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Nanomedicines represent the cutting edge of today’s cancer therapeutics. Seminal research decades ago has

begun to pay dividends in the clinic, allowing for the delivery of cancer drugs with enhanced systemic circulation

while also minimizing off-target toxicity. Despite the advantages of delivering cancer drugs using nanoparticles,

micelles, or other nanostructures, only a small fraction of the injected dose reaches the tumor, creating a narrow

therapeutic window for an otherwise potent drug. First-pass metabolism of nanoparticles by the reticuloendothelial

system (RES) has been identified as a major culprit for the depletion of nanoparticles in circulation before they

reach the tumor site. To overcome this, new strategies, materials, and functionalization with stealth polymers have

been developed to improve nanoparticle circulation and uptake at the tumor site. 

solid tumor  nanomedicine  first-pass metabolism  RES blockade

1. Role of First-Pass Organs on Nanoparticle Delivery

1.1. Fates of Different Types of Nanoparticles

A variety of classes of nanoparticles have been developed for drug delivery applications. These include metallic

nanoparticles (such as gold, silver, cobalt, and nickel), metal oxide nanoparticles, polymer nanoparticles, lipid

nanoparticles, and micelles. Furthermore, many nanoparticle formulations have been further iterated on through

functionalization—such as PEGylation—to enhance circulation and delivery. This section provides a broad

overview of nanoparticle types as well as a summary of the role of first-pass organs on biodistribution for each

nanoparticle type.

1.1.1. Metallic Nanoparticles

Gold nanoparticles (AuNPs) are among the most frequently studied nanoparticles due to their strong

biocompatibility . Traditional methods for synthesizing AuNPs, however, frequently result in chemical

contaminants or the presence of stabilizing agents used in their manufacture, reducing biocompatibility and

increasing toxicity . To circumvent this, Bailly et al. recently developed laser-synthesized AuNPs that exhibit

strong biocompatibility and a favorable safety profile. An analysis of biodistribution indicated approximately 0.23

percent of the injected dose accumulated in the kidneys one week after injection, which decreased continually with

time. Most of the injected dose (50.4 percent after two weeks) accumulated in the liver and did not decrease,

indicating a poor clearance of the AuNPs from these tissues . In a study investigating the role of AuNP size on

biodistribution, Takeuchi et al. found that particle sizes of ~100 nm remained in circulation for over 12 h following

i.v. injection, whereas smaller particles (20–50 nm in diameter) were cleared from systemic circulation within an
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hour . As was expected from similar studies, all AuNP sizes accumulated preferentially in the liver and spleen,

although there was an observed accumulation of AuNPs in both lung and brain tissue, indicating the ability of the

AuNPs to cross the blood-brain barrier (BBB). It is hypothesized that this phenomenon occurred due to residual

polysorbate-80 stabilizer used in the AuNPs’ manufacture .

Silver nanoparticles (AgNPs) have also been employed in numerous cancer drug delivery applications. Silver

exhibits strong biocompatibility like gold, but also unique properties such as surface plasmon resonance  and, in

the field of cancer drugs, induction of dsDNA breaks in cancer cells leading to apoptosis . In tumors, AgNPs have

been observed to inhibit the growth of multi-drug resistant MCF-7 human breast cancer cells via inhibition of P-

glycoprotein (Pgp) efflux . Gopistty et al. elucidated this mechanism by observing that larger (75 nm) AgNPs were

able to inhibit Pgp efflux while small (5 nm) NPs did not, indicating a size-dependence of this therapeutic

mechanism . Unlike AuNPs, which inhibit tumor growth primarily through anti-angiogenic effects and promote

arrest of cell growth , AgNPs have been shown to more directly inhibit tumor growth through inhibition of

mitochondrial activity, induction of reactive oxidative species (ROS) production, and the activation of macrophages

against tumor cells . Overall, AgNPs are a versatile nanomaterial with the ability to directly act against tumor

cells, though additional research is needed to enhance cancer-targeting specificity while minimizing off-target

toxicity.

Metal oxide nanoparticles have also been investigated for delivery of cancer drugs. One sub-category of metal

oxide nanoparticles includes iron oxide nanoparticles (IONPs) . Alphandéry summarized tumor uptake of IONPs

as being approximately 0.0005 to 3 percent of the injected dose for passively targeted nanoparticles, while

functionalizing nanoparticles with ligands (molecular/active targeting) increases tumor uptake of nanoparticles to up

to 7 percent of the injected dose . An interesting avenue of research pertaining to IONPs is the ability to direct

their migration in vivo through the application of an external magnetic field; in their investigation of this technique,

however, Alphandéry found that magnetic targeting of IONPs only maximized tumor accumulation to only 2.6

percent of the injected dose, indicating that there is significant room for improving this technique for targeting

IONPs to solid tumors.

Other metal oxide nanoparticles include zinc oxide nanoparticles (ZnONPs), which are an interesting nanomedicine

platform due to the zinc’s innate ability to act on several molecular pathways such as inducing oxidative stress,

increasing cytokine and chemokine secretion, and even selectively inducing apoptosis in various cancer cell lines

. In recent years, Bai et al. characterized the ability of ZnONPs to induce apoptosis in SKOV3 human ovarian

cancer cells due to oxidative-stress and subsequent DNA damage caused by the nanoparticles . Ancona et al.

created an innovative platform that decorated ZnONPs with a DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine)

lipid bilayer, helping to prevent opsonization of serum proteins onto the NPs, increasing their endocytosis into HeLa

cells, and also serving as a photodynamic therapy generating ROS when stimulated with UV light . While

ZnONPs show an interesting ability to directly arrest cancer cell development and induce cell death, the ROS

mechanism by which this occurs means the delivery and action of these nanoparticles must be strictly confined to

target cells to minimize off-target toxicity.
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Similar to ZnONPs, Titanium dioxide nanoparticles (TiO2NPs) are potent photosensitizers and have shown great

promise in photodynamic therapies . Çeşmeli and Biray Avci have summarized the various applications of

TiO2NPs in cancer therapies, particularly emphasizing the ability of these nanoparticles to induce DNA damage

through ROS (and subsequent apoptosis of cancer cells), very similarly to ZnONPs. A study by Kongseng et al.

also demonstrated the ability of TiO2NPs to stimulate secretion of inflammatory cytokines . TiO2NPs, like other

nanoparticles the researchers have summarized, still exhibit challenges in their delivery. Mainly, this continues to

be due to accumulation of nanoparticles in the liver and RES organs, with a majority of nanoparticles being cleared

through the renal system .

1.1.2. Solid Lipid Nanoparticles

Solid lipid nanoparticles (SLNPs) have been frequently investigated for drug delivery in cancer. Muntoni et al.

developed SLNPs using fatty acid coacervation that encapsulated methotrexate for delivery to the brain as a

glioblastoma treatment . The SLNPs were decorated with free thiols for conjugation of transferrin or insulin,

which enhanced permeability and migration across the BBB in a mouse model. The functionalized SLNPs were

observed to accumulate significantly (~2–4% of the injected dose) in spleen and liver tissue but did demonstrate

enhanced permeability across the BBB. Chirio et al. developed a novel process for the formulation of SLNPs using

an oil-in-water microemulsion that allowed for the loading of ~200 nm diameter SLNPs with curcumin, a lipophilic

small molecule . In a biodistribution study, the curcumin-loaded SLNPs were found to significantly accumulate in

spleen, liver, and lung tissue after one hour, although the concentrations of the nanoparticles in these tissues had

been essentially reduced back to their initial concentrations after two hours following i.v. administration. These

results demonstrate the potential utility of SLNPs for the entrapment and delivery of lipophilic agents and to

facilitate their circulation, although continued work is needed to enhance their accumulation and uptake at targeted

sites.

1.1.3. Genetically Encoded Micellar Nanoparticles

The engineering of nanomaterials consisting of distinct hydrophilic and hydrophobic regions—or “blocks”—resulted

in new self-assembling materials that form micelles when dissolved into solution. The researchers have previously

reported on a wide variety of micelles generated using genetically encoded biopolymers, where polypeptides such

as elastin-like polypeptides (ELPs) can be designed with hydrophobic domains to form micelles encapsulating

lipophilic or hydrophobic drugs . Within this vast field of genetically encoded polymer nanoparticles, some

prominent examples include the work of MacKay et al. and Bhattacharyya et al., who developed chimeric

polypeptide (CP) nanoparticles containing drug attachment domains for chemotherapeutics such as doxorubicin

(DOX) and paclitaxel (PTX), respectively . CP-chemotherapeutics demonstrated significant anti-tumor

efficacy in vivo, enhancing plasma circulation of the drugs and minimizing off-target toxicity.

Yousefpour et al. enhanced the therapeutic efficacy of CP-chemotherapeutic nanoparticles by developing a CP

fused to an albumin-binding domain (ABD) and conjugated DOX to this fusion protein, creating nanoparticles that

bound endogenous albumin upon i.v. injection and circulated for a significant time in vivo . Furthermore, the

ABD-CP-DOX nanoparticles exhibited less accumulation in liver and splenic tissue than naked CP-DOX
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nanoparticles, indicating the utility of functionalizing these nanoparticles with endogenous serum proteins to reduce

accumulation in RES organs.

1.1.4. Other Polymeric Nanoparticles

Other polymer nanoparticles have demonstrated unique and promising attributes advantageous for cancer drug

delivery. Such nanoparticles include dendrimers, which are unique for their polymer backbone but highly branched

structure . Carvalho et al. summarized the many applications for dendrimer nanoparticles in cancer drug delivery

. Salimi et al. synthesized dendrimer-IONPs that demonstrated a steady accumulation and retention in kidney

tissue, while an initial accumulation of IONPs in liver tissue decreased over 12–24 h following i.p. injection . This

decrease was hypothesized to occur due to IONPs accumulating in the spleen and lymph nodes, but the

concentration of nanoparticles in these compartments was not measured in the research.

Other polymer nanoparticles have been investigated using biodegradable polymers such as poly(lactide-co-

glycolide), or PLGA. Rafiei and Haddadi synthesized and characterized the biodistribution and pharmacokinetics of

PLGA nanoparticles loaded with docetaxel and modified with polyethylene glycol (PEG) . They found that PEG-

PLGA nanoparticles exhibited significantly less accumulation in liver, kidney, heart, and lung tissue compared to

naked PLGA nanoparticles in mice treated i.v. with the docetaxel-loaded nanoparticles. Furthermore, PEG-PLGA

nanoparticles exhibited a longer, sustained cumulative release of docetaxel over five days following treatment

compared to naked PLGA nanoparticles. This example demonstrates the utility of tools such as PEGylation to

improve pharmacokinetics and biodistribution of drugs in polymer nanoparticle systems.

1.1.5. Next-Generation Nanoparticle Systems

Several advanced technologies are being developed to help surmount issues that have prevented current

nanotechnologies from exhibiting significant clinical benefits. Such strategies involve combining molecular targets

for cancer cell signaling pathways with nanoparticles decorated with targeting moieties to enhance delivery to

tumors. One example is the work of Singh et al., who developed a prostate cancer therapeutic using planetary ball-

milled nanoparticles (PBM-NPs) coated with a prostate-specific membrane antigen-binding RNA aptamer . They

found that these aptamer-decorated PBM-NPs could encapsulate and efficiently deliver thymoquinone (an inhibitor

of Hedgehog protein signaling) to C4-2B and LNCaP prostate cancer cells and inhibit cancer cell proliferation in

vitro. Mukherjee recently developed nanoparticles consisting of a silver Prussian blue analogue (Ag3[Fe(CN)6]),

with the nanoparticles they synthesized exhibiting both antimicrobial and anti-cancer properties (testing against

various Gram-negative and -positive bacteria, as well as tumor models such as B16F10) . More recently,

Mukherjee et al. developed novel PEGylated platinum nanoparticles allowing for the loading of DOX as a treatment

for melanoma in mice . They found that the PEGylated platinum nanoparticles could efficiently deliver DOX i.p.

to B16F10 and A549 tumor-bearing mice, with the nanoparticle drug exhibiting greater therapeutic efficacy

compared to a DOX control.

Other approaches include novel nanomaterials comprised of hybrid organic/inorganic materials. Pan et al.

developed a novel mesoporous silica nanoparticle (MSN) bound to poly(oligo(ethylene glycol) monomethyl ether
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methacrylate) (POEGMA) to enhance circulation and impart stealth behavior . They further decorated these

MSNs with an integrin binding domain (RGD targeting peptide) and found that the RGD-POEGMA-MSNs were

efficiently internalized by HCT116 human colon cancer cells and, when these MSNs were loaded with 5-fluorouracil

(a common anti-cancer agent), a significant portion of the MSNs accumulated in the tumors of HCT116 tumor-

bearing mice through 48 h after i.v. injection . The MSNs exhibited promising anti-cancer activity, demonstrating

the potential clinical utility of this approach. Despite this, however, there was still significant accumulation of the

MSNs in liver tissue and some observed liver toxicity in mice, indicating there remains significant work to be done

to tune the delivery of these MSNs for patient use.

Recent advances in cancer nanomedicines have also yielded innovative combinations of traditional

chemotherapeutics with targeting/therapeutic antibodies. Abedin et al. recently developed a novel approach in

which nanorods are conjugated to hydrophobic PTX (PTXNRs) and formed into nanoparticles decorated with

Trastuzumab (TTZ), an FDA-approved HER2 targeting therapeutic antibody . These PTXNR-TTZs were found

to exhibit synergism, inhibiting a greater percentage of various breast cancer cell lines in vitro (including BT-474

and SK-BR-3) than a combination of PTX and TTZ administered separately. Further investigation of this novel drug

formulation is needed to determine the effectiveness of this approach at targeting the nanoparticles to tumor tissue

in vivo, but these approaches represent promising new methods for enhancing the delivery of nanomedicines to

tumors.

1.2. Role of Size and Surface Chemistry

Upon administration, nanoparticles interact with elements of the physiological environment such as blood,

interstitial fluid, extra-cellular matrix, and cellular cytoplasm—all of which contain a complex mixture of proteins that

adsorb onto the surface of nanoparticles, forming a protein corona . This protein corona changes the inherent

synthetic identity of nanoparticles and is primarily responsible for their rapid clearance from the physiological

environment through first-pass metabolism . Many of these proteins mark the nanoparticle for efficient clearance

by the RES (opsonization). Generally, larger nanoparticles accumulate in the liver and spleen more rapidly. In a

seminal work, Walkey and co-workers systematically analyzed the effect of size and surface chemistry of a

nanoparticle on serum protein adsorption and effective phagocyte evasion . Using label-free liquid

chromatography tandem mass spectrometry, they identified 70 different serum proteins that are heterogeneously

adsorbed to the surface of model gold nanoparticles. The relative density of each of these adsorbed proteins

depends on nanoparticle size and PEG grafting density . At a fixed PEG grafting density, decreasing

nanoparticle size increases total protein adsorption. In another study, a significantly lower percentage of an injected

dose of 10 nm Al2O3 nanoparticles accumulated in the liver compared to all larger nanoparticles ranging from 40 to

10,000 nm. There is still debate as to whether the rapid accumulation is due to simple filtration or increased binding

opportunities between the RES cells and nanoparticles. Yousefpour et al. recently demonstrated the effects of

albumin binding on tumor accumulation and liver uptake of polypeptide nanoparticles. Albumin binding decreased

liver uptake of nanoparticle-bound DOX by 1.5-fold and improved tumor accumulation by 2.5-fold .

1.3. Role of Dosing
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The effect of nanoparticle dose has not been carefully and systematically investigated until recently. Analyzing the

effects of dosing across different classes of nanoparticles (such as AuNPs) in literature is difficult, as researchers

frequently report only the therapeutic’s dose, as opposed to also reporting the dose of the nanoparticle itself. There

is no standardized metric for nanoparticle dosing. In the example of a CP nanoparticle, dose affects the tumor and

liver accumulation of the DOX payload. As DOX is covalently conjugated to the CP, DOX concentration is directly

proportional to nanoparticle concentration. At a 20 mg/kg dose of DOX, the liver accumulation of DOX decreased

compared to a 10 mg/kg dose . However, the tumor accumulation increased proportionally to DOX dose. The

surface coating of the CP-DOX nanoparticle with an albumin-binding peptide also did not change this observation

(Figure 1). Ouyang et al. identified a dose threshold—one trillion nanoparticles in mice—for improving nanoparticle

delivery to tumors . Importantly, this dose threshold saturates the rate of nanoparticle uptake by Kupffer cells.

This research has the potential to establish a standardized metric that could be used across various nanoparticles

and animal species.

Figure 1. Role of dosing on nanoparticle drug efficacy. An albumin binding nanoparticle of doxorubicin (ABDN-CP-

DOX) was compared head-to-head with a non-albumin binding counterpart (CP-DOX). (A) pharmacokinetic profile

of the nanoparticles at different doses in mice. (B) Biodistribution of the doxorubicin conjugated to various
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nanoparticles at 24 h post-administration in the (I) tumor, (II) liver, and (III) spleen. All nanoparticles show better

tumor accumulation and less liver accumulation at the higher dose. (C) Tumor regression curve in an s.c. mouse

C26 colon cancer model, up to day 60. (D) cumulative survival of tumor-bearing mice treated with indicated drugs.

* for p < 0.05, ** for p < 0.01, *** for p < 0.001, and **** for p < 0.0001. Reprinted (adapted) with permission from

. Copyright 2018 American Chemical Society.

2. Understanding Opsonization of Proteins onto
Nanoparticles

The interaction of nanoparticles with physiological systems—the so-called “nano-bio interface”—is a complex

process. It is therefore important to understand this mechanism in some detail before the researchers delve into

strategies to bypass first-pass metabolism. As the researchers discussed, a nanoparticle’s inherent composition,

shape, size, and surface chemistry plays a crucial part in deciding its fate in systemic circulation. In this section, the

researchers discuss the role of two external parameters that play equally vital roles to affect circulation stability and

the final disposition of a nanoparticle to the tumor: (i) formation of a protein corona and (ii) the mechanism of

interactions between the nanoparticle and cells.

When a nanoparticle enters the blood, it is coated with various serum proteins, forming a protein corona that

changes the nanoparticle’s synthetic identity, exposes new epitopes, and alters its function. The concept of a

protein corona is thus an important parameter in shaping the final biological identity of the nanoparticle—

hydrodynamic size, surface chemistry, net charge, and aggregation behavior . Although this has been

known for a long time, it is only recently that researchers were able to decipher the complex mixture of adsorbed

proteins on nanoparticles. This was mainly led by the advancement of instrumentation and analytical methods,

coupled with the motivation to shake the existing stagnancy of clinical translation for nanomedicine delivery

systems . Albumin, apolipoprotein, immunoglobulins, transferrin, fibrinogen, complement C3, haptoglobin,

and α-2-macroglobulin are some of the most abundant proteins that comprise the protein corona .

Nanoparticles interact with these proteins mainly through long range electrostatic Van der Waal’s forces, as well as

short-range hydrophobic interactions . There are two types of proteins in the protein corona : opsonin and

dysopsonin. Adsorption of opsonin at the nanoparticle surface results in its recognition by mononuclear

macrophages, which rapidly clear it from circulation through first-pass metabolism. Adsorption of dysopsonin, on

the other hand, has the opposite effect—it prolongs the circulation of a nanoparticle. The formation of a protein

corona is a dynamic process and is affected by the affinity of the proteins to nanoparticles, as well as by the protein

concentration in a biological medium. The hard corona is the inner layer, irreversibly bound to nanoparticle surface,

and exchanges with the physiological medium within a matter of hours. The soft corona is the outer layer,

reversibly bound to nanoparticle, and exchanges with the physiological medium on a timescale of seconds to

minutes . Since the hard corona remains bound to the surface until the degradation of the nanoparticle, it plays

a more profound role than the soft corona in governing the downstream processing of the i.v. administered

nanoparticle, such as endocytosis and translocation to different organs. The composition of the protein corona

undergoes constant changes in circulation: albumin and fibrinogen, proteins that are abundant in serum, dominate
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the composition of the protein corona of an i administered nanoparticle for a short period of time. In the long run,

relatively scarce proteins with higher affinities and slower kinetics—such as apolipoprotein—may replace them .

The total amount of adsorbed protein, however, remains relatively constant .

Formation of a protein corona not only changes the pharmacokinetics, but also the pharmacodynamics of a

nanoparticle by affecting its interaction with the various cells and subcellular organelles. As is the case for all

foreign substances, nanoparticles are cleared from the bloodstream by cells of the RES. This part of the immune

system consists of phagocytes such as monocytes and macrophages, which are mainly located in the liver, spleen,

lungs, and lymph nodes. Phagocytosis of nanoparticles is promoted by opsonizing proteins, such as

immunoglobulins and complement proteins, which tag the nanoparticles as a foreign substance and facilitate their

recognition by the RES . In a seminal work, Deng et al. demonstrated that negatively charged poly(acrylic

acid)-conjugated gold nanoparticles mostly bind to fibrinogen, exposing the γ377–395 chain. This conformational

change promotes interaction of the protein with the integrin receptor Mac-1. Activation of this receptor turns on the

NF-κB signaling pathway, resulting in the release of inflammatory cytokines and thereby facilitating the recognition

of the nanoparticle by RES cells . Coating the nanoparticle surface with TNF-α alters the interaction of the

nanoparticle with fibrinogen and decreases the rate of blood clearance . Resident macrophages were primarily

responsible for the bulk of nanoparticle uptake in the liver, while spleen uptake was highly surface property

dependent. In another work, Vogt et al. compared protein corona formation and macrophage uptake of silica-

coated and dextran-coated superparamagnetic iron oxide nanoparticles (SPIONPs) . They made a

comprehensive list of proteins comprising the protein corona on those nanoparticles by using gene ontology (GO)

enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. The corona was

shown to promote macrophage uptake of silica-coated, but not dextran-coated, nanoparticles. Mohammapdour et

al. comprehensively summarized the cellular mechanisms of interaction between inorganic nanoparticles and

different immune cells, including macrophages . It is important to note that adsorption of proteins can trigger

conformational changes that result in a loss of functionality, exposure of cryptic epitopes, and adverse immune

responses .

3. Strategies to Circumvent First-Pass Metabolism

Surface modification of nanoparticles with PEG, also known as “PEGylation,” has long been a standard approach

in nanomedicine to reduce phagocytosis and improve tumor accumulation of nanoparticles . PEGylation

increases the hydrodynamic radius of a nanoparticle beyond the renal filtration cut-off and shields immunogenic

epitopes of the nanoparticle, preventing its clearance by RES organs. However, accumulating evidence suggests it

is necessary to find an alternative to PEGylation, as it has significant shortcomings. First, PEGylation lowers

uptake by target cells . Second, PEG induces a significant anti-PEG antibody response upon treatment with

PEGylated therapeutics . Because of this phenomenon, PEGylated nanoparticles have a reduced circulation

time before they are cleared . Moreover, ~67% of the US population (who have never been administered

PEGylated drugs) have been found to have pre-existing anti-PEG antibodies , likely due to the ubiquitous use of

PEG in excipients, laxatives, and other various consumer products. The high titer of induced and pre-existing anti-
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PEG antibodies can compromise the clinical efficacy of PEGylated nanoparticles and result in life-threatening

anaphylactic reactions , as seen most recently in the COVID-19 lipid nanoparticle (LNP)-mRNA vaccines. In

response to these challenges, the FDA now requires special monitoring of clinical trials that administer PEGylated

drugs . To address the shortcomings of PEG, Ozer et al. developed a PEG-like brush polymer in which the long,

immunogenic PEG sequence is broken into shorter oligoethylene glycol oligomers and stacked as side-chains on a

poly(methyl methacrylate) backbone . The brush polymer did not induce anti-PEG antibody binding in vivo and

retained the favorable traits of a traditional PEG system. Banskota et al. developed a zwitterionic polypeptide

(ZIPP) as an alternative to PEG, which contained a pentameric repeat unit of an elastin-like polypeptide precursor.

The pentameric unit contains 1:1 ratios of amino acids with positively and negatively charged residues. This ZIPP

formed nanoparticles triggered by conjugation of multiple copies of hydrophobic PTX molecules (ZIPP-PTX), and

this drug achieved a two-fold increase in tumor accumulation. They did not, however, report on the liver uptake of

ZIPP-PTX in this research .

RES blockade is another strategy that saturates, blocks, or depletes macrophages to boost efficacy of nanoparticle

therapeutics by salvaging them from opsonization. In 1983, a seminal work by Proffitt inspired many researchers to

use conventional blank liposomes to saturate the RES in various preclinical settings . Several reports support

the notion that high doses of liposomes can overwhelm the RES and increase tumor accumulation of nanoparticles

. For example, Liu et al. temporarily blocked the RES using a commercial liposome that increased tumor

accumulation of small sized, PEGylated nanoparticles . This approach is also clinically attractive as it involves

administering nontoxic phospholipids. This effect is only temporary, however, and the dose amount and interval

must be carefully optimized, necessitating repeated injections for every treatment schedule.

RES depletion with unique chemical agents has also gained traction in recent years. Gadolinium chloride (GdCl3)

suppresses RES activity and selectively eliminates the large Kupffer cells in the liver. Diagaradjane et al. reduced

nonspecific sequestration of quantum dots (QDs) by RES macrophages by pretreating mice with GdCl3, increasing

circulation time and amplifying the tumor-specific signal of conjugated QDs . The anti-malarial drug chloroquine

is also used to reduce clearance of nanoparticles by macrophages . This has led to improved tumor

accumulation of various nanoparticle therapeutics. Opperman et al. recently demonstrated that clodronate-

liposome administration resulted in depletion of CD169  bone marrow–resident macrophages . Methyl palmitate

, dextran sulfate , and carrageenan  can also serve as chemical tools to deplete phagocytic liver cells.

However, there are two major limitations of this approach. First, their administration is limited by systemic toxicity.

Second, even though depletion of phagocytic cells leads to 18–120 times greater delivery efficiency of the

nanoparticles to a solid tumor, only 2 percent of the injected nanomaterials accumulated in the tumor tissue .

Tang et al. used liposomes decorated with CD47 (a membrane glycoprotein expressed on mammalian cells that

gives phagocytes a “don’t-eat-me” signal) to block RES uptake and subsequently improve delivery of PLGA

nanoparticles .

4. Outlook and Conclusions
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Nanoparticles have no doubt revolutionized the delivery of drugs for cancer. The researchers' repertoire of

available treatments has greatly expanded in efficacy thanks to innovative delivery systems that encapsulate and

release therapeutics using nanoparticles. Despite these advances, it is clear that significant improvements are

needed in the targeted, sustained delivery of nanomedicines to tumors. New materials engineering strategies that

the researchers have highlighted, including functionalization with proteins, PEGylation, stimuli-responsiveness, and

bio-engineered designs, will continue to reshape how nanomedicines treat cancer. Specifically, the researchers see

several necessary areas of research to improve the effectiveness of nanoparticle-based cancer therapeutics. First,

the proportion of a nanomedicine’s injected dose that ultimately reaches the tumor must be drastically improved. As

the researchers have highlighted, reliance on the EPR effect alone, or even as a peripheral factor, is not enough to

achieve significant accumulation of nanomedicines at a tumor site. Between the preferential uptake of

nanoparticles by the RES organs, renal clearance of particles, and poor extravasation of particles into tumor tissue

from the vasculature, current solutions result in only a very small percentage of nanoparticles reaching the tumor

site. New, “smart” materials that have been engineered with stealth behavior to improve circulation, reduce RES

uptake, and enhance transcytosis into tumor tissue will no doubt represent the future of clinically successful

nanomedicines. Second, the contribution of liver to deplete the nanoparticle concentration in circulation may have

been overestimated. The researchers need to look beyond the RES and systematically describe the interactions

between nanoparticles and other physiological barriers to facilitate delivery of nanoparticles to tumors. Careful

mapping of such interactions will enable better design of nanomaterials to overcome specific physiological barriers.

Third, as the researchers have described, dose strategies will need to be carefully considered by researchers to

maximize the therapeutic window of nanoparticle drugs. Dose-limiting toxicity of chemotherapeutics remains a

challenge even in today’s most advanced nanomedicines. Strategies to overcome this may be centered around

targeting modalities that can be employed to deliver and retain nanoparticle drugs to a tumor site to maximize local

tumor toxicity more precisely. One potential application is the use of external magnetic fields to direct IONPs to

local tumor sites, a concept which the researchers have shown needs significant research to achieve clinical utility.

Despite the challenges the field faces, the researchers believe that the future of nanomedicines for cancer

therapeutics is as bright as ever. As new technologies are developed to overcome the challenges the researchers

have highlighted in this entry, the efficacy of nanoparticle drugs will undoubtedly cross an inflection point leading to

tremendous efficacy in the future. Ultimately, the researchers see many future cancer treatments successfully

employing nanoparticles to hopefully improve patient outcomes across a broad range of cancers.
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