in the clinic to fight many types of 

cancer, two main issues limit full pharmacological success. For one, intravenous (i.v.) 

administration of pharmaceutics suffers from several shortcomings including i) degradation 

by specific enzymes or physiologic conditions (e.g., lysosome acidic environment [1]), 

which alter pharmacological efficacy, and ii) poor biodistribution, which necessitates high 

drug doses to achieve therapeutically effective concentrations in the target tissue [1, 2], 

increasing the risk of extensive off-target effects [3, 4]. These factors hinder 

chemotherapeutic accumulation and efficacy, resulting in progressive drug resistance and 

short patient survival. In addition, for several drugs, unfavorable chemical properties (low or 

no solubility in biological fluids) require pharmaceutical formulations that are themselves 

toxic. For example, the marketed clinical formulation of paclitaxel, Taxol®, is one of the 

most effective drugs available to treat ovarian, breast, non-small cell lung cancer and AIDS-

related Kaposi’s Sarcoma [5]. However, because of its insolubility in water and other 

solutions commonly used for intravenous injections, paclitaxel is dissolved in a 50/50 (v/v) 

mixture of Cremophor® EL (a surfactant) and dehydrated alcohol. This solution has been 

shown to cause severe hypersensitivity reactions, anemia and cardiovascular events, due to 

the toxic effects of Cremophor® EL [6]. The second main issue limiting therapeutic success 

stems from the inability of current chemotherapeutics to differentiate between healthy and 

cancerous tissue. This causes severe side effects [7], commonly including the loss of hair, 

bone marrow, and intestinal epithelial cells, which are all highly replicative cells. Other 

widely-used drugs are characterized by specific off-target toxicity (cardiotoxicity for 

anthracyclines [8, 9]).

Nanotechnologies offer potent tools to improve the physicochemical properties of 

chemotherapeutics, thereby reducing their systemic toxicity and increasing their therapeutic 

index, while retaining their pharmacological activity and increasing their accumulation at the 

disease site [10, 11]. Drug encapsulation and delivery using nanocarriers (a) prevents drug 

degradation and metabolic deactivation, and increases drug solubilization [4], thus 

improving its pharmacokinetics and biodistribution, (b) facilitates selective delivery of 

chemotherapeutics to cancer lesions through passive [enhanced permeation and retention 

effect (EPR)] or active (targeted particles) mechanisms, reducing off-target toxicity, and (c) 

improves intracellular penetration [2] of payload, overcoming multi drug resistance (MDR).

In order to selectively deliver chemotherapeutics to the cancer lesion, several strategies have 

been developed. Most of these rely on unique biological and physical features of the tumor 

microenvironment (e.g., leaky vasculature, compromised lymphatic drainage, angiogenesis, 

acidic pH, overexpression of cell membrane antigens) [12], which are exploited to gain 

access to the cancer cells. Recently, particular focus has been paid to the causal relationship 

between inflammation and cancer development [13, 14]. The local immune response and 

systemic inflammation have important roles in tumor progression, as well as patient survival 

in established cancers [21]. The study of inflammatory pathways activated during cancer 

progression has paved the way for novel therapeutic strategies based on the use of 

nanoparticles. Here, we will describe inflammation’s involvement in tumorigenesis, and will 
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present how it can be exploited in order to selectively direct anti-cancer tools (both 

chemotherapeutics and diagnostic agents) to the tumor tissue.

2. ROLE OF INFLAMMATION DURING CANCER DEVELOPMENT

2.1. General overview

The connection between cancer and inflammation was observed for the first time about one 

and a half centuries ago [15]. During the past years, the role of inflammation in the origin of 

cancers has been better clarified and some mechanisms elucidated [16]. It is now well 

known that many of cancer’s environmental cues reside in chronic inflammation conditions 

consequent to chronic infections [16] and irritations [17], fat-based diet [18], alcohol abuse 

[19], tobacco smoking [20], and atmospheric pollutants [21] (Table 1 and Figure 1). 

Inflammation can impact every step of tumor development from initiation and promotion 

through metastasis and recurrence. An inflamed microenvironment can promote genomic 

instability, thus giving rise to the occurrence of genetic mutations [22]. Moreover, the 

chronic inflammatory environment is populated by innate immune cells. Most of these are 

macrophages [23] that, together with neutrophils, dendritic cells, mast cells, and T and B 

lymphocytes, infiltrate the tumor parenchyma. Cancer cells, stroma cells (e.g. fibroblasts and 

mesenchymal stem cells), and immune cells interact through direct contact and/or through 

production of signaling molecules, namely cytokine and chemokine. In particular, tumor-

associated macrophages (TAMs) are known to secrete pro- angiogenic and pro-metastatic 

factors, to stimulate cell proliferation, and to inhibit cells’ apoptosis in the inflamed site 

[24]. Moreover, an abundant infiltration of TAMs is connected with poor prognosis in a 

variety of solid tumors [25, 26]. Macrophages with an alternative M2 phenotype are, in the 

majority of cases, associated with poor prognosis [27–29]. These macrophages, as opposed 

to classically activated M1 ones, typically express anti-inflammatory molecules (e.g. IL-10 

or TGF-β). Moreover, they have been shown to be involved in the regulation of cancer stem 

cells (CSCs) functions and, consequently, to be involved in CSC-mediated oncogenesis, 

metastasization, and drug resistance [30, 31]. Thus, approaches that target TAMs 

polarization to fight tumors are considered a potential alternative to traditional therapies.

2.2. Tumor initiation and promotion

Tumor initiation has for a long time been associated with an initial mutation of normal cells 

that, once mutated, acquired the ability to proliferate and survive longer than neighboring 

healthy cells. Later, it was recognized that more genetic events are needed for a malignant 

tumor’s initiation [32]. An inflamed microenvironment can promote tumor initiation in 

different ways, including the production of Reactive Oxygen Species (ROS) [33] and growth 

factors. Chronic inflammation is a source of mitochondrial and cytosolic ROS. ROS damage 

DNA, causing random mutations that transform normal cells into cells without control over 

proliferation and apoptosis. For this reason, ROS are considered one of the early origins of 

cancer [34]. Macrophages and inflammatory cells, in general, produce cytokines and growth 

factors that can mediate the acquisition of stem-like phenotypes by tumor cells, transforming 

them in CSCs. CSCs represent a population of cells within a tumor exhibiting features 

specific of stem cells, such as the ability of unlimited self-renewal and of multi linage 

differentiation. The presence of CSCs has been extensively investigated and revealed in 
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many solid tumors [35] and they are believed to have a fundamental role in cancer therapy 

resistance and cancer recurrence after treatment. The production of TNF-α [36] and NF-κB 

[37], for instance, can activate Wnt/β-catenin signaling, one of the main CSC-regulating 

pathways. The production of cytokines is also involved in tumor promotion, the process 

which signals the evolution of a single cell to a fully-formed tumor bulk. Several mouse 

cancer models have been used to investigate this phenomenon and, in the majority of the 

cases, NF-κB and STAT3 are the main signals responsible for inflammation-mediated tumor 

promotion [38].

2.3. Tumor angiogenesis

In 1986, Dovrak HF defined tumors as “wounds that don’t heal” [39]. Contrary to what 

happens during normal wound resolution, tumor development is in some way sustained by 

inflammatory cells. In the presence of a wound, macrophages, fibroblasts, and other key 

players in inflammation cooperatively lead to its resolution; instead in the case of mutated 

epithelial cells, inflammatory cells promote their replication and survival [39]. Inflammatory 

angiogenesis is involved in this process. Angiogenesis, the formation of new blood vessels 

originating from existing vasculature, represents one process contributing to tumor 

development, according to Hanahan and Weinberg’s famous article describing the hallmarks 

of cancer [32]. For this reason, angiogenesis is considered a potential therapeutic target; 

particularly, its suppression offers new therapeutic avenues. Even in the case of 

angiogenesis, TAM recruitment plays a fundamental role due to the fact that these cells 

produce pro-angiogenic molecules that boost the angiogenic switch [40]. TAMs are sensitive 

to the low oxygen tension (hypoxia) typical of tumor avascular regions and react by 

producing molecules such as the vascular endothelial growth factor A (VEGFA), considered 

one of the major pro-angiogenic cytokines [41–43]. The link between chronic inflammation 

and angiogenesis is not unidirectional; the borderline between cause and consequence is 

very thin and several mechanisms driving these two processes are still unclear [44]. It is 

clear that NF-κB and STAT3 regulate the majority of key angiogenic genes (CXCL8, 

interleukin-8, and hypoxia inducible factor 1 alpha), thus inactivation of these signals 

(together with depletion of TAM) is considered a potential target to reduce angiogenesis in 

the tumor environment [45].

2.4. Tumor metastasis and recurrence

Over 90% of cancer patients die due to the presence of metastasis, thus investigation into 

anti-metastasis therapy is extremely clinically relevant. This process requires collaboration 

between cancer, immune, and inflammatory cells. Tumor metastasis formation can be 

defined as a two-step process: first during “intravasation”, cancer cells leave the primary 

lesion in situ and start to circulate, then during “extravasation”, they exit the blood stream 

and colonize in another tissue. The mechanisms by which cancer cells enter blood vessels to 

circulate, then colonize in other sites are still not completely understood. One possible 

mechanism sees cancer cells recruited to distant tissues from the primary tumor, owing to 

the presence of chemokine gradients in those sites. The presence of an inflamed environment 

impacts metastases’ formation because the presence of pro-inflammatory cytokines in 

circulation induces the overexpression of ligands specific to cancer cell integrins on 

endothelial cells [46]. The presence of these ligands increases the probability that metastatic 
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cells will adhere to the endothelium of secondary organs. Inflammatory cells, in particular 

TAMs, are believed to be responsible for tumor cell behavior in terms of migration, invasion 

and metastasis [24]. They produce cytokines and grow factors (e.g. TNF-α, IL-6, IL-1, 

TGFβ, and EGF) that stimulate the invasive motility of cancer cells [47]. For this reason, the 

density of TAMs in tumors is also associated with poor prognosis [48]. TAMs also produce 

protease and matrix metalloproteinases that degrade the basement membrane, thus 

generating channels that favor cancer cells invasion [49]. Conversely, depletion of 

macrophages from the basement membrane not only reduced the formation of mammary 

tumor lung metastases [49], but has also been shown to have anti-angiogenic and anti-

metastatic effects on metastatic liver cancer [50].

3. TARGETING STRATEGIES THAT EXPLOIT THE INFLAMMATORY 

PROCESS

The past five years have seen considerable efforts in the development of technologies that 

aim to exploit properties typically representative in diseased tissue [51–53]. While 

traditional nanoparticles relied on the exploitation of the enhanced permeability and 

retention effect (i.e., passive nanoparticle targeting [3]), more recent efforts have focused on 

actively targeting inflamed vasculature [54, 55]. Specifically, this approach targets the 

endothelium of inflamed vasculature by modifying nanoparticle surfaces with targeting 

moieties for overexpressed angiogenic markers and antibodies against adhesion molecules. 

In this section, we will provide a brief overview of current technologies that target and 

exploit the inflamed environment of cancer diseases.

In the development of nanoparticles with increased affinity towards the vascular wall, 

substantial literature has demonstrated the importance of factoring in a particle’s shape to 

increase its contact and adhesion to the vessel wall. Particle shape and physicochemical 

properties have shown to have a major impact on particles hydrodynamics, in addition to the 

interactions with vascular targets [56–58]. For example, in a study comparing the specificity 

of polystyrene nanospheres and nanorods with equal volumes, nanorods displayed greater 

adhesion to microvascular networks, when functionalized with an agonist [59] antibody. 

Similar findings were observed in an in vivo biodistribution model where nanorods modified 

with Intercellular Adhesion Molecule 1 (ICAM-1) [60–63], an antibody specific to an 

endothelial molecule highly expressed in the lung and various cancers, exhibited a two-fold 

increase in lung accumulation when compared to similar nanospheres. Other works 

employing biocompatible and biodegradable porous silicon nanoparticles [64, 65] 

demonstrated that shape and size were both essential for increased accumulation in a 

melanoma-bearing mouse model [66]. This study compared variously-sized plateloid-shaped 

particles (600 × 200, 1000 × 400, and 1800 × 600 nm) and demonstrated that the smaller 

particles more readily accumulated in the liver and spleen while the larger particles 

deposited in the lungs. When surface-functionalized with a peptide critical for cell adhesion, 

these plateloid-shaped particles resulted in as much as an 8.1% accumulation in the tumor, 

with the highest tumor-to-liver accumulation ratio occurring with 1000 × 400 nm particles.
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As previously mentioned, functionalizing the surface of a nanoparticle with an agonist 

antibody can increase accumulation in a variety of tumors and inflamed tumor stroma, 

regardless of the particle shape. A more recent strategy involves modifying the surface of 

previously studied nanoparticles with targeting antibodies or other biological moieties. In 

one study, researchers used the modular domain isolated from the leukocyte function 

associated antigen-1 (LFA-1) integrin as a surface modification for drug carriers [67]. LFA-1 

has shown to be a critical molecule for T cell recruitment to inflamed tissue [68–70] and 

adhesion towards ICAM-1 [71]. Jin et al. demonstrated that modifying the surface of 

urethane acrylate non-ionomer drug carriers with the inserted (I) domain of the LFA-1 

integrin, a 5.1-fold increase in nanoparticle accumulation was observed for subcutaneous 

xenograft ICAM-1-positive HeLa tumors. Encapsulation of paclitaxel, a taxane-classed drug 

used to treat various cancers, resulted in a significant inhibition of tumor growth in vivo 
while non-targeting particles showed no inhibition of tumor growth.

Other groups demonstrated success in the active targeting of tumor-associated inflammation 

through selectin-mediated homing. Selectins are almost exclusively found in endothelial and 

bone-marrow-derived cells and are identified by the cell in which they are found [72]. They 

are responsible for leukocyte homing and are critical in the recruitment of leukocytes during 

an inflammatory response. In a study employing the use of liposomes functionalized with 

Sialyl Lewis X tetrasaccharide, a carbohydrate epitope recognized by all selectins, it was 

found that when loaded with an anti-tumor therapeutic, merphalan, a significant increase in 

survival was observed in an adenocarcinoma-bearing mouse model [73]. E-selectin has also 

been hypothesized as playing a pivotal role in the recruitment of porous silicon particles, as 

witnessed by an upregulation of E-selectin five hours after mild hyperthermia treatment [74].

Similar to selectin functionalization, extensive work has also focused on incorporating 

antibodies on the particle surface. Vascular endothelium growth factor receptors (VEGFR) 

have been well-documented as an overexpressed receptor in angiogenesis during tumor 

formation [75]. Recent work has covalently linked an anti-VEGFR2 antibody to the surface 

of PEGylated liposomal doxorubicin [76]. In this study, surface functionalization with an 

anti-VEGFR2 antibody resulted in a significant reduction in blood microvessel density for 

three distinct tumor models (breast, pancreatic, and colorectal). Additionally, it was found 

that treatment localized in tumor cells in the pancreas, minimizing unwanted toxicity to 

exocrine pancreatic regions. In a similar study, functionalization of porous silicon with an 

anti-VEGFR2 antibody resulted in significantly higher adhesion of particles on inflamed 

endothelium in vitro [76]. Specifically, it was observed that functionalizing the porous 

silicon vector surface with VEGFR2 antibodies resulted in a 4-fold increase in endothelial 

cell adhesion under physiological flow conditions. In a breast cancer mouse model, a 3-fold 

increase was observed 2 h following administration. A study performed by our group 

employing VEGFR2-functionalized multistage nanovectors obtained similar results, 

demonstrating a 5-fold increase in tumor biodistribution [77]. In a comparable study 

employing the same technology, it was observed that modification of the porous silicon 

carrier’s surface with a meprin A antibody (meprin A is a protein overexpressed in colon 

cancer), resulted in a significant decrease in colorectal cancer, CaCo2, cell viability [78].
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4. TREATMENT STRATEGIES EXPLOITING THE INFLAMMATORY PROCESS

The link between inflammation and cancer has led to the development of multiple 

nanomedicines which aim to reduce inflammation as a novel strategy to fight cancer. Some 

of these approaches exploit therapeutics that have been used for decades in other clinical 

applications, while others exploit recently gained knowledge concerning the role of 

macrophages in both inflammation and cancer.

The most regularly studied nanomedicine strategy to treat inflammation as a method to 

combat cancer is the loading and delivery of anti-inflammatory drugs. Anti-inflammatory 

drugs have been used for decades to treat inflammation in other clinical applications but 

with the increasingly recognized link between tumor-associated inflammation and cancer 

carcinogenesis, dissemination, and metastasis [79–81], those drugs are now being utilized as 

cancer therapies. Most anti-inflammatory drugs utilized in cancer nanomedicine are 

classified as either non-steroidal anti-inflammatory drugs (NSAIDs) or glucocorticosteroids.

4.1. NSAIDs

Researchers have found that blocking cyclooxygenase (COX) activity with NSAIDs like the 

ones discussed here have inhibited the growth of gliomas [81, 82], melanomas [83], ovarian 

tumors [84], colorectal cancer [85], prostate cancer [86], and osteosarcoma [87]. NSAIDs 

are currently the most highly-studied chemopreventive agents for many cancers, and have 

shown to modulate key inflammatory pathways, including the NF-κB pathway [88].

Curcumin is a widely-used potent anti-inflammatory drug that has recently become a very 

popular option for cancer nanomedicine [89]. Various groups have studied the clinical 

potential of curcumin, along with other therapeutics, in multiple tumor models. Wei, et al. 

fabricated curcumin-conjugated cholesteryl-hyaluronic acid nanogels (CHA-CUR); the team 

found that treatment with CHA-CUR in a 4T1 murine breast cancer model resulted in up to 

13-fold tumor suppression (based on treatment concentration [90]). In order to capitalize on 

possibly synergistic effects of curcumin with a commonly-used chemotherapy, Stigliano and 

coworkers co-loaded docetaxel (DTXL) and curcumin (CURC) in spherical polymeric 

nanoconstructs (SPNs) to treat glioblastoma multiforme [91]. Mice treated with DTXL

+CURC SPNs exhibited 100% survival 90 days after injection versus 50% survival for those 

treated with DTXL SPNs and 0% survival for those treated with saline (all saline-treated 

animals died within 35 days). Interestingly, the authors did find that SPN accumulation in 

the tumor reduced from ≈4% of the injection dose to ≈2% of the injection dose after 2 

weeks of treatment.

In an attempt to modulate the vascular deposition of circulating tumor cells (CTCs, believed 

to be the initiators of metastasis), another group loaded curcumin in lipid-polymer 

nanoparticles (NANOCurc [92]). Moderate doses of curcumin reduce the expression of 

ICAM-1 on human umbilical vein endothelial cells (HUVECs) and MUC-1 on cancer cells, 

both of which mediate CTC arrest on the vascular wall. Treating highly metastatic breast 

cancer cells (MDA-MB-231) and HUVECs alone with curcumin for 1h led to a ~50% 

reduction (p < 0.01) in vascular adhesion of the cancer cells. Upon treatment with 
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NANOCurc, these same cancer cells exhibited ~70% reduced attachment to TNFα-induced 

inflamed HUVECs.

In a pooled analysis of 25,570 patients in 8 clinical trials, Rothwell, et al. found that daily 

aspirin use reduced deaths associated with several common cancers, including significant 

reductions in pancreatic and colorectal cancer deaths, with majority benefits seen after 5 

years of daily treatment [93]. In an effort to improve the pharmacokinetics of aspirin through 

nanocarrier delivery, research groups have studied its encapsulation and ability to treat 

cancer. Thakkar et al. co-loaded ferulic acid (anti-oxidant, FA) and aspirin (ASP) into 

chitosan-coated solid lipid nanoparticles (c-SLNs) to treat pancreatic cancer. The group 

found that separately, the drugs had little to no effect on cancer cell viability, but together, 

the drugs elicited a 70% reduction in viability [94]. Upon oral administration in a PaCa-2 

pancreatic tumor xenograft mice model, FA and ASP co-loaded c-SLNs suppressed tumor 

growth by 45% compared to the control (not statistically significant).

Ibuprofen is an easily accessed drug whose efficacy in vivo is insufficient due to its poor 

pharmacokinetic properties, therefore Cheng, et al. tested the improved efficacy of phospho-

ibuprofen amid (PIA)-loaded nanocarriers in a model of human lung cancers [95]. PIA was 

10-fold more potent than ibuprofen in inhibiting the growth of human non-small cell lung 

cancer cells. In addition, fluorescence imaging showed that liposomal PIA inhibited the 

growth of A549 xenografts by 95% (p < 0.001) relative to the vehicle control. Ketoprofen is 

a lesser-known, but still widely-used, COX inhibitor. Da Silveira, et al. found that 

ketoprofen-loaded nanocapsules (Keto-NC) decreased U251MG glioma cell viability by 

25% and 45% following 48h and 72h of treatment, respectively [96]. Keto-NC treatment 

also resulted in a significant reduction in glioma tumor volume compared to control, NC, 

and Keto-free groups.

4.2. Glucocorticosteroids

Glucocorticosteroids are already often included in primary combination chemotherapy 

regimens to treat inflammatory carcinomas such as lymphocytic leukemia, Hodgkin’s and 

non-Hodgkin’s lymphomas, multiple myeloma, and breast cancer [97]. As a natural 

progression to its success in chemotherapy, many researchers are loading these steroids into 

nanocarriers to improve the drugs’ efficacy in the clinic. A simple design was utilized by 

Kroon, et al. who administered dexamethasone (DEX)-loaded liposomes to treat prostate 

cancer bone metastases in a mouse model [98]. At all dose levels, both free- and liposomal 

DEX significantly inhibited intra-bone tumor growth; liposomal DEX showed significantly 

less tumor growth than free-DEX for only one of the three tested drug concentrations. 

However, compared to the control group, liposomal DEX significantly inhibited tumor 

growth up to 26 days after initiation of treatment. Other groups have attempted to exploit the 

synergistic effects of steroids and chemotherapeutics by administering both within the same 

nanoformulation. D’Arrigo, et al. studied the effects of prednisolone-linked gellan gum 

nanohydrogels (Ge-Pred NH) loaded with paclitaxel (PCT) on cell lines for breast cancer 

and prostate cancer bone metastases [99]. Ge-Pred NH significantly reduced the cell 

viability of the pancreatic cancer cells (PC-3) in vitro compared to free PCT, however, the 
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nanohydrogel therapy did not show as significant of results against the aggressive breast 

cancer cell line (MDA-MB-231).

4.3. M1/M2 Macrophage Reprogramming

Macrophages are associated with many disease conditions including inflammation, 

infection, atherosclerosis, lupus, cancer, and diabetes [100]. Within the biological spectrum 

involved in cancer, TAMs have been shown to contribute to migration [101], angiogenesis 

[102], and chemoresistance [103]. Macrophages exist in one of two phenotypes, M1 or M2. 

The pro-inflammatory M1 phenotype participates in anti-proliferative and cytotoxic 

activities by secreting reactive nitrogen and oxygen species and pro-inflammatory cytokines. 

In contrast, the M2 “repair” designation broadly refers to macrophages that function in 

constructive processes like wound healing, tissue repair, and those that turn off immune 

system activation by producing anti-inflammatory cytokines [104]. Macrophages which 

infiltrate into the tumor parenchyma initially have an M1 phenotype, but switch to an M2 

phenotype after continued presence in the tumor microenvironment [105].

Reprogramming TAMs has been proposed as an effective strategy to inhibit tumor 

progression and metastasis [106, 107], and as such, many research groups have formulated 

nanocarriers capable of macrophage manipulation for cancer treatment. Song, et al. 

fabricated hyaluronic acid (HA)-coated, mannan-conjugated MnO2 nanoparticles (Man-HA-

MnO2). The group attempted to utilize the ability of HA to reprogram anti-inflammatory, 

pro-tumoral M2 TAMs to pro-inflammatory, antitumor M1 macrophages to enhance MnO2 

nanoparticles’ ability to lessen tumor hypoxia and modulate chemoresistance [108]. 

Treatment with Man-HA-MnO2 particles significantly increased tumor oxygenation and 

down-regulated hypoxia-inducible factor-1 (HIF-1α) and vascular endothelial growth factor 

(VEGF) in a breast tumor mouse model. Combination therapy with Man-HA-MnO2 NPs 

and doxorubicin inhibited tumor growth and tumor cell proliferation compared to 

chemotherapy alone. Finally, Man-HA-MnO2 treatment resulted in a decrease in M2/M1 

ratio, indicating that the nanoparticles successfully guided TAMs away from the M2 

phenotype, towards a tumor-inhibiting M1 phenotype.

4.4. Reprogramming Inflammatory Cells Using siRNA

Recently, because RNA aptamers can be exploited as therapeutics by introducing small 

interfering RNA (siRNA) molecules into the cellular cytosol in order to suppress disease-

associated genes [109], many researchers are looking to use these molecules to alter tumor-

inflammation associated cells as means of novel cancer therapy. However, siRNAs do not 

spontaneously enter unperturbed cells due to their relatively high molecular weight, negative 

charge, and high hydrophilicity [110]. Upon systemic administration, RNase degradation 

and reticuloendothelial system (RES)-mediated clearance remove the opportunity for 

siRNAs to elicit any therapeutic effect [111]. Therefore, encapsulation within a drug 

delivery system (i.e. nanocarriers) is necessary for siRNA to accomplish their therapeutic 

task [112, 113], with the additional potential to reduce side effects and immune stimulation 

[114].
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In the context of inflammation in cancer, siRNA aptamers can be used to suppress the 

expression of pro-inflammatory signals in inflamed vasculature. For example, Leus, et al. 

delivered siRNA sequences to silence VE-cadherin in inflamed vasculature by loading the 

molecules in VCAM-1-targeted lipoplexes made from a proprietary lipid, SAINT-C18 [112]. 

After exposure to human aortic endothelial cells (HAECs) in vitro, VE-cadherin gene 

expression was down regulated by up to 60% by the siRNA-loaded lipoplexes. In primary 

human hepatic sinusoidal endothelial cells (HHSECs), the same particles caused an 85% 

down-regulation of VE-cadherin mRNA while particles loaded with control siRNA elicited 

no effect on VE-cadherin expression. Another research team loaded STAT3-targeting siRNA 

into E-selectin thioaptamer-conjugated multistage vesicles (ESTA-MSV) to treat breast 

cancer bone metastasis [115]. The group selected STAT3 as their target since the JAK2/

STAT3 pathway plays an important role in breast cancer stem cell growth, and inhibition of 

said pathway has previously resulted in a decrease in the number of cancer stem cells, 

reducing the growth of primary breast cancer in murine tumor models [116]. The 

investigators found that treatment with siRNA-loaded ESTA-MSV caused a significant 

decrease in mamosphere forming efficiency compared to scramble siRNA-loaded ESTA-

MSV. In addition, tumor-bearing mice treated with siRNA-loaded ESTA-MSV showed 

significantly higher survival rates than those treated with PBS and vehicle controls.

5. THERANOSTIC TOOLS THAT EXPLOIT THE INFLAMMATORY 

MICROENVIRONMENT

Theranostics are technologies that are able to diagnose and treat a disease using a single 

system. Recently, this topic has attracted interest from the scientific community in their 

efforts to improve current therapies for many diseases, especially cancer. Theranostic nano-

platforms hold several advantages over typical diagnostic or therapeutic nanocarriers 

including more precise control of treatment, simplified efforts required by clinical staff, and 

ability to predict the effectiveness of the treatment based on the detected morphologic and 

biochemical features of the cancer lesions [117].

Fabrication of theranostic nanoparticles can occur in many different ways. The simplest way 

is to conjugate a diagnostic/imaging moiety or therapeutic payload to therapeutic or 

diagnostic nanoparticles, respectively. In some cases, diagnostic and therapeutic agents can 

be co-encapsulated in the same carrier. In others, carriers can be used to both detect the 

cancer lesion and provide a therapeutic effect. During the last decades, nanomedicine 

research has developed several platforms that can be classified as theranostic agents. The 

manipulation of specific materials at the nanoscale can combine unique detection tools and 

cytotoxic properties. This is the case of some metal nanoparticles designed for thermal 

ablation. For example, when gold nanoparticles are excited with a near infrared light (NIR) 

[118], they can locally generate heat, exploiting their surface plasmon resonance properties 

[119]. This approach showed promise because cancer cells exhibited greater sensitivity to 

temperature increases than healthy cells, providing a further mechanism of specificity 

towards diseased tissue [120]. In addition, to further enhance their therapeutic/diagnostic 

properties, particles can be surface-modified with molecules that favor passive (e.g. 

polyethylene glycol) or active (e.g. antibodies recognizing surface markers overexpressed by 

Molinaro et al. Page 10

Curr Med Chem. Author manuscript; available in PMC 2018 December 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cancer cells) targeting of tumor lesions. The depth penetration of NIR light in biological 

tissue is considered to be around 1 cm [121], therefore this approach could be potentially 

used to treat relatively superficial tumors after systemic injection of gold nanoparticles 

[122].

For non-superficial tumors, gold nanoparticles can be easily detected through different 

imaging and diagnostic techniques including, but not limited to, two-photon luminescence 

imaging [123], and x-ray [124, 125] computed tomography, since they each show enhanced 

contrast properties compared to typical iodine agents [126]. To overcome their limitations 

due to encapsulation efficiency, multilayer carriers were fabricated to increase the payload 

volume. For example, Dr. Chen, et al, coupled gold nanorods with a coating of mesoporous 

silica to load doxorubicin. In addition, they showed that low intensity NIR irradiation 

efficiently triggered doxorubicin release. Further increases in the trigger intensity induced 

hyperthermia, while the mesoporous silica coating did not affect their diagnostic properties 

[127].

Similarly, the research team led by Dr. Zharov conjugated gold nanoparticles with TNF-α-

loaded PEG [128]. Induced local inflammation was shown to increase the thermosensititvity 

of cancer cells [129–131]. The polymeric coating enhanced circulation and tumor targeting 

properties of the system, which showed good encapsulation efficiency of the therapeutic 

payload. Under NIR irradiation, the system generated heat that, in turn, favored release of 

the cytokine, nanobubble formation, and thermal explosion that synergistically provided a 

cytotoxic effect.

Iron oxide particles can provide similar advantages, as demonstrated by multiple groups 

[132]. A schematic of the typical structure of a theranostic agent is shown in Figure 2. The 

group of Drs. Daldrup-Link and Rao generated iron oxide nanoparticles able to respond to 

the proteolytic microenvironment of cancer lesions and selectively release therapeutic agents 

in the cancer lesion. These particles are surface-functionalized with a vascular disrupting 

agent, azademethylcolchicine, through a peptide sensitive to the enzymatic activity of matrix 

metalloproteinase-14 (MMP-14) [133]. The therapeutic properties of the particles are 

triggered only within the tumor microenvironment characterized by MMP-14 

overexpression. On the other hand, the superparamagnetic properties of iron nanoparticles 

facilitates synergistic therapeutic and diagnostic properties through magnetic resonance 

imaging (MRI).

More recently, theranostics have been developed to detect and treat inflammatory conditions 

by exploiting pathological changes that occur during inflammation. Dr. Lee and collaorators 

developed a new micellar formulation able to detect H2O2 generated in inflamed tissues. 

While this molecule is universally recognized as a biological signal for intercellular 

communication, its overproduction during inflammation is associated with oxidative stress, 

aging, and loss of tissue function [134]. The system’s detection mechanism is based on co-

encapsulation in the micellar composition of hydroxy-benzyl alcohol-incorporated 

copolyoxalate (HPOX) and a fluorescent dye able to produce peroxalate chemiluminescence 

in the presence of H2O2. During the reaction, HPOX releases hydroxybenzyl alcohol which 

works as an antioxidant, providing local curative activity.
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Another delivery platform designed for targeting cancer-associated inflammation is 

represented by magnetoliposomes. These particles combine liposomes ability to deliver 

versatile payloads with the imaging properties of magnetite [135]. The system was designed 

to target inflammation associated with glioma by delivering omega-3 polyunsaturated fatty 

acid ethyl ester co-encapsulated in the lipid core with the magnetite for detection with MRI. 

Finally, many recent studies in theranostics for inflammation and cancer treatment are 

focused on imaging and targeting macrophages. These cells are crucial effectors in the 

development and amplification of inflammation and are universally recognized as an 

important component of the cancer microenvironment. While specific targeting towards 

tumor infiltrating macrophages still presents issues, theranostic approaches propose to 

overcome these limitations. Surface modification using dextran or glycan can induce a 

significant particle uptake by these cells, while the macrophage is killed with a cytotoxic 

agent or through radio-sensitization [136].

6. FUTURE PERSPECTIVES ON ENDOTHELIAL INFLAMMATION DELIVERY 

IN CANCER

Beyond targeting and treating inflammation, targeting the endothelium is a logical step to 

increase the delivery of therapeutics. Previous iterations of delivery platforms have focused 

on functionalizing nanovesicles with a monophasic approach that may attach, at best, two or 

three targeting moieties on the surface of the carrier. More recently, biomimetic medicine, or 

medicine that aims to mimic the natural characteristics of the body, has employed the use of 

whole cell membranes to increase targeting and prolong nanoparticle circulation by 

attempting to replicate the complex interactions of real cells with more fidelity than through 

ligand attachments. Because various biological barriers, when exposed to the physiological 

system, often encumber traditional nanoparticles, more complex nanoparticles are needed in 

order to reach tumors in sufficient quantities to elicit the desired therapeutic effect. The 

variety of incorporated key proteins from specific cell types, including leukocytes, platelets, 

and red blood cells [137–140], act as ready-made cloaks for nanoparticles that can be 

targeted based on the physiological functions of cells from which they are derived. Research 

groups following this line of reasoning, such as Tasciotti et al. [137], have demonstrated that 

applying purified leukocyte-derived membrane proteins onto the surface of porous silicon 

carriers significantly decreased opsonization and macrophage uptake of the particles. This 

surface modification conferred the carrier with over 150 leukocyte proteins [141], resulting 

in particle biocompatibility in a syngeneic environment in vitro and in vivo [142]. 

Additionally, functionalization of the carriers with leukocyte cellular membrane proteins 

showcased significant reduction in liver accumulation within the first 40 min of 

administration and significantly increased accumulation in a melanoma tumor mouse model 

in as little as 20 min mediated by the reduction of tight junctions in inflamed endothelia 

[143]. Work harnessing the favorable properties of platelets by integrating platelet 

membrane proteins within polymeric nanoparticles resulted in similarly avoided macrophage 

internalization while providing selective adhesion towards inflamed vasculature [144]. 

Specifically, platelet-cloaked nanoparticles demonstrated successful binding to a denuded 

artery in an angioplasty-induced arterial injury rat model. Particle accumulation was found 

on the luminal side above the muscle layer and remained at the injury site for 5 days.
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Among the other cells that have been utilized through this approach are red blood cells 

(RBC). As was mentioned, RBCs are readily available cells from which membrane proteins 

can be derived and used to functionalize nanoparticles. Luk et al. [145] successfully used 

RBC membrane proteins to create nanocarriers that can deliver doxorubicin to a murine 

model of lymphoma, where injection of the particles elicited no immunogenic response 

while maintaining all drug delivery characteristics of the synthetic material. Other 

approaches, such as the one developed by Molinaro et al., were able to transfer over 300 

membrane proteins deriving from leukocytes to the lipid vesicles, vastly surpassing the 

capability of protein functionalization with current liposomes by incorporating signals that 

allow for self-recognition and active targeting [146]. Despite the authors used these 

biomimetic nanovesicles, called Leukosomes, in a mouse model of localized inflammation, 

their description of the molecular pathways through which Leukosomes accumulate into the 

inflamed tissue (LFA1 and CD45-mediated accumulation [146]) gives reason of their 

potential employment for the selective delivery of therapeutics to the tumor-associated 

inflamed vasculature. In conjunction, the different approaches highlighted in this review 

mark a shift in the way drug delivery platforms are engineered with the immediate future 

pointing towards “biomimetic” approaches where hundreds of proteins or other signals can 

be functionalized onto a myriad of nano-constructs. This approach has the unique ability to 

combine knowledge gained from research on liposomes, many formulations of which have 

been approved by the Food and Drug Administration, significantly facilitating clinical 

translation for future technologies.

The derivation of proteins from patient samples, utilized by the biomimetic carriers 

discussed earlier, provides a platform to replicate complex signaling at the interface between 

nanocarriers and the endothelium in order to avoid foreign recognition and clearance, while 

accumulating in inflamed or diseased tissue. Possibilities for this platform are extensive as 

the cell source could be expanded to many different cell types and normal cell physiology 

used to modulate targeting to different organs. Wang et al. has shown examples of this 

reasoning by creating nanovectors coated with the membranes of activated leukocytes [147]; 

these particles showed enhanced homing to inflamed tissue in a lymphoma and breast cancer 

model. Using a combinatory approach, new levels of precision and sophistication in 

targeting different tissues can be achieved however, these approaches, while advantageous in 

their simplicity, capability of specialization, and efficiency, must be intelligently developed 

in conjunction with clinicians to design constructs that will be most beneficial in a clinical 

setting.

7. CONCLUSIONS

The cytotoxic nature of cancer therapeutics has presented a challenge since their inception 

and their therapeutic advantages are minimized by the adverse effects that result from 

systemic non-targeted delivery of chemotherapy. There is an inherent need to improve the 

toxicity of these drugs and this is the coupling with drug delivery could have the greatest 

advantage. An ideal drug delivery platform should limit the degradation/modification of 

drugs in the circulatory and monocyte phagocytic systems, thus increasing their 

biodistribution and pharmacokinetics, and reduces off-target effects while discerning 

between healthy and diseased organs. In this regard, nanotechnology has demonstrated 
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increasing promise as multifunctional tool in achieving these requirements in addition to 

being optimal for transplantation [148]. However, although several strategies have been 

developed to optimize targeting and compatibility such as the use of natural components 

(e.g., ghee [149]) or components derived from nature, it is becoming increasingly clear that 

to achieve optimal biomimicry, a simple monophasic protein functionalization approach 

does not effectively recreate the complex interactions between cells and the host 

environment [150]. For example, autologous cell-derived protein cocktails to create 

biomimetic constructs may be a more advantageous strategy that not only increases efficacy 

of targeting for currently available drugs, but also expands the catalog of possible 

compounds. In addition, biomimetic constructs could be expanded to induce advantageous 

immunological responses, therefore combining immunotherapy and drug delivery in a single 

platform. Molecules such as curcumin show the importance of delivering the right molecule 

to the right area, rather than looking for the “magic bullet” to cure everything. As we strive 

to solve the problems in current cancer therapy, it seems that the more sophisticated systems 

needed to circumvent biological barriers using biomimetic approaches may provide a simple 

and powerful solution for targeted cancer therapy.
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Figure 1. Inflammation and cancer
A) Microbial pathogens, dietary lifestyle, environmental phenomena, and tumor therapy can 

cause chronic inflammation. B) Chronic inflammation impacts all major stages of tumor 

development, from initiation to metastasis and recurrence.
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Figure 2. Scheme of theranostic agents
Multilayer theranostic agents are usually constituted by a core with imaging and therapeutic 

properties and a coating that increase loading capability of the therapeutic payload and can 

provide also targeting for cancer lesions. Usually the core is represented by metallic particles 

with NIR or contrast properties enable upon external treatment of generating heat that can 

favor, cancer cells killing and release of the therapeutic payload.
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Table 1

Chronic inflammatory conditions associated with cancer (Modified from reference 3 (Coussens et al. 2002))

Inflammation types Associated cancer

Asbestosis, Silicosis Mesothelioma, lung carcinoma

Bronchitis Lung carcinoma

Chronic Cystitis Bladder carcinoma

Gingivitis, Lichen Planus Oral squamous cell carcinoma

Chronic ulcerative colitis, Crohn’s Disease, Inflammatory Bowel Disease Colorectal cancer

Reflux esophagitis Esophageal carcinoma

Chronic pancreatitis Pancreatic carcinoma

Skin inflammation Melanoma
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